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Abstract
Defence sounds are widespread and diverse amioisgsts. Despite their ubiquity and
variability, hypotheses explaining their functions and evolutionary origins have been
understudied. My thesis focused on these topics using silk and hawkmoth Bombycoidea
caterpillars as a model system. In Chapter Twwéstigated why defence sounds have evolved
in some caterpillars but not others by testing the hypothesis that large body size is a factor in the
evolution of defence sounds. To test this hypothesis, | followed the development of defence
sounds in four Bambycoidea species from hatching to pupation. | predicted that early instars
would not produce defence sounds, and that within sound producing instars defence sounds
would be more likely to occur in larger caterpillars. Results showed that defence soumnds we
absent in the first and second instar, and that they developed in the third through to the fifth
instar in all species. Moreover, the onset of sound production occurred when all species were the
same relative size (~1.12 g, ~26.37 mm), despite théHaicthe species differed in their final
instar size. | concluded that early instar caterpillars do not make defence sounds, and that there is
a critical size when defence sounds develop. | further tested the hypothesis that smaller
caterpillars do not havenough energy to make defence sounds, by analyzing the relationship
between size and several temporal characteristics of the sounds. | predicted that smaller
caterpillars would signal less than larger caterpillars, and produce shorter signal unasnand tr
with lower duty cycles. Results partly supported the hypothesis, showing that in two species
there was a positive relationship between size and the number of units produced within two
seconds following an attack, the amumber of units per trainnd the mean duration of the
units in one species. | also tested the hypothesis that sounds of small caterpillars are not in the
hearing range of predators. | predicted that there would be a relationship between caterpillar size,
and the sound pressure les/and dominant frequenciestbe sounds. Results showed no
significant relationships with dominant frequencies or sound pressure levels and size. |
concluded that the caterpillars made sounds that were within the hearing range of major
predators from thenset of sound production. In Chapter Three | followed the other antipredator
defences of the four species throughout development. | investigated whether the frequency of
defences changed with instar. | found that the caterpillars employed up to séxemtif

secondary defences throughout development. In one species the frequency of dropping and major



thrashing increased in the late instars, and in a different species the frequency of regurgitation
increased. | concluded that in some cases defence poathaction accompanies other

secondary defences that increase with the sizatefpillarsduringdevelopment. In Chapter Four

| tested the hypothesis that the defensive whistle of the walnut sphinx catefmiitznpha juglandis
(Sphingidae: Sphinginagnctions to startle birds. | predicted that the birds would startle to the
sounds, and habituate upon repeated exposure within a trial. Results showed tbatlplay

recordings of the whistles elicited a startle response in captiveinggd blackbird¢Agelaius
phoeniceusand caused them to hesitate and/or flee from prey. | concluded that the whistles function
as a startle display. Together, the experiments conducted within my thesis addressed important
outstanding questions regarding the evolutiomaiyins of defence sounds in caterpillars, and their

functionsin predatosprey interactions.
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CHAPTER ONE

A General Introduction to Insect Defence Sounds and Topics Covered in the
Thesis



1.1 Defence sounds in insects

Insects are the mafnod source for many predators and have thus evolved a wide variety
of elaborate and oftentimes stunning defences to protect themselves. These defences target
various sensory systems in predators (e.g. visual, olfactory, tactile, gustatory and auatitory) a
are classified as either primary or secondary modes of defence (Ruxton, Sherratt, & Speed,
2004). Primary defences help insects to avoid detection by predators (Edmunds, 1974). For
example, some insects have a camouflaged appearance that helps tlentd ke
environment or mimic the appearance of an object (Lederhouse, 1990; Ruxton et al., 2004;
Skelhorn, Rowland, Speed, & Ruxton, 2010). Secondary defences help insects to avoid attacks
by predators after detection (Edmunds, 1974). For example, attaeked some insects will
attempt to escape, release a chemical deterrent, feign death or emit a loud sound (Edmunds,
1974; Ruxton et al., 2004). Many of these remarkable defences have fascinated biologists and
naturalists for centuries, and have beermsively studied in many different insects (Edmunds,
1974; Ruxton et al., 2004). In 1867, Charles Darwin wrote to fellow naturalist Alfred Wallace
asking, Awhy are caterpillars so beautifully
explainingthat the bright colours helped caterpillars to avoid bird predation by signaling their
distastefulness (Darwin, 1887). Since then hundreds of studies have focused on these bright
displays in insects, but comparatively little has been reported on theofun€ilefences of the
acoustic nature (Conner, 2014).

It is surprising that sounds that aid in d
soundso (Masters, 1980) are understudied beca
amongst insects,courring in at least 6 major insect orders (Alexander, 1957). They are also

acoustically diverse in terms of the mechanisms by which they are produced and transmitted (i.e.



air-borne or solieborne vibrations) (Alexander, 1957, Claridge, 2006). Mechantaigproduce

air-borne vibrations include stridulation, vibration of body parts or tymbals, and air expulsion. Solid

borne vibrations are generally produced by striking body parts against substrates. These different
mechanisms produce sounds that are dwally diverse in terms of temporal, spectral and intensity
characteristics, resulting in a variety of perceivably different sound types that have been variously
called Achirping, 0 Abuzzing, o0 Aclicking, 0 Asque
2006; Ewing, 1989; Masters, 1980; Rowe & Halpin, 2013). For example, some species of beetles

such agps pini(Scolytinae), produce defence sounds by creating friction between two body parts

(i.e. stridulation) which generates a sound comprised ofi@ssafrmultiple pulses (i.e. a sound wave
consistingofahighy r ansi ent, rapidly decaying sine wave)
On the other hand, some species of caterpillars sushtasraea polyphemyBombycoidea)

contract and relaheir mandibles which generates a sound comprised of only a few pulses,
described as a dAclicko (Barr, 1960; Brown, Boet
1.1). While there is a diverse variety of defence sounds produced by a large numbestsf ithere

is still a lack of understanding of the important questions surrounding why defence sounds have

evolved in insects and how they function in predai@y interactions.



3 mm

100 ms 100 ms

Ips pini Antheraea polyphemus

Figure 1.1.Diversity of defence sounddn insects showingon theleft, a chirp madeby atiny
bark bedle, Ips pini(Curculionidae ($olytinag), and right, two clicks made by mandibles oa
large sikmath caerpillar, Antheraea polyplemus(Saturniidae (Satuniinae). Reproduced with
permission fom Young et al., 2015.



1.1.1 Factorsinvolved in the ewlution of defence saundsin inseds

Despite thewide distritution of defence sounds eross theclassinsecta, itis notclear
why defence sounds hee evolved in somansects butnot ahers. Seeral hypotheses have been
proposed. Onehypothess isthat somensects haveevolved defence sourds becaisethey are
huntedby predatorswith well-developedhearing (e.g. thosethat hunt at nigt) such as kets
(Hoy, Nolen, & Brodfuehrer, 1989). Another hypothesiss that sane insects haveevolved
defence sounds beusethey livein habitats tht are better suited for transmitting sounds to
predators (e.g. insect soundsare better transnitted in denseforests as opposed to @n fields)
(Rome, 1993. Y et anotherhypothesigs that sane insects do not prodee defence sounds
becausetheir morpholayy restrictseffective soundproducion (e.g. small lody size can impair
an inset  @slity to produce sounds tit are loud enaugh to behead by predators) (Bennet-
Clark, 1999; Sanbome & Phillips,1995). Sie there are many factors thet may beinvolved in
theevolution of defence soundsn insets, it may be possble that oneor mare of these
hypotheses explains whysome inscts prodice defence soundswhile others do not, butdw

studies have experimentaly tesed them.

1.1.2 What we know alout the function of defence saunds ininseds
Despite the largeand diverserepertoire of defence soundtypes and mechaisms
distributed aaoss theclassinsda, thereis a ldk of understanding of how they function to
proted prey aganst predators (Conrer, 2014). Theseinsufficiencies intheliterature are patialy
becaise thee has been agreate focus on visal defences, and aso becausethere have been few
studies that lave tesed theeffeds of defence sounds onive predators (Conrer, 2014). Seeal

hypotheses have been proposed which fall in two majorcategories based on whetherthey are



dirededat consgedfics, or predators (Table 11). Thetwo mainfunctions trat havebeen
proposed fodefence soundghat target predatorsare warning and startle. Tésetwo functions
are sonetimesportrayed as muually exclusive (Ratcliffe & Fullard, 2005), yet examples of
statle and warning have been demonrstratedwithin the same subfamily of some spades(i.e.
Arctiinae) (Bates& Fenton, 1988 Corcoran, Comer & Barber,2010; Histov & Conrer, 2005)
and there has been somediffi culty in distnguishngthem(Mastes, 1980;Skelhorn, Horres, &
Rowe, 2016. It hasbeen suggested hat thefunctions of defence soundghat are direded at
predators may vary based on thetypes of sounds thaire produced (Bura, 2010;Buraet al.,
2016, Cocoran, Barber, Hristov & Conner, 2017). For example, somesoundtypes sich as clicks
may be better suited to tacing predators (e.g. acousticaposematign), whereas othersound
types suches whistles nay bemore suited to deérring predators by scaring them(e.g.
deimatic/startle display) (Brown et al., 2007;Bura, Rower, Martin & Y ack, 2011;Bura,
Kawahara & Yack, 2019. It is important to look at how dfence sounds wrk onthe sensay
systems of pedators to unérstand how they function to proect prey. However, very few studes
have ceptured these interactions.Thisthesisis corcentrated on thestudy of insect defence
sounds, dcusingon why defence sounds havevolved insome spdesand not dhers,and how

they function to proed prey against predators ushg caerpillars as amodel organism.



Table 1.1.Proposd functions of afence soundsn inseds.

Proposed function Sender Receaver Context
Intragpedfic Warning Termite Termite Solid-bornevibrations
(Macrotermes | (Macrotermes warning the
natdensis) natdensis) offspring/consecifi cs of
predatorst
Distress Treehopper Treehopper Solid-bornevibrations
nymph nymph elicit help from
(Umbonia (Umbonia conspedfi cs against
crasscornis) crasscornis) predators
I nter spedafic Distress Treehopper Ant Solid-bornevibrations
(Publilia (Formicidag | attract asemnd pedator to
concava) bodyguards | interfere with the attadking
predatords attadk®
Startle Arctiid moth | Bats (Eptisicus Ultra-sonicclicks (air-
(Cycnia tenera) fuscul bornevibrations)startle
predatorsinduce
hesitation*
Aposematism Tiger moth Bats (Eptisicus Ultra-sonicclicks (air-
(Bertholdia fuscug bornevibrations)warn
trigong predators ofan impending
chemicd defence®

References: (1) Hager & Kir cher, 2013; (2) Cocroft, 1999; (3)Moraleset al., 2008; (4)
Bates& Fenton, 19885) Corcoran et al., 2011.




1.2 Defence saunds in cater pillars

Caterpillars are excdlent models forthe stuly of antipredator traits ininsects. They
providemany oppatunities toinvestigate defences becaisethey face seledion pressuesfrom
numeous pedators(e.g. birds, kats, reptilesand rodents) and have thusevolved awide variety
of defences (reviewed in Lederhouse, 199Q. Asidefromthelack of studies tht havefocused
on defence sounddn caerpillars, they have served as key models for the stuly for insect
defences (Edmunds, 1974t ederhouse, 1990; Geeaney, Dyer & Smilanich, 2012;Ruxton etal.,
2004).For ingance, somecaterpillars employ brightly coloured visual displays that lave served
as hllmak examples of aposematism(Ruxton etal., 2004. Eyespots orcaterpillars have also
garnered recent attention as intriguing examples of srake mimicry in inseds (Hossie, Skelhor
Breinhdlt, Kawahara & Sherratt, 2015). Caterpillars are great models for studying defence
sounds bcause confounding variables suches insed sounds usefbr mating €.g. sich as isthe
casefor bark bedles or tger moths) can beruled out beausecaterpillars are juveniles.Indeed,
when Darwin asked Wallace why caterpillars were so brightly coloured Wallace pointed out
that it could not be duto sexual seledion sirce caterpillars are essentialy fisexl e gD=arwin,
1887, p. 31). As an added benefit, confounding variables seh as theuseof insed sounds for
conspedfic communication (e.g. in tiger moths)(Corcoran et a., 2011; Miller & Surlykke,
2001), can most ikely beruled outin Bombycoidea caterpillars ¢heonly superfamily of
caterpillars currently known to poduce defence sounds) bcauselate instarBombycoidea
caterpillars are usualy soltary, and the different types of defence soundsare only elicited when
thecaerpillars are attadked ordisturbed (Brown et al.,2007;Buraet al., 2009;Bura, Hnain,
Hick & Yadk, 2012,Buraet al., 201§. Due to the aforementionedeasons,caterpillar models

have proen to bean excdlent oppatunity for somemuch needed investigtion on afence



soundsin insets.

Compaed to ddences that target thevisual or ofadory systems of pedators, dfence
soundsn caerpillars have been urderreported. Early accounts ofcaterpillar defence sounds
date badk to 1865, wien thenaturalist Hy Ullyett carried home sverd larvae from Acherontia
atropos(Sphimgidae: Sphinginag on the Ibanch of alimetree and nded that thecaterpillars
madeasoundflike the tick ofawat ¢ (Ubyett, 1865. Similarly, Federley (1905) reported
mandibleclicking resembling the fiticking of awatcho in Antheraea polypremus(formerly
Tdea polyplemug (Saturniidae Saturniinae) which was audible from several meters away.
Federley postulaéd that the soundsefe ameans of intimidation against predators. Various
othersoundtypes have been reported in caterpillars, including fisqueekingo in Amorpha
juglands (formerly Cressona judandis) (Sphingidae: Sphinginae) (Padkard, 1904). Despite
thefad that defence soundsn caterpillars were first reported over a century ago, they have
only very recently been the subgds of experimental testing(i.e. Brown et al., 2007;Bura,
Fleming & Yack, 2009; Bura, 2010;Buraet a., 2011;Buraet al., 2A.2). To date, arborne
defence soundsn caerpillars have only been reported within theBombycoidea superfamily
from Lepidoptera. Thesuperfamily consistsof silk maths,empeor moths, sphinxnoths, fawk
mothsand relatives.Sound poduction appeas tobe both common andidespead thraughout
the Bombycoidea, and to hae evolved mutiple times, \arying in mechanismand amustic
properties (Fig. 12) (Buraet al., 2016).Prior to the stat of my studes, atotal of 61 spedes
weretesed for defence sounds, 20 aivhich were reported to makesounds Buraet al., 205).
Since defence sounds incaterpillars are underreported, oneof the goals of ths thesis s to test

as mayy new speciesas possibe for defence sounds.
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Figure 1.2. Phylogenetic tree showing the evolution and divesity of defensive sounds in
Bombycoideacaerpillars, representative sgdes, and corresponding sound tains. Thefour
different sound rechanismsthat havebeen identfied in different oedesare delineaedby
colour within the phylogeny and in each of thephotographs: (i) red, clicking species; (ii) blug,
whistling spedes; (i) green, vedizing spedes;and (iv) yellow, chirping species.Buraet al.,
2016. Reprinted with pemisson.
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1.2.1 What we know alout the function of defence saunds in caterpillars
An apoematicfunction hes been proposed for defensiveclicking in larvae from

Antheraea polyptemusand Mandiwca s2xa (Brown et al., 2007Buraet al., 2012. In both
studes, smulated predator attack trials were performed to correlate sound poduction with the
attadks. In Buraet al.Gs (202) study, it was shown that 77%of larvaetesed produced defence
sounds whn first attaked, whichincreased to 100%eafter repeaed attadks. Thesounds peceded
or accompaned regurgitation ofa chemical compound3%of thetime on squential attacks. In
Brown et alés (20(r) study soundproduction wes aso postively correlated with attack, and the
regurgitate was foundto be unplatable to ant and miceoredators. The significant correlations
between both afence sounds andnpduction ofachemica deterrent (regurgitation) provides
suppat for the hypothesighat defence sounds fuition as awarning signal (i.e. acoustic

aposematism).

With regards to thefunction of defence soundsn caerpillars, suppat for the statle
hypothesiss lacking. Preliminary evidence for a startle function comes from a pilotstudy by
Buraet al. 2011 whth shoved that the @fensivewhistles ofAmorpha juglands caused Y ellow
Warblers (Dendroica petechia) to diveand fly away. The authorshad goodreason to siggestthe
sounds funtion to statle the brds kecaise of theobservable reactions of thebirds tothesounds,
however there were severd limitations to the stdy. Asidefromthesmall smplesize(i.e. 3
birds), experimental testingof thestartle responsen the birds was notconducted.As well, A.
juglandisalso responakd to attaks by sametimes vgorousy thrashing the thorax. It was not
knownwhether caerpillars attadked by birds thrashed in this study. Thrashingin caterpillars has
also been described as gartling, and thus the sttle effed of thesoundmay have been

confounded by the thrashing. Theselimitationsare common for researchers studying startle
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disgays and have been thecauseof arecent delate ower how we should ddine them (Skelhorn
et al.,2016; Umbes & Mappes, 205). To date, ony a handful of studes have testd the effects
of an insect defence sound on live redators(Table 1.2, and no studes have tested thestartle
response oén avian predator to theisolated effect of a caterpillar defence sourd. Since
experimental testingof startle dispays ininsedsis lecking, oneof the goals of my thesis vas to

experimentally test the sirtle hypothesis usig live avian predators.

1.3 Research Questions and ThesisObjectives
My doctoral reseach program was designed to address questionsboutthe evolution and
function ofinsect defence sound, usingcaterpillars as modails. The nain research guestions

addressed in each chapter are sumnarized below.

1.3.1 Qhapter Two: Whydo sane caterpillars make defence saundswhile others do not?

In Chapter Two | addressed gastionsconcerning why somecaerpillars produce defence
sounds wHe othe's do notby testingthe hypothesisthat baly size is an imporant fador in the
evolution of defence saunds. There are several reasons vhy this hypothess was promisim. First,
thus fr defence sounds havenly been reported in caterpillar spedesfrom theBombycoidea
superfamily, and th's supefamily is recognized as consistng of someof the largest moth spedes
in theworld (Heppner, 2008). It has been notedaneadotaly that defence soundsare more
common in sgedes thet are large, and inlate insers (111, 1V,V) (Bura, 2010;Federley, 19085.
However, thepossbility that defence sounds an occur in small eterpillars, orealy instars of

thosespedesalrealy reported to prodee soundsas lateinstars, cannot beruled out.
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Table 1.2.List of studies that &we tesed aproposed strtle function ofamusic defences in
insects usinglive predators.

Prey Predator Findings Reference
Mantis Cowbird (Molothrus Mantis Maldonado
(Stagnatoptera bonariensis) warded off (1970)
biocellata) attacks by
cowbird.
Cicada Grasshoppemouwse | Stridulation reduced| Smith & Langley
(Diceroprocta (Onychomys predator capture (1978)
apache) torridus) efficiency.
Mutillid wasp Mouse(Mus Sound poduwcing Mastas (1979)
(Dasymutila musculus) wasps survied more
lepeletierii) attadks by mice
Peamck buterfly Bat (Plectus aurtus, Predators were Mohl & Miller
(Inachisio) Pipistrellus statled. (1976)
pipistrellus)
Tiger moth Bat (Eptesicus Predators were Corcoran et al.,
(Bertholdia trigona) fuscu$ statled. (2011)
Arctiid moth (Cycnia Bat (Eptesicus Predators were Bates& Fenton
terera) (recording) fuscu$ statled. (1983)
Grasshopper Gecko (Ptyodactylus | Higher suvival rate Blondereim &
(Pareuprepocnemis hasselquist in sound poduwcing Frankenberg
syriaca) gutatus) grasshoppes. (1983)
Bedle (Elaphrus Sandpiper(Actitis | Chirpingbedles had Bauer (1976)
riparius) hypolelcos) ahigher suvival
rate.
Bedle Crow (Corvus Crows tooklonger Buchler et al.,
(Odontotaenius brachyrhychos) to (1981)
digunctus) kill
stridulating
bedles.
Bushcricket Skink (Egernia Stridulationcaused | Sandow & Bailey
(Mygalopsis napoleoni} skinks to (1978)
ferruginen) hesitate/recoll .
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Sewnd, theeis reasonfor larger caerpillars toinvestin asecondary defence such as defence
sounds beausethe efficacy of their primary defence (i.e. hiding) may beaome impared as
large skeincreases visilility and predation lewel (Bernays, 197; Cornell, Stamp & Bowers,
1987; Hilpin, Skelhorn & Rowge2013. Finally, thehypothesighat body size plays an
important role in theevolution of dsfence soundswvas promisingbecaise arelationship
between size and severa other different types of caerpillar defences have been reported (Grant,
2007;Hossieet al., 2015;Sandre, Tammaru, Esperk, Julkunen-Titto, & Mappes, 207). Since
thehypothesighat sze plays an important role in theavolution of defence soundsn
cderpillars has not leen experimentaly tesed, the nain oljedive of Chapter Two was to
follow thedevelopment of defence sounddn caerpillarsin relationto bady size, to deermine

whetherearly instars/snaller caterpillars are cgpable of making defence sounds

1.3.2 Ghapter Three: How do dher secondary defences changethroughout
devdopment in saund producing caterpillars?

In Chepter Three | was interested in knowng whethersound prodcing caterpillars have
otherdefences thraughout development. This question was of inteestto mebecaisel wanted to
gather further information to explore potentialalternative hypothegs for why defence sounds
occur in somecaterpillars but not thers. For example, onehypothesisis that defence soundsare
part of amultimodal dispdy; anoher is that sound prodttion evolvedas a communication
signals of anothersecondary defence, like regurgitation. To test thesehypotheses it is necessay
to dacument wiat defences occur and how they change throughout deelopment. | followed the
antipredator defences of four Bombycoideaspecies that nake sounds asate instars throughout
development. | compared thefrequency of secondary defences doserved during simulated

predator attadks ketween instars within speaes. 3nce the onbgenetic changes in primaery and
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seconadary defences inthesespedes hes not leen followed, the nain oljedive of Chapter Three
was to cterminewhether defences change with instarto lay the groundwork for future testing

of hypotheses explainingwhy somecaerpillars produce defence sourds whie othe's do not

1.3.3 Ghapter Faur: What is the function of defence saunds ininseds?

Severa hypothegs have been proposed for thefunction of acoustic dfences ininseds,
however few studies have experimentally tesed the statle hypothesisThere are several reasons
why this may be. First, thereis still a debate over how statle dispays shold bedefined and
tesed (e Skelhornet d., 2016; Umbes & Mappes, 2016). Taditionaly, statle disgays have
been identified based onkey defining characteristics thet make stimuli startling including
novelty, rarity, conspcuousress,anomdy and threat (Sargent, 1990).It isargued that thisis a
problematic way of definingstartle dispays, because thesecharacteristics are not alvays
exclusive to startle dispays (Skelhon et al., 2016. For example, the dfence of the mountain
katydid isbothaposmaticand deimatiqUmbers, Lehtonen, & Mappe®015. Theconsensus
is that startle disdays should elicit a stetle reflex in predators (Skelhornet d., 2016;Umbers &
Mappes, 2016). Thetartle reflex is ubiqutous @rossall vertebrates and has been an important
modelfor neurascientific research (Hoy, 1989. It is presumed to bve a protective effect in
nature by eliciting an escgpe respons, but experimental supporfor thishypothess islacking
because the swyival value ofthereflex has keen hard to demonstete in thewild (Gotz & Janik,
2011; Olofsson, fksson, Jakobsson &Wiklund,2012). Thisis kecaiseit is often difficult to
observe the sartle reflex duringpredator-prey interadions,which are ephemera in thewild,
and poper testingrequires baseline behavioural measurements of the preywhich are not

possibe to oktain from wild animals (Sargent, 1990;Skelhorn et al., 201§. Themainobjective
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of ChapterFourwas toisolate theeffed of acaterpillar defence sound,and to experimentaly
measure the statle responseof wild-caught predators tothe sound t@ddressthese deficiencies

in theliteratureon strtle disgays.

1.3.4Summary
The studes condwctedwithin this thesishave ledto a mae comprehensive uncerstanding
of defence soundsn caterpillars, particularly relaed to an important factor involved in their
evolution, body size, as well as theifunctions in predatoprey ineractions They provide a
solid basisfor future testing orthe evolution and function of defence soundsn insects,
particularly in relation to experimental testingof the statle hypothesis,for which

experimental support using caerpillar defence sourd has keen demonstetedfor the first time.
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CHAPTER TWO

What makesa Caterpillar Tick? AcousticDefencesre Sizeand
Instar Dependentin BombycoideaCaterpillars
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Abstract

Antipredator defences vary widely between different speiesand/or developmendl stages of
insects. Severa hypotheses related tolife history and hebitat havebeen proposed to eplain the
evolution of antipredator traits. Onehypothesigs that thébody size of an inseet plays arolein
theevolution of inset defences. In this gudy we seek to explain why someBombycoidea
caterpillars have evolved defence sounds whileothas have noby following the development of
aooustic afences in Amphionfloridensis(Sphingidae: Macroglossinae), Artheraea Polyphemus
(Saturniidae Saturniinae), Antheraea oculea(Saturniidae Saturniinae) and Actias luna
(Saturniidae Saturniinae). Our results shoved that defence sounds @l not ocur within thefirst
two instas (I-11) for any spedes,and within indars (111-V) thatwere capable of producing
sounds, intsziduals were the sime mean size at theonset of sound poduction (1.12g, 26.37
mm). We then soght to explain why sound prodction is restricéd tolarger caerpillars by
testingtwo nan-mutually exclusve hypotheses. Thefirsthypothesis isthat snaller caterpillars
do not lave enough energy to make defence sounds.It was piedicted that withn asound
prodwing instar, sieller caerpillars would sgnal less,and produce shorer signals with lower
duty cycles, than &rger ones. Thishypothesisvas partially suppoted; there was a posiive
relationship ketween size and (1)the numier of units within two ses@nds followingan attad in
A. polypghemusand A. lung (2) mean numberof units per train in A. polyphemus;and (3) mean
duration ofthe units in A. cculea. The second hypothesiswvas that snaller caterpillars do not
makedefence sounds lecaise pedators cannot deéct their soundslt was predicted that sounds
of small @terpillars do noffall within thefrequency hearing range of predators and are notloud
enough to behead by vertebrate predatorsat an averageattacking distance of two to eight cm.

No ggnifi cant relationships vere foundbetween sound ffequencies orsound pesaire levels and
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caerpillar size. All of the caerpillars that didmake soundsmade soundghat would be
detectable by a predator at anaverageattacking distance based on ourknowledge of predator
hearing. We conclude hat size plys an important rolein theevolution of defence soundsin

Bombycoidea caterpillars.

2.1 Introduction

Inseds empby avariety of primary and secondary defences against predators (reviewed
in Edmunds, 1974;ederhouse, 1990;Ruxton etal., 2004). Primary defences (e.g. camoufl age,
masqerade, hiding, adaptive silence) help insects to avoid detection (Comer, 2014; Edmunds,
1974;Skelhorn et al., 2010;Stevens & Merliata, 2011). Secondary defences (e.g. aposematian,
deimatic dispays, escape, retaliation) help inseds to surviveattadks from predatorsfollowing
detection (Edmunds, 194; Ruxton et al., 2004. Several factorshave been proposed to day a
role intheevolution of inset defences, including selection pressues from predators,
environmental conditions, or foraging habits of pey (Edmunds, 1974Prudic, Oliver &
Sperling, 2007;Reinhold, 2010;Sherratt & Wilkinson,2002;Skelhorn & Ruxton, 2008.
Another fador which has been proposed toimpad the evolution of inset defences isbody size.

Many studes have demonstrated arelationship letween bady size and defence (e.g.

crypsis, aposmatism, mimicry, eyspots,escagpe and tharatoss) in ineds (Grant, 2007,
Hozumi & Miyatake, 2005; Mar@n & Chai, 1991;Sandreet al.,2007;Skelhorn et al., 2010.
Examples of sze/defencetrait relationships, along with proposed explaretions br why these
relationshipsexist are reported here. A relationship between size and changes between crypsis
and aposematism lave been reported in Saucrobotys futilalis (Crambidae Pyrausinag (Grant,

2007).1t is sugested hat large size increases predation lewel becaiseas lavae become larger
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they spend moretime feeding in areas thatare exposed to pedators, are more visible to
predators againstthe subtate, and are moredesirable to pedators kecausethey are more
profitable (Berger, Walters & Gotthad, 2000 Bernays, 1997,Blanckenhom, 2000, Greeney et
al., 2012;Halpin et al, 2013; Mand, Tammau & Mappes, 2007;Remmel & Tammaru, 209).
A relationship letween size and flying/escape behaviour has been demonstetedin severd
Neotropical butterfly spedes(Marden & Chai, 1997). It is suggested that lage size increases
muscle stiength that is required to evade predators, and that lage butterflies have a better
ability to fly away from predators kecause they have stronger muscles (Marden & Chai, 1991;
Srygley & Chai, 1990).A relationship betwen size and theeffi cacy of eyespotsin caerpillars
has been proposed by Hossieet al. (2015. It is suggested that in orer for theeyespots to
effectively mimic adangerous pedator thecaerpillars need to be &rge enough to appea
threatening to predators. Theseexamples illustrate howvariousemlogical and bological
fadors phy arolein therelationship letween bady size and insed deences. In this gudy, we
will assess whether there is arelationship letween acoustic dfences and sizein caterpillars,
and if so,explore possble explarations for why these relationshipsexist.

Defence sounds, dfined as sound or vikational signals generated by prey when attacked
or thredened by predators, are diverse and occur throughoutthe classinseda (Al exander, 1957
Chapman, 2013; Clédge, 2006; ®ing, 1989;Mastas, 1979)Despite the diversity and
ubiguty of sich soundslittle research has focused onhypotheses explainingwhy they occur in
some spdesand notin othes, or why they differ in signalcharaderistics (Conne, 20149. Like
for the Elationships letween body size and behavioural, morpholgica and viswal defences, a
few factors have been proposed to day arolein the evolution of acustic d&fences ininseds,

such as: (1)theenvironment, which may affect howwell insect soundsare transnitted. For
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example, insect sounds tht are high in frequency attenuate fasterin densdoreststhan they do
in open felds (BennetClark, 1999; (2) Predator ssnsay emlogy, because sme insects face
higher selection pressues from predatorsthatrely on soundather than vision wien huntng
(Conrer, 2014). For example, as aresult of predation pressue from batpredators, mahs have
evolved theability to prodice defence soundghat deer bats (Hristov & Comer, 2005); (3)
Morphological features suches the sze of body parts and musulature, becauseit improves the
efficacy of thesounds Bennet-Clark, 1999 Cocroft & De Luca, 2006) For example, larger
cicadas (Cicadidae: Cicadinae) produce louder defence sounds (Sanbm & Philips, 1995)14)
Preadaptations, whiclequip inseds withtheorgans required for sound prodation thatstem
from aher behaviours.For example, Bura (20D) suggeststhat cefensivewhistles in
caerpillars may have stemned from movements to incease ventilation. In this gudy we
specifi cdly examined therelationship between defence sounds and mpholagy (i.e. baly size)
in caterpillars.

Relationships letween insed body size and defence sounds, or eéfence saund
characteristics have recaved little experimental attention. Afew examples are reported here,
alongwith possitbe explaretions forwhy theserelationships nay exist. Preliminary
observations fom acomperative study of Bombycoidea caterpillars sugestlarger species tend
to prodice soundsnoreso than snaller spedes (Bura, 2010, and that withn spedesof bush
crickets (Paneqhylus cerambycinus(Tettigonidea: Pseudophyllidae) larger individuals tend to
produce striduatory defence sounds moeso tren sneller individuals (Heller, 1996). In both
examples itis sugested hat defence sounds nay be morecommon inlarger species/indviduals
becaisethey lack theability to escape quickly from predators (Bura, 2010;Heller, 196).

Relationships letween insect body size and defence soundcharacteristics are also reported. For
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example, in Mantis religosa(Mantodae: Mantidae), malesare smalker than females, and
consequently produce higher frequency defence soundqHill, 2007).Oneexplanation for why
smalkr inseds prodice higher frequency soundss that fequency range s restricted by the size
of thesound prodadng structurein inseds, such that snaller structures are incapable of
produdng low frequency sownds (Bennet-Clark, 1999. In another example, arelationship
between bady massand the soundnessue levels of defence soundshas been demonstated in
Tibicen pronotals (Cicadidee: Cicadinae) (Sanborn& Philips, 1995)lt is suggested tlat
smaller insects have lower musclestrength whichrestricts sound mssureevels (Bennet-Clark,
1999. In afinal example, a Elationship between bady size and tempaoal characteristics of
defence sownds (ie. duration, sub- pulserates)was reported in beetles of thegenus Typocopris
(Coleoptera: Geotrupida). It was sugyested hat the duration and sub-pulserates are correlated
to thelength of thefile used by the kedles to producehe defence soundgCarisio, Claudia&
Rolando,2004). Here, we test thehypothesighat body size plays arolein deermining whether
defence sownds accur in caterpillars, by following the development ofthe sounds in fouspedes
of Bombycoidea caerpillars. Like for theevolution of visual dispdys and baly size, we neal to
first determine whethera relationshipexists ketween defence soundsand ske, and if so, why
this relationshipexists.

Bombycoideacaterpillars are excdlent models for investigating the relationship ketween
size and amustic dfences. TheBombycoidea superfamily contans worldwide distribution of
appraximately 4,723 krown spedes (Holloway, 1987; vanNieukerken et al., 2011). A total of
20 spedes have recently been reported to make defence sounds, epresenting 33% of all
Bombycoideaspedes estedfor defence soundgo date (Buraet al., 2016. Four distinct types

of sounds ee produced by different gpedes(clicking, whistling, vocdizing, and chirping) (see
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Fig. 1.2).Thus, itappeas thet defence sounds ee variable amongst Bombycoidea caerpillars,
and notall spedes prodwee defence soundsAsidefrom the gea variability in the occurrence
and types of defence sounds irBombycoidea caterpillars, this group serves as an excdlent
model for investigating the evolution of defence soundsecause tley are juveniles,and
therefore confounding variables such as the useof soundsfor mating can beruled out. In this
study we approech the question of size and defence soundrelationshipsby focusing on the
ontagenetic changes of defence sounds, in four Bombycoidea spedes krown to groduce defence
signals uponattadk in their late inster phases of development.

There were three main goals forthis gudy. Thefirst was to explain why some caerpillar
spedes poduce defence sounds whHe somedo not.We tesed thehypothesis that body size
plays arolein the development of defence soundsn Bombycoidea caterpillars. There were two
predictions:1A: Early instas will not prodwee defence soundsand 1B: within a sound
prodwing indar, defence soundsare morelikely to occur in large caterpillars (Table 2.1, HIJ).
To test our padictions forthis firstgoal the development of defence sounds as followed from
hachingto pugtion, notng bothinstarand baly size every 3-4 days. Thesecondgoal was to
explorewhy smallercaerpillars do not make defence soundsWe testd thehypothesighat
smeller caterpillars do not havenough energy to make defence sounds. We had five
predictions: 2A:Smallercaerpillars will produce shorter trains per attadk; 2B: Smaller
caerpillars will produce fewer units ger train; 2C: Smallercaerpillars will produce fewer units
of sound pr two secondsfollowing an attadk; 2D: Smallercaterpillars will produce signals with
shorer unit duitions; 2E:Smallercaterpillars will produce signals with lower duty cycles
(Table 2.1,H2). Totest our pedictions, therelationship betwen acombined measure of mass

and length for each individual, the Saled MassIndex (SMI), and each of theaforementiored
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austiccharacteristics were analyzed (i.e. numberof units per attack unitduration, train
duration, duy cycle). Our third goal was to explore why larger caterpillars produce defence
soundsWetestd thehypothesighat defence soundsare limited to lager caerpillars kecause
predators cannot deed the soundsof small caterpillars. We had two predictions:3A: Sounds of
smell caerpillars are notloudenough to be lead by predators within an attading distance of
2-8 cm; and 3B: Sounds of srdler caterpillars do not math the fequency hearing range of
major predators (e.g. birds, lats, rodents) (Table 2.1, H3. To st our pedictions,the
relationship between the $aled Massindex (SM1) and both sound pessurdevel and domnant
frequency was analyzed. Together, the experiments conduted in this study seek to explorethe
potential relationship letween theevolution of defence sounds and iy size in insects, as vell
as possike explaretions forwhy theserelationships nay exist.
2.2Methods
2.2.1 Animals and rearing conditions

A total of 11 spedes ofBombycoidea caterpillars were reared for this stuly. Larvae
were slected kased onavailability and previous knowkdge of (or lack thereof) sound
produwcing capabilitiesas lateinstars. Larvaetesed represented twofamiliesand thiee
subfamilies (Table 2.2).Fourof the 11 spedes were found to prodee defence sounds (ee
results). Thedetails of thesesoundproducing spedesare reported in this chapterand include 20
Amphion foridensis(Sphirgidae: Macroglossinae), 20 Antheraea pdyphemus(Saturniidae
Saturniinag), 12 Antheraea oculea(Saturniidae Saturniinae and 25Actias luna(Saturniidae

Saturniinae) See Appendix A forefencesin non-sound prodang species.
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Table 2.1.0utlineof hypothegs and predictions ested inChapter Two.

Hypothesis

Prediction

H1: Size plys arolein the
evolution of defence
soundsn Bombycoidea
caerpillars.

1A: Early instars will not produce defence sounds.

1B: Within a sound mdcing instar, regardlessof instar,
the onst of defence sound production is mordikely
to occur in large caterpillars.

H2: Smallercaerpillars do not
have enough energy to
makedefence sounds.

2A: Smallercaterpillars will produce shorter trains per
attac.

2B: Smallercaterpillars will produce fewer units per train.

2C: Smallercaerpillars signa lessby producing fewer
units of sound gr two seconds followingan attack.

2D: Smallercaterpillars will produce signals with shorer
unit durations.

2E: Smallercaerpillars will produce trains withlower duty
cycles

H3: Defence soundsare
limited to lager
cderpillars becaise
predators cannot degct
the sounds aémall
cderpillars.

3A: Sounds of sral caerpillars are notloudenough for
major predators (i.e. birds, kets) to dee¢d within
attadking distance of 2 - 8 cm.

3B: Sounds of maller caterpillars do not math the
frequency hearing range of major predators.
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Eggs were obtained duingthe months of My to October2013and July to August 2014 Table

2.2).Sample sies were notthe @me in ed indar in each speaesbecause in somecasedarvae
died during the course of developmelm othercases, the ample sies inaeased in laterinstas
becauseresults from adlitional indviduals that vere followed by undergraduate students ere
added totheanalysisto increase the size. Eggs and larvae were housed at an ingct rearing
facility at Carleton University at an average temprature of 20-23°C. Eggs were kept in 2-ounce
plasticcontairers with hdes inthelid for ventilation. Upon latching, larvae were tranderred,
usingafine-toothed paintbrush, to spgs of host plantsdid in plasticwaterfill ed vials inside
individual marked 3.8L glass masorais. Host pants were replaced every 2-4 days, at which

time the mason prs were also cleaned toremove fass, ¢d plant magrial, and head cgpsuks.

2.2.2 Morphological measurements throughout devdopment

Development of larvae was daumented by measuring massand length, aswell as instar
phasefor individuals. This was donegto deermineif sound poduction was assocatedwith size
and/or ingar transitions. Clanges inhead capsulesizes were used to deeémineinstar (Dyar,
1890. To do this, indivduals were kept individually in mason prs and when they molted read
cgpsuks were collected. Head capsulewidth measurements vere also taken fromthelive larvae
usingan Olympus disection mcroscope(SZX12; Olympus,Japan) equipped with aZeiss
PixeLINK Megapixel FireWire camera (PL-A642) and Zeiss Axiovision Microscopy Software
(Jena, Germany), measured (+/- 0.01 mm) to thelevel of the mosanterior ocdli (Etile &

Despland, 2008
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Table 2.2.List of spedestestd showinghostplant, souce, numberof individuals testedand
sound prodction.

Family Subfamily Spedes Source Host plant N Date Previous Sound
Teged knowledgeof | (Y/N)
sound? (Y/N)
Sphingidae Macroglossnae Xylophanesfalco Akito Bouvardia 2 04/14/2013 N N
(Walker, 1856) Kawahara glaberrima
(University (Rubiacese)
of Florida)
Macroglosshae Amphion floridensis Akito Vitis (Vitaceae) 20 05/16/2013 Y (Rosi- Y
(Clark, 1920) Kawahara i Denada &
(University 06/06/2013 Yad, 2015,
of Florida) 07/292014 Buraet al.,
-08/26/2014 2016)
Macroglosshae Darapsa myron (Clark, Akito Vitis (Vitaceae) 8 09/10/2013 N N
1780) Kawahara -09/19/
(University 2013
of Florida)
Saturniidae Ceratocampinae Citheronia splendens Akito Rhus typhina 10 09/06/2013 N N
(Druce, 1836) Kawahara (Anacadiacese) -09/24/2013
(University
of Florida)
Ceratocampinae Eaclesodari Akito Quercus 2 09/25/2013 N N
(Rothschild, 1907) Kawahara (Fagaceae)
(University
of Florida)
Saturniinae Antheraea polyphemus Bill Oehlke Quercus 20 07/19/2013 Y (Brown et Y
(Cramer, 1775) (Prince (Fagaceee) -08/05/2013 al., 2007)
Edward 07/15/2013
Island, 09/13 2014
Canada)
Saturniinae Antheraeaoculea Akito Quercus 12 09/07/2013 N Y
(Neumoegen, 1883) Kawahara (Fagaceae) -10/10/
(University 2013
of Florida,
FL, USA)
Saturniinae Actias|una (Linnaeus, Bill Oehlke Betula 25 07/152014 | Y (Brown et Y
1758) (Prince (Betulacese) T al., 2007)
Edward 08/05/2014
Island,
Canada)
Saturniinae Hyalophora columbia Akito Betula 8 06/04/2013 N N
(Neumoegen, 1891) Kawahara (Betulaceae) i
(University 07/12/2013
of Florida)
Saturniinae Hyalophora ceaopia Bill Oehlke Betula 10 07/22/2013 N N
(Linnaeus, 1758) (Prince (Betulacea)
Edward
Island,
Canada)
Saturniinae Eupackardia calleta Akito Salix (Salicacae) 5 06/05/2013 N N
(Westwood, 1853) Kawahara
(University
of Florida)
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Thephysicd appeaance of thecaterpillars on thenost plantwas also recrded by photayraphing
the caerpillars undisturled in greenhousdight with aCanon PowerShot G7 Xcamera (Canon
Canadalnc., Mississauga, ON) every 3-4 days. Larval mass was measured using aSartorius
CP2245 Ardlytical Balance (Sartorius Stedim Biotedh, Gottingen, Germany). Length (mm)was
measured by taking aphotogeph ofthe caerpillar with aruler placed beside he caerpillar.
Photographswere sulsequently anal yzed usinglmageJ Image Processngand Ardlysisin Java
Software (Open Source, Public Domain). Length was cdculated by generating the mnto pixel
ratio within ImageJ, usingtheruler within theimage as a scae.
2.2.3Simulated predator atack trials and sound measurements throughout devdopment
Simulated predator attack trials were condictedto note thepresence/albsence of
defence sounds durindevelopment, relatethetempora characteristics of thedefence sounds
to simuatedattacks, and torecord sainds foracusic anaysisto deermineif there was an
assocétion between theamusticcharacteristics and baly size. Trials were accompaned by
soundand video recordings and were performed every 3-4 days in AF (N = 20), AP (N = 20),
AO (N =12)and AL (N = 25). First, the &rvawas removedfromthejar on theplantcutting,
which was placed on a standffixed with aclamp to securethe gant. Thelarva was recorded
undisturbed for 30 sconds priorto thetrial using aSony DCR-TRV19 camera (Tokyo, Japan)
equipped with aSony ECM- MS908C microphonelocated 2cm from theanimal. Another
broad frequency microphone (4 Hz -40 kHz) (Earthworks QTC40, Milford, NH, USA)was
also wsed for subgquent acousticanalysis. Themicrophonewas oriented erpendicuar to the
head of the caterpillar at a distance of 2 cm. Simulated predator attacks were performed by
lightly pinching the posgrior of theabdomenfour timesat five seoond irtervals with blunt

forceps, atechniguecommonly used to smulatean attadk by abird (Grant, 2007;Buraet al.,
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2009. The presence or absence of defence sound prodaion was notd for each attad.
Sounds vere recorded to aFostexFR-2 data recorder at a sampling rate of 192 kHz. All sound
and videoreardings were conduwcted in asourd-attenuated acoustic chamber(Eckel
Industres, Cambridge, MA, USA).

A seoond €t of soundrecordings was performed to measurethe amplitudeand spedral
characteristics ofthedefence soundsn AF N=10; APN =10; AON=12;and AL N =5 using
aBr @ & Kjeer (Naerum,Denmak )  nikrdpbonetype 4939(grid on) amplifi ed usinga
Br ¢ & Kjeer Nexusconditioning amplifi er type 2690conneded to arektronix THS720A
oscilloscope. Defence soundswere recorded at 2 cmand 8cm from the micophore. To €licit
the sounds, theasefour-pinch procedure was followed as outined above. Following each
pinch, pe&k-to-pe&k measurements of vaiages were recorded on the acilloscopefor
subsegent calculation ofdB SPL values(see 2.2.4 Acousticmeasuranents and
nomenclature). Thesoundsvere recrded onto aFostexFR-2 Field Memory Recorder
(Gardena, CA, USA) a a smpling rate 0f192 kHzand spedral characteristics were anal yzed
using AviSoft SASab Pro (Avisoft Bioacoustics,Berlin, Germany) (see 2.2.4Acousic
measuranents andnomenclature).

2.2.4 Acoustic measurements and nomenclature

Severd acousticcharacteristics were measured includingtempoal parameters (unit
duration, train duration, duty cycle, numberof units per train, number of units within thefirst
2 onds following an attack), amplitudeparameters (sound pessurelevels), and sgedra
(dominantfrequency). A train was dfined as thetotal time (s) from the onset of sound
production totheend of soundproduction preceding an attadk (Fig. 2.1a). A unit was defined

as the smallest unt of sound dishguishableby thehumanea (Fig. 2.1b) (Broughton, 1963).
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Vocalizing mechanism

(a)

(b)

(c)

(d)

Train

“Attack Unit

- -

S

200 ms
Clicking mechanism
Train
I 1
Attack
+° | =| L
| ‘ l 2
| I—|
Unit
10 s
Pulse
[ |L |
" J
14 ms

Figure 2.1. Examples of sound tains with constiuent sound urts prodwed by the two diferent

mechanisms: (g, ¢) ostillograms of asound tain following attack in avocalizing spedes (A.
floridenss); and aclicking species A. polyghemus). (b, d)expanded time ales ofthearea
representedby the blck circle of the train, showng: (b) Four pulsesproduced by vocalizing;

and (d)Two pulses in a sgle click.
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Duty cycle was mesured as the todl amount of timeoccupiedby the unitsfollowing thefirst 2
sendsafter an attadk (Morris, DeLuca, Norton & Mason,2001). To cdculatethesound
presare level, voltages were converted toPascd0 @Pa) based on e sengtivity outputof the
Nexusamplifier (1 V/Pa) and subsegently transformed to dBSPL valuesusingthefollowing
equation: Sound pessurdevel (dB SPL) = 20log (P./Po) where Pi is the pressurein Pascd @l
Pois 2x10s5 Pa (threshold ofhuman learing at 1kHz). To measuredominant frequency,
logarithmic power spectrawere produced using a 1024-point Fast Fourier Transfam (FFT)
(Hanning window) for thefirst 5 unisat 2 and 8&m for each indvidual measured at -10 dB
below pe& frequency (Ewing, 1989). All analyses were conducted usng Avisoft-SASLab Pro

Sound Aralysisand SynthesisSoftware (Avisoft Bioamustics, Genicke, Germany).

2.2.5 Datacolledion and analysis
Sound prodaion rmeasurenents and analyss
The purposeof thesemeasurementsand anal yses was totest Hypothesis 1, that baly size

plays arolein theevolution of defence sounds gee Table 23 for list of predictions). To test
prediction 1A, the numér of individuals inead spedes that produced defence sounds at last
once per instar was recorded to deerminewhich instas prodweed defence soundsWe also
measured howmany trials resulted in délence saund production in each sound groduweing instar.
To do this wecdculated the goportion of trals that resulted in sound poduction for each
individual that madelefence sounds at last orce per insta. Sinceead individual was tested a
different number of times, aweightedaveragewas first generated for ead individual based on
the numbenpf times they were tesed in each indar. Then, the poportion of trals that resulted in
sound prodction wes calculated by dividing the weightedaverages by thetotal numbeiof trials

conducted ineadh indar. To test prediction 1B, themassand length of individualsat the onset of
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sound prodation, and the nean massand length of individuals in thdinal insta, were
compaed between species. To estwhether there was arelationship betveen massand lergth
and te onset of defence sound prodction regardlessof speaes,the mass andéngth of
individualsat theonset of defence sound prodction was compaed between spedes usng aone-
way between subgd @rwlysisof variance in GraphPad Prism 7 (GaphPad Software Inc., La
Jolla, CA). Similarly, to test wietherspecies differed in their final ingar szes indvidual mass
and length measurements were sampled every 3-4 days and were used to calculate mean mas
and length values for each spedes in thefina insta. Thesevalueswere thencompaed between
spedes usngaone-way between subgct @rglysis of variance in GraphPad Prism 7 (Table

2.3).

Analysisof body siz€SMI) to test Hypothesis 2and 3
To addressHypothesig?, that snall caerpillars do not havesnough energy to make
defence sounds, a &led MassIndex (SM1) was created, which has been previoudy used an
indicator of theamountof energy reserves thatan organismhas, and has been found to &e
better predictor of body composition than the more commonly used OLS regressip& (Pe
Green, 2009. To create the indx, massand lergth measurementswere combined for each

individual usingthefollowing formula:

" il bsnia
scaled mass index: M, = M, |:Iji|

Where Mi = raw mass ofindividual, LO = mean rawlength, Li = raw length of
individual,and bsma= bols (Inmass,In length)/R2 (In mess,In lemgth), where bols= ordinary

least squares slope.
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Table 2.3 Summary of predictions, datasampling and analyses used totest each prediction.

Prediction Data sampling Analysis

1A: Early instars will not produce Percentage (%) of individuals trat prodwced sounds | SeeFig. 2.10

defence sounds. at least onceper insta.
1B: Within a sound mdcing instar, | Mass (g)and length (mm) of individualsat the onset Oneway
regardless of insar, theonset of | of defence sound prodction, and in thdinal instar between
defence sownd prodiction is more subgds
likely to occur in large ANOVAs
caerpillars.
2A: Smallercaerpillars will produce | Variable 1: Mean train duration sasmpled fromthe Peasors R
shorer trains per attad. first 3trains followingthe firstthree attacks from | correlation test

ead indvidual.
Variable 2:SMI* of ead individual onead day of
testirg.

2B: Smallercaerpillars will produce
fewer units pertrain.

Variable 1: Mean numler of units per train samped
fromthefirstthree teins from each indvidual
Variable 2:SMI* of ead individual onead day of
testing

Peasorts R
correlation test

2C: Smallercaerpillars signal less
than larger caerpillars by
producing fewer units ofsound
per two andsfollowing an
attadk per train.

Variable 1: Mean numler of units sampledromthe
total number ofunits followingthefirsttwo semnds
after thefirst attak from ead indvidual.
Variable 2: SMI* of ead individual onead day of
testirg.

Peasorts R
correlation test

2D: Smallercaterpillars will produce
signals with shoréer unit
durations.

Variable 1: Mean unitduration sasmpled fromthe
first 10 unts followingthefirst three attadks from
ead indvidual. Variable 2: SMI* of each indvidual
on ead day of testing.

Peasorts R
correlation test

2E: Smallercaerpillars will produce
trains withlower duty cycles

Variable 1: Duy cycle (%) sasmpled fromtheratio of
total amount of time occupiedby the unitgthefirst
two soondsafter an attack from each indvidual.
Variable 2:SMI* of ead individual onead day of
testirg.

Peasorts R
correlation test

3A: Sounds of srdl caerpillars are
notloudenowgh for major
predators(i.e. birds,bats) to
detect within attacking distarce
of 2-8 cm.

Variable 1:Ped&-to-peak voltages of sound units
were sampled from sounds recrded at 2 and 8&m
fromtheindividual. Variable 2: SMI* of each
individual onead day of testirg.

Peasorts R
correlation test

3B: Defence sounds ee limited to

larger caerpillars because
predators cannot degct the sounds
of smell caerpillars.

Variable 1. Dominantrequency of theunits were
sampled from recordings at 2 and 8cm from
ead indvidual
Variable 2:SM1* of eadh individual onead day of
testirg.

Peasorts R
correlation test

* Scded MassIndex (see Analysis obodysize (SMI) to test Hypothesis Zand 3)
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Temporal neasurenentsandanalysis

To test predictions 2A-2E of Hypothesis 2herelationship letween the sze (SMI) of
individualsand svera temporal charaderistics (i.e. the numiler of units fdlowing thefirst two
secondsafter an attad, unit duration, the numér of units per train, train duration, duy cycle)
of their defence soundswas anal yzed using Pearsors Rcorrelation tests(see Table 2.3for list
of predictions and ampling). Analyses on thenumker of units followingthefirst 2 £oonds
after an attadk, the numler of units pertrain, and day cycle included indviduals that did not
make cefence saunds were recordedszero. All testswere performed usingGraphPad Prism 7

(GraphPad Software Inc., LaJolla, CA).

Sound leds and spdral analysis
To test predictions 3A-3B of Hypothesis 3that defence sounds ee limited to lager
cderpillars, therelationship between the sze (SMI) of individuals and spctral charaderistics
(i.e. sound évels, domnant frequency) of the defence sounds prodaed by individuals was
compared usingPeasmnd s Relatorotests(see Table 2.3for list of pedictions and sampling).

All tests vere performed using GraphPad Prism 7 (GaphPad Software Inc., La Jolla, CA).

2.3 Results

2.3.1 Oriogenetic devdopment
Growth and evdopment of sound prodcing species
Of the 11 spdes, fourproduced defence soundgFig 2.2) and results on tlesespedes

are reported below (see Appendix A for information on na-sound prodang speaes).
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(a)

Figure 2.2.Final instarlarvae and correspondng o<cillograms of mutiple defence sound units
generated over 2 seands. Sound poduction meshanismvaries in exch species: vacdization in

(@) Amphionfloridensis; mandible clicking in (b) Antheraea polyplemus (c) Antheraea oculeg
and (d)Actias luna Scde bar 10 mm.
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Instar identification andappearance

Thenumberof instas confirmedfor eat pedeswas as follows: fourfor A. floridensis
and fivefor A. polyplemus, A. cculeaand A. luna(Fig. 2.3. Mean head capsulewidths did not
overlap between indars (Table 24, Fig. 2.4). Eadch spedeschanged in their genera appearance
throughout development. In indar | through 111, the majarity of A. floridensisappeaed green
and rested on theindersideof theledf. In indar IV, the larvae underwent acolour change to
brown and rested on théoranch of thehost plan{Fig. 25a). Theremaining spedes, A.
polyphemus, Aoculeaand A. luna,appeared green thraughout allinstars, restingon the

undersideof theleaf (Fig. 2.5bc).

Mass throughout dedopment
Themass oindividuals was followed thraughoutdevelopment (Fig. 2.6, Table 2.5.
Mean masss were aso calculatedfor each indar (Fig. 2.7). In general, massin A. floridensis, A.
polyphemusand A. lunaincreased from first tolastinstarby afactor of: 1.5,2.3and 0.92
respedively (Fig. 2.7). In A. cculea mass was oy measured ininstas |l A V and inaeased by

a factor of 3.1.

Lengththroughout @vdopment
Thelength of individuals vas followed thraughout development (Fig. 2.8, Table 2.6.
Mean lengths were also calculatedfor each indar (Fig. 29). In general, A. floridensis, A.
polyphemus, and A. lundength increased from firstto last instaby afador of: 24.7, 19.5nd
16.9 espedively (Fig. 2.9). In A. cculeg length was oy measured ininstersil A V and

increased by afador of 29.6.
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Instar 1 Instar II Instar 111 Instar IV Instar V

(a) Amphion floridensis i
s -—

(b) Antheraea polyphemus ®

(¢) Antheraea oculea '

(d) Actias luna Y

Figure 2.3.Hea cgposuks representing each instar for each spedes. Scde bar 1 mm.
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Table 2.4.Mean hea cagpsulewidth (mm) ofindividuals inead indar, standard error of the

means.
Species Instar | Instar |1 Instar I11 Instar 1V Instar V

Mean | SD [N | Mean | SD | N Mean | SD |N | Mean | SD | N Mean | SD | N
Anphion 114 | 0.04 | 15| 197 0.03| 19 | 2.68 013 | 19| 421 0.08 | 13 NA NA | NA
floridensis
Antheraea | 0.98 014 |6 |19 0.06| 20 | 3.45 0.14 | 20| 5.35 0.22 | 12 5.97 0.14 | 20
payphemus +
Antheraea | 014 | 001 |4 | 048 0.28| 4 2.39 021 | 11| 3.24 0.39 | 10 6.07 078 | 4
oculea
Actias luna | 1.53 002 | 25| 224 |0.15| 11 | 3.08 023 |8 | 4.09 0.08 | 8 5.78 017 | 7
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Figure 2.4.Mean head capsulewidths per instarfor each pedes. e Table 2.4for ssmple
sizes.



Instar V

(a) Amphion floridensis

(b) Antheraea polyphemus

(c) Antheraea oculea

Figure 2.5. Appearance of larvae representing instar stages in each species. Each scale ber
represents 10 nm. Scae bar A. cculeais notavailable.
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Amphion floridensis Antheraea polyphemus
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Figure 2.6.Mass of individuals ioreased during development in each species. Each symbol
represents a diferentindividual and the Xaxis representsthe numberof times ead indvidual
was tested irchrorological order from thefirst to the bst day of testing. There were 3-4 days
between test @ys. Open circlesrepresent themass ofead indvidual at the onset of defence
sound poduction.



Table 2.5.Mean mass ofndividuals inead indar, sendard deviatias

Species Instar |1 Instar 111 Instar 1V Instar V

M ean SD N Mean | SD | N | Mean | SD | N | Mean | SD | N | Mean | SD N
Anphion 0.04 0.013 | 9 016 |003|9 |08 |031|8 |275 |029|9 |NA NA | NA
floridensis
Antheraea 0.12 009 |5 017 |007|8 |08 |014|10|316 |068|5 |524 |052] 10
polyphenus
Antheraea NA NA NA [ 012 |001(10|026 |005|9 |177 |062|9 |39 |13 |2
oculea
Actiasluna 0.04 001 |25 |014 |003|10|(039 |018|9 |105 [019|8 |435 |056|7
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Figure 2.7.Mean masf individuals for each indar. SeeTable 2.5for sample sizes.
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Figure 2.8.Lengths (mm) of individuals increased duringdevelopment in each spedes. Each
symbol represents a diferent individual and theX axis representsthe numberof times each
individual wes tested irchrorological order fromthefirstto the bst day of testirg. There
were 3-4 days between test @dys. Open circles represent the length of each individual at the

onget of sound prodction.
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Table 2.6.Mean lemgth of individuals in ead indar, standard deviations.

Species Instar | Instar 1 Instar I11 Instar IV Instar V

Mean | SD N Mean | SD | N |Mean | SD | N [ Mean | SD | N | Mean | SD N
(mm) (mm) (mm) (mm) (mm)

Armphion 13 041 | 4 1853 | 0.2 |17 | 3246 | 052 | 17| 5244 | 0.37 | 20 | NA NA | NA

floridensis

Antheraea 916 |029|5 1434 | 043 |16 | 2462 [ 092 | 12| 297 | 083 | 12| 4695 | 1.37| 20

polyphenus

Antheraea NA NA | NA | 1345 | 046 |10 | 1864 |065|11|319 | 181 |6 |455 |45 |2

oculea

Actiasluna | 729 | 025|25 | 1343 | 122 |11|1677 |206|8 |265 |212 |8 |432 |251|7
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Figure 2.9.Mean length of individuals in ead ingar. Mean length dd notoverlap between

instars. Seelable 2.6for sample sizes.
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2.3.2 Which instars produce saunds?

The percentage of individuals that prodwced defence sounds at last orce per insta, the
proportion of trials that resulted in sound poduction per instar, and how oftenindividuals made
soundghroughout derelopment was measured in each sgecies. In al spedes, the onet of
defence sound produion accurred ininstarlll, and soundsvere only produced by late instrs
(IMA V) (Table 2.7. Not all individuals prodiced defence soundsn ead indar. For example,
in instarlV, 100%o0f A. floridensisand orly 12.5%o0f A. lunaindividuals prodeed defence
sounds at last orce (Fig 2.10).Within an ins#r that gererates ®unds,the goportion of tials
thatresulted in defence sounds vas also dfferentin each indar (Table 2.8. For example, in IV
instar, 55%o0f A. floridensistrials resulted in ddence sounds, bubnly 7%in A. luna(Fig.
2.11). Defence sound prodcion was notcongstenty produced by individuals onead day of
testing (Fig. 2.19. Owerdl, only lateinstar caterpillars prodiced defence sounds (intr Il A
V) and the irtidence of defence sound prodction (i.e. prgportion of rials thatresulted in sound

production) increased throwghout dezelopment in individuals.

2.3.3 Vhatistherelationship between defence sounds and sze(mass,length), regardless
of instar?

To test prediction 1B, themases of individuals at the onst of defence sound
production, regardless of insar, were compaed between edes usng a one-way analysis of
variance (Table 2.9).Themean mass of individualsat the onset of defence sound prodiction
did notvary between spedesF (3, 29) =1.15,P = 0.35. Havever, themean mass ofndividuals

in thefinal instarwas different between edesF (3, 28) =7.35,P <0.05 (Fig. 2.13).
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Table 2.7.Percentage of individuals that prodwced defence sounds at last once per instar (%).

Species Instar | Instar |1 Instar 111 Instar 1V Instar V
# of N # of N # of N # of N # of N
individuals individuals individuals individuals individuals
(%) (%) (%) (%) (%)
Arphion 0 4 0 17 95 17 100 20 NA NA
floridensis
Antheraea 0 5 0 16 70 19 75 12 85 20
polyphenus
Antheraea NA NA 0 10 18 11 30 6 100 2
oculea
Actiasluna 0 25 0 11 25 8 125 8 42 7
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Table 2.8.Propartion oftrials resulting in defence sounds pemnstar.

Species Ingtar | Ingtar |1 Ingtar 111 Ingtar IV Instar V
#trials (%) | N #trials(%) | N #trials(%) | N #trials(%) | N #trials (%) | N
Anphion 0 4 0 17 35 17 55 20 NA NA
floridensis
Antheraea 0 5 0 16 a7 19 76 12 70 20
polyphenus
Antheraea NA NA 0 10 15 11 53 6 50 2
oculea
Actiasluna 0 25 0 11 20 8 7 8 36 7
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Table 2.9.Mean massand lergth, of individualsin ead speciesat the onset of
defence sound prodttion.

Species Mass(g) Length

M ean SD | N M ean SD

Anphion floridensis 1.02 112 | 8 26.81 8.58

Antheraeapolypherus 0.97 17 | 10 23.35 9.36

Antheraeaoculea 0.7 043 | 7 24.83 5.78

Actiasluna 177 089 | 8 3225 7.46

M ean of all 112 1.2 | 33 26.27 8.73
individuals

combinedregadless

of species
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Figure2.13.Mean (a) massand (b) length at the onset of sound poduction in each species. See
Table 2.9for sample sizes. There were no sgnificant differences inmass(P = 0.35)or length (P
=0.11)at theonst of sound poduction between spedes, even thowgh the mean massand length

of individuals in thefinal instarsignifi cantly differed between spedes (P < 0.0005).
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Follow-up pairwise comparisons vere performedto deerminewhich species differed in their
mean fina instarmass.Theanalysisreveded thet the nean mass othefinal instardiffered
between AF (Mean + SD: 2.75 + 0.29y) and AO (Mean + SD: 3.9 + 1.3g) (P < 0.05), and
between AF (Mean £ SD: 2.75 £ 0.29)) and AL (Mean = SD: 4.35 + 0.58)) (P < 0.05.

To further test prediction 1B, the kngth of individuals at the onet of defence sound
production regardless ofinstar was compared between species using a one-way analysis of
variance (Table 2.9).Themean length of individuak at the onset of defence sound prodcdtion
did not vay between spedesF (3, 46) =2.1,P = 0.11. However, themean length of individuals
in the firal instarwas different between speciesF (3, 49) =4.04,P <0.0) (Fig. 2.13h.
Follow-up pairwise comparisons vere performed to @terminewhich speaes differed in their
final instar legths. Results shoved that the mean length of final instas differed between AF
(Mean = SD: 52.44 + 0.37pnd AL (Mean + SD: 43.2 + 2.51JP < 0.09, and AP (Mean + SD:

46.95+ 1.37)and AL (Mean + SD: 432 + 2.51)(P < 0.05).

2.3.4 \\hatistherelationship between size and temporal characteristics of the saunds?
Do gnaller caterpillars produce defence soundswith shoter trains?

To test prediction 2A, therelationship betwen mean train durations neasured over the
courseof thefirstthree attads, and sie (SMI), was analyzed across individualsfom each
spedes.Overdl, mean train durations were longestin AO (i.e.10.56 s)and lowestin AL (i.e.
1.44 s)(Table 2.10). There were no sgnificant correlations letween mean train duration and siee
(SMI) in AF (R2=0.04561P = 0.295, N =36), AP (R?= 0.0043,P = 0.8, N =17), A0 (R?=

0.0214,P = 0.575, N =17), orAL (R?= 0.0023,P = 0.86, N =16) (Fig. 2.14).
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Table 2.10.Mean train durations, sandard deviations of themeans, minimum and naximum
train durationsand ssmple sizes (N) in each species.

Species Mean (s) SD Min (s) Max () Number of
pairs*
Anphion floridensis 6.57 4.23 0.91 16.87 29
Antheraea 4.44 2.69 0.17 7.33 26
polyphenus
Antheraeaoculea 10.56 9.4 0.43 40.03 17
Actiasluna 1.44 1.4 0.0002 6.38 21

* Refers to the numér of correlations letween SM1 and each variable intheanalysis (see
Table 2.3).
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Figure 2.14.Relationship etween the mean train durationsover thefirst three attacks within a
trial and size (SM1) in each spedes. There were no significant relationships btween the nean
train duration and size. See Table 2.10for sample sizes.
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Do gmaller caterpillars produce defence soundswith a lover number of units of per train?

To testprediction 2B, therelationship between the numberof units per train and sie
(SMI) was analyzed in individuals from each gecies.Overdl, the mean numberof units per
train was highestin AF and AO (i.e. 5 unts per train) and lowestin AP (i.e. 2 wnits per train)
(Table 2.1). There were no sgnificant carelations ketween the nean numbetrof units per train
and ste (V1) in AF (R2=0.001,P = 0.883, N =30), AO (R2=0.0016,P = 0.862, N =21) or AL
(R 0.0011,P =0.872, N =25). There was asignificant posiive correlation between the nean

number of wits per train and SM1 in AP (R?=0.3530,P < 0.0001, N =36) (Fig. 2.15).

Do gmaller caterpillars produce fewer defence saund unis fdlowing thefirsttwo ssconds after
an atack?

To test prediction 2C, thaelationship betvween the mean numberof soundunits that
occurred within thefirst two ssondsafter thefirst attak, and sie (SMI), was analyzed across
individuals fom each edes.Overal, the nean numberof units was highestin AF (i.e. 9
units),and lowestin AL (i.e. 4 unts) (Table 2.13. There were no sgnificant carelations
between the men numberof units and size (SM1) in AF (R>=0.056, P= 0.414, N =14) and AO
R270.021, P= 0.639, N =13). There was asignifi cant positve correlation between the nean
numberof units and size (SMI) in AP (R>~0.2832,P = 0.009, N =23)and AL (R2=0.3986,P =

0.004, N =19) (Fig. 2.16.
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Table 2.11.Mean numberof units per train standard deviations of the mans, mnimum and

maximum number of units per train, and smple sizes (N) in eat edes.

Species Mean (#) SD Min (#) Max (#) Number of
pairs*
Anphion floridensis 5 4.5 0 17 29
Antheraea 2 25 0 8 26
poyphenus
Antheraeaoculea 5 4.66 0 18 17
Actiasluna 4 1.79 0 9 21

* Refers to the numér of correlations letween SM1 and each variable inthe analysis (see

Table 2.3).
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Figure 2.15.Relationship l@ween the mean number of units per train and size (SMI) in each
spedes. There was asignifi cant pasitive relationship betwen the nean numberof units per
train and size (SMI) in Antheaea polyphemus(P < 0.0001).See Table 2.11for sample sizes.
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Table 2.12.Mean numberof units within thefirst two seands followng thefirst attack,
standard deviations of the raans, minimum and naximum numberof units followingthefirst

two sendsafter thefirst attak and sample sizes (N) in each speades.

Species M ean (#) SD Min (#) Max (#) Number of
pairs*
Anphion floridensis 4.36 2.79 0 9 14
Antheraea 1.74 1.98 0 6 13
polypherus
Antheraeaoculea 1.79 1.63 0 6 23
Actiasluna 1.26 1.19 0 4 19

* Refers to the numér of correlations letween SM1 and each variable intheanalysis (see

Table 2.3).

61




(a)

10+

(b)

P=0.009

Amphion floridensis Antheraea polyphemus
P-0414 107

L}
. 8-
-] 6 o0

o
Q
B=
2,
<
)
R=
=
2
—o' X J
< 2 2-
= °
8 0-te» T T T T 1 0"-. 1
2 0 10 20 30 40 50 0 8
‘;‘ (c) (d) .
2 Antheraea oculea Actias luna
=)
s 107 P=0.039 10+ P=0.004
5
- 8- 8-
=
=
2 6+ 6-
Gy
o
ke 4+ 4
) -
E @ FJ"*’N“
= 2 2= e o e @ &
_,M

Z e .

0= 1" T T o | 1 0 : T T 1

0 1 2 3 4 5 0 50 100 150

Scaled Mass Index (SMI)

Figure 2.16.Relationship @ween themean number of units followingthe firsttwo ssonds
after an attack, and size (SM1) in eat species. There was asignifi cant postive relationship
with size (9M1) in A. payphemus(P = 0.639and A. luna(P = 0.004. See Table 2.12for
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Do gmnaller caterpillars produce defence soundswith shoter unit duratons?

To test prediction 2D, therelationship betwen the mean unitdurations,measured from
up tothefirst 10 unis following thefirst 3 atadks, and size (SM1) was analyzed in individuals
from eadt species.Overall, mean unitdurations were longestin AF (i.e. 0.13 s)and shorgstin
AL (i.e. 0.005 s)Table 2.13). There were no sgnificant correlations etween mean unit
duration and size (V1) in AF (R?=0.0242,P = 0.429, N =28), AP (R?=0.0563,P = 0.243, N
=26)and AL (R>=0.0182P = 0.559, N =21). There was asignificant postive correlation

between mean unit duetionand SMI in AO (R*=0.4952,P =0.016, N =17) (Fig. 2.1%.

Do gmaller caterpillars produce defence soundswith lower duty cydes?

To test prediction 2E, therdationship betwen duty cycle (% of sgnal overtwo
semnds)and sie (SMI) was analyzed inindividuals from each spedes. Owral, dutycycles
were highest inAF (i.e. 46%) and lowestin AOand AL (i.e. 1%) (Table 2.14). There were no
signifi cant correlations ketween duty cycle and size (SM1) in AF (R?=0.1066,P = 0.255, N =
14), AP (R?= 0.0501 P = 0.304,N = 23), AO (R?= 0.0002,P = 0.963, N =13) or AL (R?=

0.0797,P = 0.242, N =19) (Fig. 2.18).

2.3.5 Whatistherelationship between size and intengty/spedral characteristics of he
saunds?

Do gmaller caterpillars produce defence soundghat are laud enough to be éard bypredators?
To test prediction 3A, therelationships ktween size (SM1) and soundoressurelevels (dB

SH) at 2 and &m were analyzed in individuals from each species
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Table 2.13.Mean unitdurations (3, standrd deviations of hemeans,
unit durations (s)and sample sizes (N) in ead gedes.

minmumand maimum

Species Mean (s) SD Min(s) Max (9) Number of
pairs*
Anphion floridensis 0.13 0.05 0.05 0.24 29
Antheraea 0.012 0.03 0.0003 0.17 26
polyphemnus
Antheraeaoculea 0.042 0.14 0.0002 0.72 17
Actiasluna 0.005 0.01 0.0002 0.026 21

* Refers to the numér of correlations letween SMI and each variable inthe analysis (see

Table 2.3).
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Figure 2.17.Relationship @tween the mean unitduration and ske (SM1) in eat species. See
Table 2.13for sample sizes.
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Table 2.14.Mean duy cycle (%), sandard deviations of themeans, minmumand maimum

duty cycles (%), and smple sizes (N) in eat Pedes.

Species M ean (%) SD Min (%) Max (%) Number of
pairs*
Anphion floridensis 46 1.31 0 100 14
Antheraea 2 0.11 0 23 23
polyphenus
Antheraeaoculea 1 0.03 0 5 13
Actiasluna 1 0.06 0 11 19

* Refers to the numér of correlations letween SMI and each variable inthe analysis (see

Table 23).
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Figure 2.18.Relationship l@ween duty cycle (% of sounds ower two seconds)and size (SM1) in

eadt species. There were no sgnificant relationships letween duty cycle and size. See Table 2.14
for sample sizes.
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Overdl, mean soundpressurelevels at 2cm were highestin AF (i.e. 91.6dB SPL) and lowestin
AL (i.e. 81.87 dBSPL) (Table 2.15. There were no sgnificant correlations etween sound évels
at 2 cmand size (SM1) in AF (R>=0.3591,P = 0.067, N= 10), AP (R>=0.1518,P =0.169, N =
14), AO (R?=0.0567,P = 0.847, N =3), or AL (R?= 0.4752,P = 0.198, N =5 (Fig. 2.19. Mea
sound pessurelevels at8 cm were highestin AO (i.e. 84.92)and lowestin AL (i.e. 75.38 dB
SPL) (Table 2.15. There were no sgnificant correlations ketween sound évels at 8cm and sze
(SM1) in AF (R?= 0.2794,P = 0.206, N =7), or AP (R?=0.2422,P = 0.178, N =9) (Fig. 2.19.
There were too few data points to amlyze the correlations ketween sound évels at 8cm andsize

(SMI) in AO and AL.

Do gmaller caterpillars produce defence soundshat are in thefrequency hearing
rangeof predators?

To test Prediction 3B, we measured therelationship letween domnant frequency at 2
and 8cm and sze (SMI) in individualfrom ead pedes. Owral, the nean dominant frequency
at 2cm was highestin AF (i.e. 41 kHz) and lowestin AO (i.e. 22 kHz). (Table 2.16). There were
no spnificant correlations lEtween size (SM1) and dominant frequency at 2 cmin AF (R?=
0.005,P =0.8895N =6), AP (R?=0.029,P = 0.4921, N= 18), AO (R?>=0.088,P = 0.8086, N
=3) orAL (R>=0.001,P =0.9530, N =5) (Fig. 2.20. Themean doninant frequency at 8 cm
was hghestin AF and AO (i.e. 8.5kHz) and lowestin AP (ie. 7.5 kHz) (Table 2.16)There were
no spnificant correlations ketween size (SM1) and doninant frequency at 8 cm inAF (R?=
0.005,P = 0.889, N =6), AP (R2=0.001,P = 0.902, N =18), A0 (R?= 0.1617,P = 0.734,N=

3), orAL (R?=0.007,P = 0.896, N =5) (Fig. 220).
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Table 2.15. Mean sound pessureevels (dB SPL), standrd deviations of he means, minmum

and maimum soundpressureevels (dB SPL) at 2 and 8cm in ead species.

Species 2cm 8cm
M ean SD Min Max Number M ean SD Min Max | Number
(dB (dB (dB of pairs (dB (dB (dB of
SPL) SPL) SPL) SPL) SPL) | SPL) pairs*
Armphion 91.6 541 | 8224 | 10086 10 84.56 3.94 | 7856 | 89.72 7
floridensis
Antheraea 84.2 3.96 | 7582 92.56 14 814 47 | 7335 | 87.66 9
polyphenus
Antheraea 86.6 489 | 8229 91.73 12 84.92 5.92 | 84.44 | 85.44 0
oculea
Actiasluna 81.87 4.2 76.03 90.73 5 75.38 0.74 | 68.87 | 83.86 2

* Refers to the numér of correlations ketween SMI and each variable intheanalysis (see

Table 2.3)
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Figure 2.19.Relationship letween defence soundpressurdevels (dB SPL) and sie (SMI) at 2
cm in ead species. There were no spnificant relationshipsbetween sound ével and ske (SM).
See Table 2.15for sample sizes.

70



Table 2.16.Mean doninant frequency (kHz), standard deviations of the mans, minmumand

maximum dominant frequencies (kHz), and sample sizes (N) at 2 and &m in ead sfecies.

Species 2cm 8cm
Mean SD | Number Min Max M ean SD Min Max Number
(kHz) of pairs | (kHz) | (kHz) (kHz) (kHz) | (kHz) of
pairs*
Anphion 4.1 5.1 6 1.2 7.2 8.5 3.94 7.8 8.2 6
floridensis
Antheraea 3.2 6.8 11 11 5 8.2 47 6.3 7 11
polyphenus
Antheraea 2.2 4.5 3 1 3.8 8.5 5.92 0.9 55 3
oculea
Actiasluna 3.2 3.6 5 1.6 4.4 75 0.74 11 6 5

* Refers to the numér of correlations letween SM1 and each variable inthe analysis (see

Table 23).

71




(a) . . X (B)
Amphion floridensis Antheraea polyphemus
60 P=0.889(2cm) 807 P =0.492(2cm) -e= Dominant Frequency at 2 cm
_ G s P =0.889 (8 cm) . P=0902(86M) o, Iycniiatt Frequeticy a8 cin
EN 40 - Tue = . 40 = oo "
S~ = ¢ ]
>, 20 204 =
(] L ]
-
)
: 3 T L] 1 c L] L] T 1
o 0 1 2 3 0 2 4 [ 8
O (© (d) :
E Antheraea oculea Actias luna
E 60 5 P=0.809(2cm) 607 P=100953(cm)
< P=0.737 (8 em) P =0.896 (8 cm)
o
é" 40 40 - ]
2 | = = B
= 20 4 20 - L]
@
3 L] L] L] 1 c L] L 1 1
0 2 4 6 8 0 2 4 6 8
Scaled Mass Index (SMI)

Figure 2.20.Relationship etween dominant frequency (kHz) and size (SMI) a 2 cmand 8cm

in eat species. There were no sgnificant relationships tween size and daminantfrequenciesat

2 or 8cm. See Table 2.16for sample sizes.
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2.4 Digusson
2.4.1Smaller Bombyooidea caterpillars donot make afence saunds

Thefirst hypothesigested in this study was thatbody size plays arole in the evolution
of defence soundsn Bombycoidea caterpillars. Totestthis hypothesisthe development of
defence sounds as followed from hathingto pupetionin four Bombycoideaspecies,and both
instarand baly size was recrded throughoutdevelopment. We had two predictionsfor this
hypothesis, bth of which were suppoted. First, wepredicted thatearly instar caterpillars
would notmakedefence sounds (pediction 1A). Second, wepredicted thet regardless ofinstar,
defence soundsare more likely to occur in large caterpillars (prediction 1B). Overal, these
results demonstite a elationship between defence sounds and both star and baly size. The
results ofeat prediction are discussd below.

To test prediction 1A wecdculated thepercentage of individuals that prodiwced defence
sounds at last onceper insta. Results shoved thet in al spedes, noneof theindividuals ested
produced defence saundsin theealy instars (I, I1). Thepossbility thatealy instars produced
soundghat weretoo guet to bedetected duing our testsis highly unlikely becauseall
individuals vere recorded with two microphones that togther were highly sensitive across a
wide range of sound fequencies. Additionally, all fil es were reviewed both dunng the tials,
andfollowingthe trials on thecompuer. Our results dissgreewith aprevious staly (Brown et
al., 2007)which reported that ame secondinstar A. polyplemusproduced adefence sound.In
that stuly, indars were not followed systematically by monitoring head capsules throughout
development as we lave donein this study, and weproposed that inthe previous stuly the
individual was adualy a thrd insta. In general, the percentage of individuals that prodiwced

defence soundsncreased from ingar I11 to 1V, and was highestin A. floridenss. For instarte,
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100%of individuals prodwced defence soundsn indar IV in A. floridensiscompaed to ory
12.5%in A. luna. Larvae from A floridensisrarely regurgitate after sound poduction (see
Chapter Three),and perhaps thesounds fuation as gartle disgays, in whichcaseit would be
beneficial for all individuals to poduce sounds @&h time they are attad<ed in orcer to deter
predatorsright avay (Edmunds, 19740n the othehand, regurgitation uswally follows
mandibleclicking (Brown et al., 2007),and if the sounds fustion as apoematic displays inA.
luna, A. @ulea or A. polyphemugierhaps alower percentage of individuals from thesespecies
produce defence sounds comgred toindividuals from A. floridensisbecaisesound is oty
necessay when thecaterpillars regurgitate. Overall, the percentage of individuals that

produced defence soundsat least onceper instarincreased from indar 111 to V in all sgecies.

As afollow-up analysiswith regards to testig prediction 1B, the poportion of trials that
resulted in sound poduction ard howconsistenty sounds were produced by individuals
throughout development was analyzed. In genera, the proportion of tials thet resultted in sound
production inaeased throughout derelopment in all spedes,and sound prduction was not
produced consigenty by individuals onead day of testing. Thismay have been becausethe
caerpillars were malting, sirce malting impairs theability to paform certain behaviours sich
as feeding (Greenlee & Harrison, 2005Bnd the mathpats involved infeeding are aso
required for sound prodction Bura, 2010;Ro9-Denadai & Yad, 2015). Another possible
explaretion for why individuals did nomake sounds consiently is that there may be a trade-
off between the energy required for mating, which is energeticdly costly (Slansky & Scriber,
1985), and the energy required to prodice defence sound. Regardless ofhow consistent sound
production was amorngstindividuals, ddence soundsvere only produced by lateinstars, hus

we suggest that the development of defence soundsmay beinstar-specifi ¢. Insta-spedfic
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changes may betheresult of adevelopmerta switch, and the homonaland genetic correlates
of the development ddence soundsn lateinstars could befurther studied.

To test prediction 1Bwe recorded the sze of individuals at the onat of defence sound
production. Results suppomrd ourhypothesisby demonsteting thatal individuals frst
prodiwced sounds wen they reached the sme nmean massand lergth (1.12g, 26.27mm), even
though spedes \eried intheir fina instarmassand length. Sinceall spedes poduced defence
soundsat the smerelative size, wesuggestthat thereis arelationship between thedevelopment
of defence sounds andhige sizein caterpillars. Qur results are in line with otherstudes that
suggestdrge skeis afactor in theevolution of certain defences (e.g. crypdss, eyespotsand
thrashing), lecause itimproves theefficacy of the defence (Hosse et al., 2015;Sandreet al.,
2007; Stamp, 198%. The esults of this stdy are thefirst to provideevidence for a size-
dependent relationshipin anamusic defence in acaerpillar, and wesuggest that just as lege
size plays arolein the cevelopment of visual and behavioural defences, large size may play an

important role in the @velopment of defence sounds.

Theresults of ourexperimentsto test thdirst hypothesisof this study provide indired
supportfor thehypothess that bay size may explain the diwersity of defence soundsn other
Bombycoideaspedes,and possbly other insed spedes. Thity-three percent of the
Bombycoidea spedes ested to dte are reported to make defence sounds Buraet al., 20L6).
Thereis atrend that lager species produce defence soundgBura, 2010), but this reds to be
furtherexplored by testinga larger selection of speaes, espedally thoseon the smalleend of
thebody size spectrum (e.g. Macroglossum stellatarurgBphingidaeMacroglossinag) A
relationship beween defence soundsand baly size has been reported in aher insects such as

adult adzuki beetles (Typocopris (Coleopera: Geotrupidae)), Neotropical butterfly spedes,
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mantises (Mantis religiosa(Mantidae: Mantidag)) and cicadas (Tibicen pronotals (Cicadidae:
Cicadinae)) (Carisio etal., 2004; Hil, 2007; Marden & Chai, 1991;Sanborn& Phillips, 1995);
however theseare very few examples consicering the classinseda contains an esmated
950000 sades ofinseds (IUCN, 2007) and adargenumler of insects that prodice sounds
(Alexander, 1957), studies on theelationship betwen defence saunds and bady size are
lacking. Futurestudies that estthe development of defence soundsn awide variety of inseds
will be invaluable to poviding further supportfor thehypothess that bay size is an imporént

fador in theevolution of defence sounds.

2.4.2 \\hy dond $mall caterpillars make defence saunds?

Our secondhypothesisexplored a poskble explanation for why smallcaterpillars do not
makedefence soundsn that they do nothave enough energy to make defence sounds. Todst
this hypothess, weexamined therelationship betwen body size (SMI) and severa temparal
characteristics of thedefence sourds. We had five different predictions, sone of which were
supporéd by evidence which shaved arelationship betwen SM1 and variousamustic
characteristics including asignifi cant increasein themean numbetrof units pertrain in A.
polyplemus,the nmean numberof units within thefirst two seconds followingthefirstattad in
A. polyplemusand A. luna,and the nean duation ofunits inA. oculea Overall, thae were few
posiive relationships btween baly size and thetempora characteristics that we measured.
This was notexpeded, sinceaemporal characteristics such as the oes measured in our stuly are
congdered to beenergeticdly costy, thuswe would exped that larger caterpillars would lave
moreenergy to prodiwce defence soundswith longer trains, unitdurations,duty cycles, etc. (Peig
& Green, 2009;Prestwich, 1994. In generd, thetempora qualities ofdefence sounds ee

important because in oder to beeffectively transmitedto predators, the soundsieel to be

76



sufficiently long enough to beintegrated in tothar sensay systens. We noted tlat the defence
sound units prodred by al of the caerpillars at the onset of sound poduction were already
long enough to be integratedin tothe sensay system of mostvertebrates (e.g. ~200 ms)
(Dooling & Seacy, 1989. Therefore, we suggest that the smaller caterpillarsin our stuly
already had the energy to make defence soundsthatare suficiently long enough to be
detectableto vertebrate predatorsat the onset of sound prodation.

What are aternative explaretions forwhy defence sounds do nadccur in smaller
caerpillars?Onehypothesisis that small caerpillars are potentialy cgpable of producing
defence sounds, butecaisethere are no sledion pressues from predators, trey do not rely on
this ndary defence Several studies lave suppored the hypothesighat smaller inseds are
less @sirable to pedatorsand face alower level of predation (reviewed in Bernays, 1996;
Halpin et a., 2013. However, since ealy instar caterpillarsin our gudy did notproduce
defence soundsn response to simated attadks, wesuggest that the possbility thatearly instar
caterpillars are cgpable of producing defence soundss unlikdy. Another hypothesigo explain
why smalkr caerpillars do not mike defence soundss that sall size places restrictions on
soundtheintensity and sgedral charaderistics of thesounds whiclaffects transnisson ofthe
signals within theenvironment (Carisio et a., 2004;Rome, 1993. For instarte, small sze
restricts thentensity of the sounds that iests ae able to poduce, and inseds ae restricted to
producing high-frequency soundghat degade much fasterthan lowfrequency sounds wthin
theenvironment, esgdally when they come in to ontact with physical obgades suih as
noise, wind, temperature and soundsrbm aher animals (Bennet-Clark, 1999;Forrest, 1994;
Gerhardt & Huber, 2002;Rome, 1993. Thussmnaller caterpillars may not make defence

sounds lecaisethey cannotproduce sounds wihthe intendly and spectral qualities thatare
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required to be dtectedby predators.We tesed this hypothesisn ourfinal set of experiments.

2.4.3 Canpredators cetect caterpillar defence sounds

Our last set okexperiments testedan alternative hypothesis fowhy smaller caterpillars
do notmake defence sound, which was that @fence sounds eerestricted tolarger caterpillars
becaisepredators cannotdetect the sounds of srall individuals.To test ourhypothesis, we
examined therelationship between baly size (SMI) and the sound pessurelevel and dominant
frequency of thedefence soundsPrediction 3A was that thesounds of srall caterpillars are not
loud enogh for majorpredators(i.e. brds,bats) tobe detected within adistance of 2-8 cm (i.e.
theappraximate disance of an attading vertebrate predator). Ourhypothesiswas not suppoed
by theresults which stowed no sgnificant relationships letween sound pessurdevel and size
in any of the species. Theseresults were unexpeded, sincepreviousresearch suggeststhat the
intensity of insed soundss related to baly size (Bennet-Clark, 1999;Sanbourn& Phillips,
1995).It would be of no benefit to smaller caterpillars if they made defence sourds thatare not
detectableto predators,espedally if the sounds dinction as deimatic disgays which need to be
loudto beeffective (Blaszczky, 20@). However, the caterpillars in our studyroduced sounds
ranging between 75.82and 83.86 dBSPL at 2 and 8 cm. Based on thesaesults, wesuggstthe
caerpillars were already large enough to prodice soundghat are loud enaigh to behead by
predatorsat the onset of sound prodation. Prediction 3Bwas thatsoundsof smeller caterpillars
do notmatch thefrequency heaing range of mgor predators. Again, our hypothesis ves not
suppated by the results which did notdemonstete any significant relationships ketween
dominant frequency and body size in any of thespedes. These results were also urexpeded,

since pevious tesearch suggest frequency is related tothesize of thesound producing structure
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in insects (Bennet-Clark, 1999). However, it has also been suggested that therelationship
between size and frequency may be hard to detect without alarge range of values(Cocroft &
De Luca 200§. Thus itmay be possble thet thetrend towards lower frequency sounds with
larger bady size would bemoreapparent if sampled from awider range of body sizes.
Nonetheless,thecaerpillars in our stdy produced soundsanging between 0.9 to 8.2 kHat 2
and 8cm, and gynals in this frequency range are detectablea widerange of predators(e.g.
rodents, kats, brds) Adams & Pedersen 2000; Beason, 20@). While on averagethe sgnals
contained very high frequencies, tresefrequencieswere measured at short digances (i.e. 2and
8 cm, the approximate digance of an attacing predator), sodegradation ofthe hgh-frequency
signals which occurs over longdistances (Forrest, 1994; Rome, 1993)need not be aconcern.
Power spedra shaoved that the p&k frequencieswere asloud as 71 to 79 dBPL at 2 cm,
which issufficiently loud enaugh to be dtectedby predators that can hear thesehigh
frequencies(Fig. 2.21). Similar to ourconclusionsmadeaboutthetempaa and intendly
analysiswe performed, we suggest that the onset of defence sound prodction accurred when
the caterpillars reached a critical sizeto prodwce sounds with fequencies thet are in the heaing

range of major vertebrate predators.
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2.5 Conclsion

Body size has been shavn to day an important role in the evolution of defences in
inseds. However, few studies have testd therelationship betveen baly size and acoustic
defences. In this gudy we provide thefirst empircd evidence that the development of defence
soundss related to bdh ingar and body size in caterpillars. We suggest that small/early instar
cderpillars do notmake defence saunds lecausethey are not apable of making sourds thatare
effectively communicated to pedators,and that thecaterpillars kegin producing sounds whn
they are large enough to make soundghat can be detected by predators. Future studes should
furthertest thehypothesison the impatance and effi cacy of size in the development of defence

sounds usig a widerange of other caerpillar and in®ed speies on live predators.
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CHAPTER THREE

Anti -Predator Defencesn Sound-producing Bombycoidea
Caterpillars: OntogeneticChangesbetweeninstars
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Abstract

Instar-specific changes have been reported for a variety of defence types ininsects. Chapter Two
of thisthesisprovided evidence that sound praattion may be size dependent: only late instr
caerpillars (111-V) of four representative Bombycoideaspedes produced defence sounds, and
within ingars sound poduction wes linked to ske. There are several possible explarations for
size-and/or ingar-dependent changes in acousticdefences. For example, perhapsas caterpillars
grow they are pursted moreby predatorsand rely moreon sscondary defences in gnerd, the
defence sounds fom part of multimodal display, or they function aswarning signals for a
chemicd defence. Alternatively, perhaps sound pduction iscorrelated to a changein the
predator popuétion (e.g. frominvertebrates to \ertebrates)such that afences change to target
sensay systems of theirchanging natural enemies throughout dezelopment. In order to test such
hypotheses, itis imporiant to first docunent detils of thedefensiverepertoire of theinsects at
eadt developmental sbge. Therefore, the nain goal of this chapterwas todocumentand guantify
the antipredator defences of thefour Bombycoidea spedes studed in Chapter Two thraughout
development. It was found that as g@rimary defence, al of thecaterpillars remained
camouflaged with thehost plant throghout development. A Linea Mixed Model was used to
analyze changes inthefrequency of secondary defences employed by the caerpillars during
simuated pedator attad trials in each instar. Themean frequency of secondary defences was
different between some int&rs: (1) in A. floridensisthe mean frequency of dropping andmgor
thrashingsignificantly increased ininstars I11 and 1V; and 2) in A. polyplemus,the frequency of
regurgitation sgnificantly increased ininstaslil, IV and V. In al of thespeaes, thefrequency
of defence sounds ignifi cantly increased in thelater instars (111 A V). The implicaions of tlese

results on futue studes regarding the evolution of acoustic afences are discussd.
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3.1 Introduction
In insects, antipedator defences including behavioural, chemical and maphological
attributes can change throughout development (reviewed in Ananthgkrishran, 2005. There are
several reported examples in different insed orders. In Stagmatotera biocellata (Mantodex:
Mantidag early instars rely on crypsis, and lateinstas usedeimatic disgays (Balderrama &
Madonado, 973; Maldoredo, 1970. In Acrythosgphon pisunm{Hemiptera: Aphidinae) early
instars engage in escgpe behaviours, wrereas lateinstars usedefensive kehaviours (Gerling,
Roitberg & Mackauer199Q. In Lepidoperaafew defence types have been reported to clange
throughout development. For example, in Papilio xuthugPapilionidae Papilioninag early
instars mimic bird droppings and lateinstars are cryptic (Futahashi & Fujiwara, 2008. In
Saucrobotys futilalis (Crambidae Pyraudinae) early instars are cryptic, whereas late instars
develop apoematic colouration (Grant, 2007. In Hemileuca ludna (Saturniidae
Hemileucinae) ealy instars thrash in response t@ttad, whereas lateinstars evade predators by
dropping from the lost-plant(Comell, 1987%. While there are many studes focusingon the
functions of dfferent defence strategiesin genera (Lederhous, 1990; Matthews & Matthews,
2010, few studies focus on thdunctional signifi cance of ontagenetic changes in defences
(Rdyea, 2005;Zalucki, Clarke & Macolm 2002.
There may be severa explarations forwhy defences change throughout development.
Some ofthe prominent hypothe®s include thefollowing: (1) the efficacy of a particular defence
is size dependent (see Chapter Two}or example, Stagmatofera biocellata (Mantidae
Stagmaoptainae) ony employ deimatic disdays in later development andit is suggested tlat
larger size renders the disfays moreeffedive at saring away birds(Maldoredo, 1970; (2)

seledion pressues on insets increase as they become brger, either becausepredators prefer
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larger prey, or becaise lage size makes rey moredetectable, and therefore prey may have a
greater need toinvestin ssmndary defences (Edmunds, 1974Berger et al., 2006;Halpin et al.,
2013. For example, in Satcrobotys fuilalis (Crambidae Pyrausinag fina instarlarvae develop
warning dispays as the lenefits of crypsis ceaeasewith increased foraging and predation rates
in late instrs (Grant, 2007; (3) types of pedators change throughout development, swch that
early instars diten face higher selection pressues frominvertebrate predators, wrereas late
instars face higher selection pressurefrom veatebrate predators (Bernays, 199; McClure &
Despland,2011)and theefore different defences may target different sensoy systems of tlese
different predators. For example, in Hemileuca lucina(Saturniidae Hemileucinae) it is
suggested tlat the defences ofealy instars (e.g. thrashing) and lateinstas (e.g. escape) are
tailored tothe changing natural enemies (i.e. from invertebrate to vertebrate predatorsy th
encounterat different developmental seges (Cornell,1987; LichterMarck, Wylde, Aaron, &
Oliver, 2015 McClure & Despland, 2011 hese examples illustrate howdifferent biological
and emlogical fadors may impact theevolution of inset defences thraughout deelopment.

In Chepter Two of this thesis| reported that oy late instrs (111-1V) of selected
Bombycoideacaterpillars prodwee defence sourtds. Hypotheses explaining why ealy
instarsismaller caterpillars do not makeéefence sounds irclude thefollowing: (1) small/early
instars do not lve enough energy to produce effedive defence soundshat are detedableby
vertebrate predators; (2)ealy instars face greater selection gressues from invertelrate predators
(Bernays, 1997)hiat do nothave highly developedauditory systemsto detect soundsy3) larger
cderpillars develop more oondary defences due to increased selection pressues from
predators (Edmunds, 1974%) defence sounds deslop as gjnals to communiate thepresence

of anotherdefence (e.g. chemical defence) that has developed in laér instas. As dirststepin

85



testingaternative hypothess, itis necessay to qualtatively and quantitatively document how
various defences change throughout cevelopment.

Theobjectives of this stdy were to document thechanges in defences exhibited by four
spedes ofBombycoidea caerpillars that produce defence sounds asate instas: Amphion
floridensis, Antaraea polyplemus, Antraea oculea and Actias luna.Simulated predator attadk
trials were conducted throughout derelopment to addressthefollowing questions: (1)What
primary and scondary defences accur throughoutdevelopment? (2) Does thefrequency of
secondary defences change with insta? (3) Do species differ in the frequency of secondary
defences employeddiscusshow thefindings of this desriptive ontogenetic study may be

helpful in guiding future studes ontheevolution of defence soundsin caerpillars.

3.2Methods
3.21 Animals

Four Bombycoideaspedes were selected based on my previous knowddge of defence
soundsn the kterinstars (see Chapter Two). These included 20 Amphionfloridensis
(Sphirgidae: Maaoglossinae), 20 Antheraea polyphemus 12 Antheraea oculeaand 25 Actias
luna (Saturniidae Saturniiag. Larvaewere housed at an inset rearing fecility at Carleton
University at an average tenmperature of 23°C undlr anatural light-dark cycle. Eggs were kept
in two-ource plasticcontainers with holes in thdid for ventilation. Hatchlings were transferred
to individual, marked 3.8L glass masn jars and reared on theirrespedive host plams urtil
pupation. Host plants ere replaced every 2-4 days, at which time the meson prs were also
cleaned toremove fass and a plant madrial. Larvaeof A. floridersis were reaed oncuttings

of Vitis (Vitacexe), A. auleaon Quercus (Fagaceae), and A. pdyphemusand A. lunaon
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cuttings of Betula (Betulacaen). Instars were identified by colleding head capsules between

moalts (e Chapter Two, 2.2.2MorphologicalMeasurements).

3.2.2 Primary defence obervations

Physical appeaance and natural resting positons of lavae on theirhost plantavere
followed by photogephing the caerpillars undisurbed in greenhousdight with a Ganon
PowerShot G7 Xcamera (Canon GanadaInc., Mississauga, ON). Photographs were taken

every 3-4 days fromthetime ofhatchingto pupation.

3.2.3Semndary defence observations

Simulated predator attack trials were performed on indvidual larvae every 3-4 days
from hatchingto pyoation. Larvae were removedfrom their jar on the pant cutting held in a
vial, and the val was placed on astandaffixed with aclamp. Thelarvawas recorded
undisturked for 30 mnds priorto attack usinga Sony DCR-TRV19 camcorder (Tokyo,
Japan) equippedwith aSony ECM-MS908C mcrophone. Attads were then grformed by
lightly pinching the posrior of theabdomenfive timesat 5 seand irtervals with bunt
forceps, atechniquecommonly used to simulatean attack by abird (Buraet al., 2009; Grant,
2007, ge dso Chapter Two). To address wletherthe frequency of secondary defences changes
with insta, | recorded thefrequency of ead defence (see Table 3.1) that occurred inresponse
to eath attack. If the defence was present, ascoreof 1 was recorded. If the defence was absent,
a soreof 0 was recorded. For example, if the larvae thrashed at least onceduring four out of
thefive attads, the frequency of thrashing for would bel. Sincethe larvae were tesed
regularly throughout development, they were testedanywhere between oneto four times @r

instar. Some indiMduals were tested morethan orte per ingtar over the courseof their
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development, so thescorefor any defence per individual per instar was cdculatedas the weral
mean frequency of each defence based thefrequenciesrearded for al of thetrias within that
insta.
3.2.4Statistical analyses

| wanted to knowwhether thefrequency of secondary defences during simulated
predator attad trials changed with indar in ead species. To answer this queson, | used a
Linear Mixed Model (LMM) in IBM SPSS Statidics (IBM Corporation, Armonk,NY, USA)
to compreinstar (independent variable) on the apendent variable (mean frequency of each
secondary defence duringsimulated predator attad trials) for each pedes. SPSS offers
several ogtions formodeling \ariance in datasets for aralysis, each of which has a different
level of fit for the particular data t. Oneway to assess thedst fit of aLMM is tocompae
the Akaked formation Criterion (AIC) generatedfor each model,and to choos@a model
with thelowest AIC value (Singer, 2002). | teded the owerall significance of three models in
SPSS usingthe AIC vaue (i.e. Compoundsymmetry, AR(1), Huynd-Fdt). Since there were a
total of seven defences being analyzed in our modelsnd four tofive instas, | ought to adjust
my aphalevel to 0.002when using aBonferroni correction for pairwise compaisors. Since
this sgnificance level is extremdy conservative, | aso reportaphalevels between 0.002and
0.05 to educetherisk of Type Il errors. | report effeds at the 0.05evel with caution, as these
results may be problematic, but asan exploratory component tey may be nornethd ess wathy

of future investigation.
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Table 3.1.Description of oondary defences thatwere quantified duing each simdated

predator attad trial.
Defence Description Measure
Regurgitation | Regurgitation is the pocessby which the | If regurgitatewas excreted fromthe
larva expels fluid throwgh the mouthin | mouth dter an attad, thelarvawas
response t@n attadk or disturbancet given ascore of 1 for that attack.
Major Movement ofthe thaax from left to right | If larvamoved the thoax fromleft to
Thrashng vigorougy >2 time¢ right morethan two imesafter an
attad it was given ascore of 1 for
thatattack.
Minor Movement of the thaax fromeft to right | If the larva moved thehorax once to
Thrasting <2 imeg the kft and orce to theright &fter an
attad it was given ascore of 1 for
thatattack.
Escaping Walking away from postion bdore If the larva changed positon after an
attack to esape predation.® attad it was given ascore of 1.
Dropping Droppingoff the host pnt. If the larva dropped fromthe pbnt
after an attadk, it was given ascore
of 1. Afterdroppirg, the larvawould
bereplaced on the pdnt and attadk
trials continued after abdominal
prolegs were re-attached to the ledf.
Curling Movement ofthe anterior and poserior If boththe anterior and posteior
portions of thdarv a Gody invard portions of thébody moved into a
resembling the shepe of theletteriiC ¢ | AC dshepeafter an attadk, the brvae
were given a score of 1 for that
attack.
Deferce Air-bornesignals produced in response | If the lrva prodiced a undafter an
sounds to attak.’

attad it was given ascore of 1for

that attack.

References: (1) Grant, 2007; (2) Walters et al., 2001; (3)Bateman & Fleming 2015; (4)Deml
& Dettner, 2002; (5) Masta's, 1979.
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3.3 Results
3.3.1 Growth, devdopment, and primary defence observations
Instars were followed and identified by collecting head capsules as described in Chapter

Two. Amphion floridensisvent through four instars, ad polyphemus, A. oculeamdA. luna
went through five instaréSee Chapter Two, Fig. 2.3mphion floridensisvent through a

noticeably drastic ontogenetic colour chargavae were light green in instars | and Il and dark
brown in instars Il and IV (Fig. 3.1a). During this colour change the larvae remained
camoulaged with the host plant by changing their resting position from the underside of the
brown branches of the plant. The remaining species were green in all instars and remained
camouflaged with the background of the host plant by resting on the unddrdiddeaf

throughout development (Fig. 3-th.

3.3.2 Ontogenetic change of secondary defences
Fixed effects of Species, Instar, and Defence

| tested the hypothesis that there would be a tcdfie the frequency of secondary
defences with the devgdment of defence sounds in the late instars. My prediction was that the
development of defence sounds in late instars (lll, 1V, V) would cause a decrease in the
frequency of the secondary defences employed by the early instars (I, I). To test my predictio
compared the relationship between two independent variables (V) (i.e. species, instar) on our
dependent variable (DV) which was the mean of the frequencies of each defence observed during
simulated predator attack trials in larvae with three diffet@mear Mixed Models. | chose to use
the model with the lowest AIC value as an indicator of-ieg¢eeMethod$. The AIC statistic

for each model | tested was: (1) Compound symmetry: AIC = 2687.301; (2) AR (1): AIC =
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3380.469; (3) HuyndFEelt: AIC = 349. | therefore chose the model with the variance structure

of compound symmetry based on the lowest AIC statistic. This LMM revealed that there was no
significant main effect of speci€s(3, 50.04) = 1.57P = 0.208 on the DV, and there was a
significantmain effect of instaF (4, 535.29) = 10.4&8 < 0.001 and defende (6, 924.56) =

26.68,P < 0.001 on the DV. This result supports my prediction that the mean frequency of each
defence would be different in the early instars compared to the late ifi$tars.was no

significant tweway interaction between species and inktgl0, 591.18) = 2.24? = 0.014 on

the DV. There was a significant twaay interaction between speciasd defencé& (18, 924.56)

= 2.79,P < 0.001 and instar and defence F (36, 139D=5.4,P < 0.001 on the DV. Finally,

there was a significant®ay interaction between species, instar, and defer{6, 924.56) =

1.89,P < 0.001 on the DV, indicating that species differed in the frequency of defences
employed in each instar. Todire r st and how the varioway | Vos aff
interaction, | split the data by species and analyzed the effects of instar and defence on the DV
(mean frequency of behaviours in each instar) for each species. The results of the analysis for

eadt species are presented below.
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Instar I Instar 11 Instar I11 Instar IV Instar V

(a) Amphion floridensis

(b) Antheraea polyphemus’

(¢) Antheraea oculea

(d) Actias luna

Figure 3.1. Appearance and retural restingposiion on host plant darvae from each
Bombycoideaspedes inead indar. Scale bar 10 mm. Scde ber for A. cculeais notavailable.

92



For each gecies, the simple main effects of the mean frequencies of each defence in
each instar was assessed to determine whether the means were significantly different in each
instar. Where there were significant main effects ortway interactions univariate tsswere
performed to determine which instars were different. Where there were significant effects of
the mean frequency of a secondary defence on instar, fajjopairwise comparisons were
performed to determine in which instars the frequency of defeliifesed. The results of the

analysis for each species are presented below.

Amphion floridensis

Mean frequencies, standard deviations, and sample sizes of all defences obskrved in
floridensisare shown in Table 3.2. There was a significant main effaostarF (3, 247.8) =
14.63,P < 0.001 and defende (6, 246.57) = 5.6 < 0.001. There was also a significant two
way interaction between instar and defeR¢@8, 246.57) = 6.6F < 0.001. Followup
univariate tests were performed to determiméctv defences were invadd in the tweway
interaction.There was no significant effect of instar on escaping or curling (Table 3.3). There
was a significant effect of instar on dropping, major thrashing and defence sounds (Table 3.3).
Follow- up pairwisecomparisons were performed to determine which instars were different. For
dropping, instar IV had a significantly higher frequency than instar=@.002), instar 1P =
0.05) and instar 11IP = 0.018) (Fig. 3.2b). For major thrashing, instar IV haigaificantly
higher frequency than instarP & 0.001), instar [P <0.001), and instar IlIR <0.001) (Fig.
3.2e). For defence sounds, instar Ill had a significantly higher frequency than ista01001)
and instar 11 P = 0.002) (Fig. 3.29). Inat IV also had a significantly higher frequency of

defence sounds than instaPI<€ 0.001) and instar IR < 0.001) (Fig. 3.29).
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Table 3.2.Mean frequency of defencesAmphion floridensisn each instar.

Instar | Instar Il Instar Ill Instar IV
Behaviour Mean+SE | N | Meen+SE | N | Mean+SE | N | Mean+SE | N
Escaping 0+0 9 0+0 9 | 0.04+0.14| 8 | 0.02+0.09 9
Dropping 0+0 9 0+0 9 0+0 8| 0.19+054 9
Curling 0.83+0.66| 9 0+0 9 | 0.02+ 0.07] 8 0+0 9
Major
Thrashng 0+0 9 0+0 9| 041+06| 8 |147+ 227 9
Minor
Thrashng 05+0.71| 9 0+0 9 | 0.03+£0.1| 8 0+0 9
Regurgitation | 0.67 £ 0.66| 9 1.5+1.9 9 | 0.67+1.04| 8 | 0.04+0.18 9
Defernce
sounds 0+x0 9 0+0 9 | 1.33+1.19| 8 | 3.23+1.75 9
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Table 3.3.Univariate tests of the simple main effects of instar on defen&eflaridensis

Defence Number df | Denominatordff F Sig.
Escaping 3 246.573 0.345 0.793
Dropping 3 246.573 2.945 0.033
Curling 3 246.573 1.978 0.117
Major thrashing 3 246.573 12827 | 0.000***
Minor thrashing 3 246.573 0.694 0.556
Regurgitation 3 246.573 2.342 0.073
Sound 3 246.573 48.436 | 0.000***
* U < 0.065
*** J < 0.001
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Figure 3.2.Mean frequency of defences observed during simulated predator attack trials in each
instar inAmphion floridensis.
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Antheraea polyphemus

Mean frequencies, standard deviations, and sample sizes efaitds observed i
polyphemusire shown in Table 3.4. There was a significant main effect of lRgtar399.77) =
9.4,P < 0.001 and defende (6, 401.61) = 30.81R < 0.001. There was also a significant two
way interaction between instar and defeRd@4, 401.61) = 5.4 < 0.001. Followup univariate
tests were performed to determine which behaviours were involved in theayimteraction.
There was no significant effect of instar on escaping, dropping, curling, major thrashing, or
minor thrashig (Table 3.5). There was a significant effect if instar on regurgitation and defence
sounds (Table 3.5). Followp pairwise comparisons were performed to see which instars were
different. For regurgitation, instar | had a significantly higher frequencyitisar IV @ =
0.008) and instar VR = 0.02) (Fig. 3.3f). Instar Il also had a significantly higher frequency of
regurgitation than instar IM(= 0.004) and instar VR = 0.01) (Fig. 3.3f). For defence sounds,
instar | had a significantly lower frequenof defence sounds than instar RI€ 0.001), instar
IV (P <0.001), and instar VA(< 0.001) (Fig. 3.39). Instar Il also had a significantly lower
frequency of defence sounds than instarRI&(0.001), instar IV <0.001), and instar VR

<0.001) (kg. 3.39).
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Table 3.4.Mean frequency of defencesAmtheraea polyphemurs each instar.

Instar | Instar Il Instar Il Instar IV Instar V
Mean % Mean = Mean = Mean + Mean +
Behaviour SE N SE N SE N SE N SE N
Escaping 0+0 | 5| 00 8 | 013+04| 10| 0xO0 3) 0+0 10
Dropping 0+0 5 00 8 0+0 10 0+0 5 0+0 10
Curling 0x0 5 0x0 8 0x0 10 0x0 5 0x0 10
Major 0+x0 5 0+0 8 0.08 + 10| 0.22+ 5 0.29 + 10
Thrashng 0.34 0.75 0.69
Minor 0+x0 5 0+0 8 0.08 + 10 | 0.03 % 5 0.16 + 10
Thrashng 0.25 0.13 0.41
0+0 5 0+0 8 0.34 + 10 | 0.78% 5 0.68 + 10
Regurgitation 0.65 1.11 0.73
Defernce 0+0 5 0+0 8 1.70 + 10 | 253+ 5 2.87 + 10
sounds 1.47 1.78 1.22
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Table 3.5.Univariate tests of the simple main effects of instadefence irA. polyphemus.

Defence Number df Denominator F Sig.
Escging 4 401.613 0.18 0.948
Dropping 4 401.613 0.000 1.000
Curling 4 401.613 | 0.000 1.000
Major thrashing 4 401.613 0.6 0.666
Minor thrashing 4 401.613 0.17 0.952
Regurgitation 4 401.613 3.96 0.004**
Sound 4 401.613 | 50.29 | 0.000***
** U < 0.005
*** U < 0.001
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Figure 3.3. Mean frequency of defences during simulated predator attack trials in each instar of
Antheraea polyphemus.
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Antheraea oculea

Mean frequencies, standard deviations and sample sizes of all defesersed inA.
oculeaare shown in Table 3.6. There was a significant main effect of iRg&r22.86) = 4.18,
P =0.017 and defende (6, 100.01) = 5.14P < 0.001. Overall, there was no significant two
way interaction between instar and defence (18,Q10G= 1.32P = 0.193. There was no
significant effect of instar on escape, dropping, curling, major thrashing, minor thrashing or
regurgitation (Table 3.7). There was a significant main effect of instar on defence sounds (Table
3.7). Follow up pairwisecomparisons were performed to determine which instars were
different, which revealed that instar Il had a significantly lower frequency of defence sounds
than instar IV P = 0.003) and instar V(= 0.004). Instar Il also had a significantly lower

frequerty of sound production than instar I¥ £ 0.001) and instar VA= 0.003) (Fig. 3.4Q).

Actias luna

Mean frequencies, standard deviations, and sample sizes of all defences obs&rved in
lunaare shown in Table 3.8. There was no significant main effaostarF (4, 178.34) = 1.22,
P = 0.304. There was a significant main effect of defdn(@ 204.89) = 2.4 = 0.026. There
was no significant twavay interaction between instar and defeRd@4, 204.889) = 1.4R =
0.079. Followup univariate testwere performed to determine which defences were involved in
the main effect. There was no significant effect of instar on escaping, dropping, curling, major
thrashing or minor thrashing (Table 3.9). There was a significant main effect of instar oredefenc
sounds (Table 3.9). Followp pairwise comparisons revealed that instar IV had a significantly
higher frequency of sound production than inst& 4 ©.001), instar IR = 0.004) and instar 11|

(P<0.001) (Fig. 3.50).
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Table 3.6.Mean frequency of defencesAmtheraea oculea each instar.

Instar | Instar |1 Instar Ill Instar IV Instar V
Mean % Mean % Mean % Mean % Mean %
Behaviour SE N SE N SE N SE SE
0+0 0.13 + 0+x0
Escaping NA NA 10 0.35 9 0.00
0+0 | 10 | 0.13+% 9 0+x0
Dropping NA NA 0.35 0.00
Curling NA NA| 00 | 10 | o0.00 9 0.00 00
Major 0+£0 | 10 | 0.13% 9 0.67 0x0
Thrashng NA NA 0.35 1.63
Minor 0+£0 | 10 9 1.04 + 0x0
Thrashng NA NA 0.00 0.9
0+£0 | 10 | 0.88% 9
Regurgitation NA NA 0.83 1+0.71 2+1.41
Defernce 00 10 | 1.13+ 9 2.58 + 2.63 +
sounds NA NA 1.81 1.28 1.89
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Table 3.7.Univariate tests of the simple main effects of instar on defen&eonulea.

Defence Number df | Denominator df |F Sig.
Escaping 3 100.014 0.03 | 0.993
Dropping 3 100.014 0.03 | 0.993
Curling 3 100.014 0.001| 1.000
Major thrashing 3 100.014 0.81 | 0.491
Minor thrashing 3 100.014 2.37 | 0.073
Regurgitation 3 100.014 2.57 | 0.056
Sound 3 100.014 6.98 | 0.000***
* % % 0l001<
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Figure 3.4.Mean frequency of defences during simulated predator attack trials in each instar of
Antheraea oculea.
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Table 3.8.Mean frequency of defencesAtias lunain each instar.

Behaviour Instar | Instar Ii Instar 111 Instar V Instar V
Mean Mean Mean Mean Mean
+ N s N s N s N . N
SE SE SE SE SE
Escaping | 00| 25| 0+0| 10 |%3* 9| 0t0|8| 00 |7
Dropping | 0%0 [ 25 | 0%0 [ 10| 0£0 [ 9| 0£0 [ 8 [ 00 [7
Curing | 0%0| 25| 0+0| 10| 0+0| 9| 008 | 00 |7
Major 0.70%| o [02L %[ g [0.07 %
Trlm\;laéhing 00| 25| 00 | 10 .49 9 039 8 0.9 7
Inor . + . + . +
Thrashing | 99| 25| 0£0] 10| 7557719 | 06.535°| 8 | 648 | '
0
Regurgitation| 00 | 25| 0£0| 10 | X |9 023t | 8 | O5Lis| 7
Defence Sound 0+0 | 25 | 00 | 10 | G2 %| o | 0205t 8 | 124t 7
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Table 3.9.Univariate tests of the simple main effects of instar on defenkeluma.

Defence Number df | Denominator df F Sig.
Escaping 4 204.889 0.12 0.974
Dropping 4 204.889 0.05 0.996
Curling 4 204.889 0.05 0.996
Major thrashing 4 204.889 2.13 0.077
Minor thrashing 4 204.889 0.83 0.504
Regurgitation 4 204.889 0.142 0.996
Sound 4 204.889 5.2 0.000***

*** U < 0.001
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Figure 3.5.Mean frequency of defences during simulated predator attack trials each instar of

Actias luna
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3.4 Discussion

The main goal of this study was to follow the various antipredator defences employed by
soundproducingBombycoidea caterpillars throughout development. The results of this study
provide the necessary background research for future testing of hypotheses regarding why some
Bombycoidea caterpillars produce defence sounds while others do not (e.g. multieiedeéd
hypothesis, tradeff hypothesis, aposematism) by documenting the other defences that may be
involved in the antipredator displays and/or in a traffescenario. In general, all of the species
appeared to remain camouflaged as their primary detenmeghout development, and the mean
frequency of some secondary defences (i.e. dropping, thrashing, regurgitation, defence sounds)
increased in the later instars (e.qg. instars lll, IV, and V). The results for each species in reference

to their significace for future hypotheses testing are discussed below.

3.4.1 Primary defences throughout development
While crypsis was not formally studied here, all four species appeared to blend in to the
background on their hogtlants during all stages of developrh€rhis result corroborates with
previous literature that describes the species as cryptic in their larval form (Brown et al., 2007;
Hall, 2012; Frank, 2015; Stamp & Casey, 1998nphion floridensisvent through a dramatic
change in coloufrom green to drk brown from instar Il to IVSome animal resemble the
backgroundy changingheir behaviour in order to matais appearancéendler, 1984). In the
case ofA. floridensist he | arvae shifted their natural res:
branches which were also dark brown. This type of colour change is exhibited in other
hawkmoth species such Agrius convolvul(Sphingidae: Sphinginae) aidrinyis ello

(Sphingidae: Macroglossinae) (Curio, 1965). It is suggested that species thabuhidetgpe of
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colour change feed at night on the leaves so as not to appear conspicuous against the green
leaves to predators that hunt by vision during the day (Curio, 1965). In general, crypsis is a major
strategy for many insects (Gullan & Cranstonl@QOand indeed many caterpillars (Wicksten,

1990) because it helps to increase their chance of survival by preventing predators from finding
them (Stevens & Merliata, 2011). However, studies have shown that the efficacy of crypsis
becomes impaired when mgs get larger and become more visible to predéBerger et al.,
2000;Bernays, 1997) If crypsis fails, some insects will enayl secondary defences as a hark

line of defence against predators (Brakefield, 2009; Edmunds, 1985; Ruxton et al., #@@l). S
Bombycoidea caterpillars are some of the largest in the world (Heppner, 2008), perhaps defence
sounds develop because protection via crypsis becomes impaired in later development. However,
since crypsis was not formally evaluated in this study, fueyperiments that include a careful
analysis crypsis, including UV assessment of the prey appearance and the visual perception of
each predator are required to experimentally confirm the apparent crypsis observed in these

species.

3.4.2 Secondary defensehroughout development

Overall, the caterpillars exhibited 7 different secondary defences throughout
development. In some species, the mean frequency of several of these defences (i.e. dropping,
major thrashing, regurgitation and defence sounds) gignify increased in the later instars. As
discussed above, the need for an additional line of defence against predators in later development
may explain why the frequency of major thrashing, dropping, regurgitation and defence sounds
increased. Alternately, large size in later development may render some defences more
effective(Griethuijsen, Banks, & Trimmer, 2013; Hossie et al., 2015; Marden & Chai, 1991).

Since species differed in the frequency of secondary defences employed in each instar,
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ontogenett changes in secondary defences between instars in each species are discussed
separately below.

In A. floridensis there was a significant increase in the frequency of major thrashing,
dropping and defence sounds in the late instars. The mean freqiiemaypothrashing was
significantly higher in the final instar IV compared to the remaining instars I, Il and 111
Thrashing may have increased in late instars because larger larvae have a wider range of motion
for thrashing (Griethuijsen et al., 2013).@hapter Two, | showed that late instar larvae flom
floridensisare significantly longer thaA. polyphemus, A. oculgandA. luna(see Fig. 2.9).

Major thrashing may have increasediinfloridensisbecause they are sufficiently long enough

to deflectattacks from predators directed at their body, whereas the other species may not be
long enough to protect themselves against predators by thrashing due to their shorter body
lengths. There was also a significant increase in the frequency of droppnegfinal instar 1V
compared to the remaining instars I, Il and Ill. While some researchers argue that dropping is
costlier for large insects that may be too heavy to drop from silk strands (Sugiura & Yamazaki,
2006), it is suggested that dropping may beféective defence in late instars because they may
have an easier time relocating to the host plant (Dethier, 1954). Thus dropping may have
increased in the late instars because it is less costly for the caterpillars who are capable of
relocating their hst- plant after falling to the ground. Finally, there was a significant increase in
the mean frequency of defence sounds in instars Ill and 1V. Since major thrashing, dropping and
defence sounds all concurrently increased in the later instardloridensis it may be possible

that the combination of secondary defences function as a multimodal display. For instance,
movement combined with sound may enhance the effect of an antipredator display (Rowe &

Guildford, 1999; Rowe & Halpin, 2013). If defence sds are part of a multimodal display in
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larvae fromA. floridensisthey should concurrently increase in frequency with the other modes
of the display. Future tests to determine the combined effects of the defences on live predators

would provide supporiolr the multimodal display hypothesis.

In A. polyphemughere was a significant increase in the frequency of regurgitation in
instars IV and V compared to instars | and Il. The frequency of regurgitation may have increased
in later instars because it cake time to sequester chemicampounds (Hagg et al., 2014).
Alternatively, regurgitation may have increased in later instars because the sounds function as a
form of acoustic aposematism which has been previously proposed and téstpdlyphemus

ard M. sexta(Bura et al., 2012; Brown et al., 2007).

In A. oculeaandA. lunano secondary defences were found to change over the course of
development aside from defence sounds which increased in the late instars. This was unexpected
because these spezieelong to the same family Aspolyphemuand an increase in
regurgitation was expected. However, a limitation of this study was that the quantity of
regurgitate produced by the caterpillars was not measured, and it may be possible that the
caterpillarsregurgitated more often than | was able to observe between attacks because there was
a buildup of regurgitate that remained on the mouthparts. Future studies that quantify the
regurgitate produced b4. oculeaandA. lunawould aid in determining whethére amount,
rather than just the frequency, of regurgitation increases in later instars. Alternatively, the sounds
alone may be a sufficient defence agapredators. For example if tiseunds funtion to startle
predatorsno other additionatecondarylefences may be necessary to deter thernure studies
that test the effects of the defence sounds. inculeaandA. lunaon live predators would

provide insights in to their functions.
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3.5 Conclsion

Evolutionay adaptationsarise from ortogenetic changes, and ply an esential role in
understanding theform and function ofevolved taits (Adams & Pedersen, 200Q Tinbergen,
1963;Zelditch, Swideski, & Sheds, 2012. Here, | followed the onbgenetic development of
antipredator defences in sourd-produdng Bombycoideacaterpillars. The results of this
experiment show tlat sound poducing caerpillars employ avariety of antipredator defences
throughout development. In somespedes themean frequency of secondary defences inaeased
in later development, concurrent with the etvelopment of defence sounds. e findings of this
study providesomeuseful ground wak for future testng of hypotheses regarding the evolution
of defence soundsn caerpillars, including the hypothesisthat defence soundsare part of a
multimodal antipredator disgay, or thaet they communicae thepresence of an additional

seconadary defence (e.g. acousticaposmatiam).
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CHAPTER FOUR

Why do Caterpillars Whistle at Birds? Insea Defence Sounds Startle
Avian Predators
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Abstract

Many insects prodwce sounds wlen attadked by a predator, yet the functions of thesesignals ae
poorly understood.lt is debated whethersuch saunds furction as dartle, warningor alarm
signals, or nerely serve to augment cther defences. Dired eviderceis limited owingto
difficulties in diserdingling the effects of sound€from otherdefences that ofen occur
simutareoudy in live inseets. We condwcted an experiment to test wietheran insect soundcan
functionas adematic (i.e. statle) display. Whistles ofwanut sphinxcaerpillars (Amorpha
juglandis) were presented to apredator, red-winged badbirds (Agelaius ph@niceus), when
birdsadivated asensorwhile feeding on melworms (Tenebrio molitor). Birds exposd to
whistles played back at natual sound leels exhibited sgnificantly higher startle scores (by
flying away, flin ching, and hoppng) and tooklonger to return to thefeeding dish than dting
control conditions where no soundsvere plyed. Birds habituatedto sounds during one-hour
sesson, but &tertwo days the sartling effects were restared. Qur results providethefirst
empiricd evidence thatan inset soundalonecan function as adeimatic disgay in anavian
predator. We discuss howvhistles mght be @rticularly effective 6 @usticeyes p ot avigan o n

predators.
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4.1 Introduction

Defence sounds, ariously named didress, aarm, warning or disturtance signals,
depending on theirpurported functions,are widespread thraughoutthe class Inseda (Al exander,
1967; Bving, 1989; Masters, 1980. These acoustic sgnals, which can be transmitted as air- or
solid-bornevibrations,are madein resporse to benghanded orotherwise disturbed. They
ocaur in speiesranging in Sze fromtiny beetles (Lewis & Cane, 199) to giant wetas(Field,
1980)and are generated by a variety of mechanisms includingstriduation, forced air,
percusson and tymbaktion (Ewing, 1989). Despite their prevalence and diversity, suiprisingly
little is knownaboutthe effeds of these soundson predators,and this sulped hasgenerated
ongoing debate (Conrer, 2014; Rowe & Halpin, 2013; Siddall & Marples, 2011)Proposd
functionscan be bradly categorized acordingto thetarget audence of thesignals; those
directedat conspecifi cs and sane heterospedfi cs may function as alarm signals to warn of
impending danger or to recruit help (Coaoft, 1999; Hager & Kir chner, 2013). Alternatively,
signals may be direded at predators, wtere proposed functions irclude butare notlimited to,
acousticaposematism, startle, enhancement ofvisual sgnals, sonar jamming, and mimicry of
sonething dangerous(Conrer 2014; Mesters, 1980; Row& Halpin, 2013. Our understanding
of theprotective value of cefence soundss limited kecauselive inseds may have multiple
componaits to theirdispays, makingt difficult to isdate theeffects of the sandsalone (Rowe
& Halpin, 2013;Siddall & Marples, 2011). Also, aefence sound nay have overlapping
functions; forexample, in a live inset that is chemicdly defended, a soundcould function as
bothan aposematicand adeimatic disgay (Ruxton et al., 2004;Skelhorn et al., 2016. In this
study we test thehypothesighat an inset soundcan function as adeimatic dispay, by isdating

theeffects of soundfrom theinsect usinga playbadk system. eimatic dispblys have longbeen
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defined as atype of antipredator defence thatfunctionsby frightening or startling a predator
(Edmunds1974; Ruxton etal., 2004;Sargent, 1990;Skelhorn et al., 201§. Classielly cited
examplesincluderapid eyespot dispays on thehind wings of moths, or the sudd appeaance
of high contrast markings in cuttléish (reviewed in Edmunds, 19734 Three criteriaare
commonly used to asessthe strtling effects of asimulusincluded in a gtimatic dispay: (i) it
evokes astatle responsde.g. fea, surprise,confusion)in a pedator; (i) it causes hesitation,
resulting in a longer timeto return to theprey; and(iii) it has aransitory effect on the pedator,
whoseresponse should habdte over repeaedexposureto thestmulus (Rlz & Schnitzler,
1996;Pomeaoy & Heppner, 1977; Ruxton et al., 2004;Sargent, 1990;Skelhorn et al., 2019.
Many studes have proposed that ingd sounds furttion as deimatic disgays against vertebrate
predators including bats (Bates& Fenton, 1988; Mohl &Miller, 197§, rodents (Mastea's, 1979;
Oloffsan, Jakobsson &Wiklund,2012a; Smith & Langley, 1978, reptiles (Sandow & Bailey,
1978) and birds (Maldonado, 1970. However, few studes have empirically measured the
startle responsein predators (Umbeas & Mappes, 205), and acavea must be phced on
conclusions dewn from cheracteristics ofthedisplay alone (Skelhornet al., 2016, orwhen live
prey are used for previoudy staed reasons.To date, thedeimatic function of inset defence
sounds hasd®n not keen subpd to rigorousexperimental testim.

Thereis aurrent debate on what comprises adeimatic dispay, and whether in fad itis
even adistinct form of defence (Roweé& Halpin, 20L3; Skelhornet al., 2016; Umlers,
Lehtonen& M appes., 2015; Umbes & Mappes, 205). A deimaticfunction cannot be
confirmed lased sokly on disply characteristics (e.g. being evoked by a predator, orthe
sudden and consptuous r@ture of thecomponents), écausethesefeatures can also function in

apo®matismor retaliation (Ruxton etal., 2004;Skelhornet al., 201§. Also, defensive dispays
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often have multiple componentsand conceivably eat componentould havea different
function (Skelhon et al., 201§. Skelhornet al., 2016)arguethat instead of focusingon the
dispay characteristics ofthe pey, weneeal to Gesk their predat o rDsirdatic displays, they
argue, shoud bedefined based on the disgyd ability to exploit classc fear resporses in
predators, whch can beempiricaly measured as astatlereflex; and ickdly, siwch teds shold
be condicted wsing ecologicdly relevant predators. At present, they argue, thereis no dired
evidence thatdeimatic dispays elicit fear responses inqgdators (Skelhorn et al., 2016.
Furthermore, they advocate thet it is particularly important to know themechanismthrough
which each component of thedisplay operates.Umbers & Mappes (2016)concur that a
predatorés gartle reflex should bedlicited, butcaution that tis isdifficult to measurediredly.
Our experiment addessedtheseconcernsby empiricadly measuring startle resporses elicited by
onestimuluscomporent- sourd- in anewlogically relevant predator.

Our goal was totestthe hypothesisthat caterpillar whistlesfunction as deimatic
dispgays. Thewalnut sphinxcaerpillar (Amorpha juglandis{Sphirgidae) (Fig. 1a) isa
crypticdly coloured spedes rativeto Narth Americathat when attadked, generates whigles
from its spirades(Bura et a., 2011). Whistlesare shat in duation (~450 ms), multihemonic
with pesks from 9-20 kHz, and reatively loud (6982 dBSPL at 5 cm) (Buraet al., 2011)(Fig.
1b-c). Previoudy it was promsed that whistles stée predators kased oncharacteristics of the
sownds (suden, short dugtion and loud), thdack of an obviousassocdated chemical defence,
and becausein predatory trials with cagptive yellow warblers (Dendroica petedchia, Parulidae),
birdsattading live caerpillars jumped badk or dove away (Buraet al., 2011. While these
results support thehypothesighat whistes startle birds, theresults are incorclusive, because

responses athe three birds vere not quantified or compaed to contols, and theeffects of

117



soundswere confounded by the useof live caterpillars thatalso thrashed in responseto attack
(Buraet al., 2011)which may in itself have a startling effect. Here wetest that whstles alone
elicit astatleresponse in aative pedator of Lepidoptera, thered-winged bleckbird (Agelaius
phceniceus, Icteridae) (Robertson, 193). To isdate theeffects of the sounave used a sensor
programmed totrigger sound phybadks when birdsattadked mealworms. Following the criteria
for deimatic dispgays described above, we predicted: (i) birdsfeeding on melworms pired
with soundsplayed at natua levels (60,70 dB SPL) would exhibit higher startle scores
compaed to contols where no soundsvere plyed; (ii) birdsexposd to sound whildeeding
on mealworms would takdonger to re-approah mealworms asecond imecompaed to

controls;(iii) birdswould habituatéo sounds uporepeded exposurewithin atrial.

4.2Materials and Methods
4.2.1 Aimals and housing conditions
Twelve wild adult malered-winged blackbirds (Agelaius ph@niceus, Icteridae) were

originally captured ascontrols for a previous experiment undera Canadian Wildlife Service
permit to cgpturemigratory birds (10771) and a Queen's University Animal Care Committee
(UACC) protocol(2013027)and subsegently used in ourexperiment undera UACC protacol
(2014-1487)(Appendix B, Data B1). All experiments were condicted at the Queean's University
Biologica Station (QUBS) near Chaffeyd kock, Ontario, Carada(44°336 5 . R,4 0
76°19926.59'W) during Juneand July 2014 wrere birds were housed sirgly in individual fli ght
cagesin an outdoosrviary. Theaviary consistedof 30 large (6 x 2.5 x2.5m) cages arranged in

two rowswith an accesshallway down themiddle.
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Figure4.1.(a) A late instar larva of the walnut sphinx moth (Amorpha juglands)in its
natui resting posiionon the udersideof aled on its tost gant. (b-¢) Sound vaveform
andcorresponding spectrogram of asingle defensive whistle.
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Figure 4.2. Schematicrepresentation of theexperimental %t up, showingheaviary cage and
equipment used dung control and experimental pheses of thestudy: (1) tarp (2) bath (3) water
dish(4) platform (5) sensorfeealing dish (6) branches (7) video camera (8) laptopand tent. The
feading platform was replacal with an icenticd feeding platformwith a soundadivated sensor
and speker conrected toalaptop to elay the sounds,and avideocamerawas placed inddethe
cage and turred onin theexperimental plreses.
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Eadh cage was equippedwith tree branches for perching, a sheltered area, shallow water bath,
water dish,and a feeding datform compising aplastic crate (60 x60 x 30 cm) with aPetri dish
(9 x1.5cm) affixed tothetop (Fig. 2). Birds were offered a variety of foodsdaily including
poultry stater, dragonflies, ronaine lettuce, corn, sunflower seeds, wild bird se, thistle-based
sedl, eggs, srawberries,apples, kiwis, poulty stater, cuttlebore, and oyster shells. When
experiments were competed, brdswere oberved for aminimum of two diys toconfirm that
there were no sgns of stess or ilness after which the bids were released at QUBS in afield ~

1 km fromtheaviaries duing goodweatherconditions.

4.2.2 Exmrimental set up

Each bird experienced atraining phase, control phase, and oneor two experimental prases
(see 4.2.4 Eperimental Design) and all phases were conductedwithin the birdé indvidual cage.
During the training phase, orly the equipment described above was present in the cage. During
the control andexperimental phases, thefeeding platform usd for training was replaced with an
identical platform except that it contaired amodfied Peti dish with apiezoelectric sensorand
speker (Fig. 2; :e4.2.3Sound Playbek). The sensorwas conneded to aSony PCG 71&L
persordl computer(Sany; Tokyo, Japan) located in theaviary access halvay under asmall tent
~1 m ouside thecage door and ~2m from the feeding platform, and the &ptopin turnwas
conreded to phybad electronics (Fig. 2; se4.23 Sound Playbek). A Sony camcarder
(DCRTRV19)on atripod (60cm high) was placed inddethe cage ~1 mfrom theaviary doorand
~1 m fomthefeeding platform (Fig. 2). A Sany ECM-MS908C mcrophone conrected to the
camcader was placal 10cm from the playback speaker to monitor souna@vents forsubseqant
videoanalyses (Fig. 2). Theset-ups usedor thecontrol andexperimental phases were identical,

except that in thecontrol phasethe £nsorwas disabled
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4.2.3Sound playback

Theplaybad stimuluswas obtinedfrom aprevious sudy whereby defence sounds
were elicitedfrom awalnut sphinxcaerpillar by administering alight pinch with forceps to ts
abdomen(Buraet al., 2011). Sounds vere recorded usingaBriel & Kjaer (B&K; N aerum,
Denmak) Yainch microphone(type 4943, amplifi ed with a B& K Nexusconditioning
amplifier (type 2690), and recorded to aFostexFR-2 Field Rearder (Gardena, CA, USA) at a
sampling rate 0f192 kHz. Thesound usd for playbad experiments was typical of alateinstar
caterpillar (Buraet al., 201}, comprising a single whistle with a daninantfrequency of 9 kHz
(bandwidth 14 kHzat -10 dBfrom pe&k) and aduration 0f410 ms.

Sounds vere played when contact was male with a piezoelectric sensor housed within a
custan-madefeeding dish unit(Fig. 2). Theunit comprised aircular black Delrin® plastic
receptade (9.5cm diameter x 3.5cm high) with upper and lower compartments. Theupper
compatment held aclear plasticPetri dish (9 cm dameter x 1.6cm high). Thelower
compatment was locatedinsidethe unit below théetri dish, and containedthe £nsoiGs
circuitry. Thesensorwas madeof a Murata 7BB27-4L0 piezoelectric diaplragm (sensttivity 5
V/microstrain) (Murata Manufacturing Co., Ltd, Nagaokakyo, Kyoto) and a circuit with the
outputamplifi ed totrigger on adefledion of0.03um. Theunit was powered by a USB adaptor
conreded to thdaptop. Thediaphragm was placed in the upper receptecle diredly beneah the
Petri dish sothat contad made by the brd feeding on ma@worms would trigger the playback.
Sounds vere broadcast by an Avisoft ScanSpe&k (Avisoft Bioacoustics,Glienicke, Germany)
(3-120 kHz) spedker conceded keneah thefeeding dish (Fig. 2). Thesensordish and sp&ers
were conrneded toan Avisoft playbadk system tlat included an UltrasoundGate (USG) player

116, and Reoorder USGH sdtware.
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Sounds vere played at two levels, 70and 60dB SHL, in experimental preses oneand
two respedively (see 4.2.4Experimental Design) in order to assess theildds response to a
range of naturally occurring intensities ofthewalnut sphinxé whistle. Soum levels were
measured 22cm from the speaker, within range of the birdés head at thedish, usinga B&K
sound ével meter (type 2239. To ensuresoundcharacteristics representedthose otthe aiginal
reaordings, sounds @re re-recorded usingthe B&K microphone and recording chain (see
abowe) and analyzed using RavenPro Bioacoustics Resach program 1.4 (Caonell Laboratory

of Ornithology, Ithaca NY, USA).

4.2.4 Exgrimental design

Eadh bird experienced upto fourphases: a taining phase, acontrol phase(no sound),
experimental preseone(sounds wre played at 70 dB SPL), and experimental phesetwo
(sounds wre played at 60dB SFL). The simuli were presented in gparate pheses to enste
measurement of tabituation ofthe sartle response wer timewas pasilde (see 4.2.6 Stéstical
Analyses). The purposeof the training phase was tofamiliarize the brds withconsuming
mealworms from a Petri dish on feeeding plattorm. Each bird was provided with six
medwormsead day for four consecutive days. Thedishes were cheded after onehourfor the
number of mealworms consuned. A bird was consideed to havebeen successfuly trained if it
removedany of the malwormsfrom the dsh ead day. Birds that siccessfuly competed he
training phase (11/12) rved as suljectsin thecontrol phrasetwo days later. During the control
phase, birdsfed on ma@lwormsfrom the disonneded snsorfeeding dish. Onéhour prior to
testing, all food was removed toincrease the brd onsotivationto ed. Equipnment was then

placed in the birdés cage and six mealworms were placed in thefeeding dish. Behaviours were
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videorearded for up to one bur, oruntl all medworms were consuned, after which time the
equipment was removedfrom the cage.

Two days later, al birds thatcompetedthe control phase(9/11)were given the
oppatunity to paticipatein experimental praseone, where al conditions were the sameas for
the control praseexcept the sensor dish vas activated, triggering sound phybacks at 70 dB SPL
when the brd fed from the dish.Two days following phaseone, al birds thatcompleted the
control prese(9/11)were given the oppdunity to perticipatein experimental prasetwo. In
phasetwo al condiions were the same as for phase oneexcept thesound volumavas decreased
to 60 dBSPL. Some bids sucessfuly participated in bah experimental phases whileothers

only participated in pheseone(see 4.3 Results).

4.2.5 Behavioural assesment

Thefollowing measurements vere obtained from videorecordings of the control and
experimental preses: (i) Startle behaviours were quantified for each bird by couningthe most
intenseresponse tét occurred within 500ms following eadh contact with thefeeding dish,and
then generating astatle score (e.g. fly away was given ascore of 2, so it was consicered mae
intensethan thebehaviours thet were given ascore of 1). Behaviourswere recorded blind (the
sound ves not turred onwhile recording the behaviours)and startle scores were assgned to
each behaviour were based onprevious geding systemsfor avian strtle resporses, wrere
behaviours thatcaused predators toretrea from the pey (i.e. fly away) were given ahigher
score (Olofssonet al., 2012bSchlendf, 1985)(Table 1); (ii) Latency to return tothefeeding
dish was measured by noting the times between up to fiveconseautive contects with thefeeding

dish. All belavioural analyses were conducted usingJWatcher 0.9(D.T. Blumsteinet al.
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UCLA & Maaquarie University).

4.2.6Statistical analyses

To test whetherbirds sartled in response to theosind withn 500 msafter first
confad with thefeeding dish, thestartle score of each birdin its control plasewas compaed
with its statle scorein the experimental preses that tley participated in using a FisherPitman
permutation test forpaired data. As adiredional hypothesis ves being tesed, aone-tailed est
was ued (Ruxton & Neuhauser, 2010). A non-parametric test was chosen becausethe ample
size was snall (Ryan, 2013. To test whetherbirds took longer to return to tre dish following
theirfirstexposureto sound(in experimental prases ane and two) compaed to no sound
(control), the lagncies ketween firstand second contact with the dish were log transformed and
thencompaed for each bird ushg a FisherPitman grmutation test for paired data.

To test whetherbirds habituated to the sound®r ladk thereof) within aphase, we
measured thechangein startle scores over up to $x coneautive contects with thefeeding dish.
To guantify habituation, wemeasured the slog of the least squares line expressngthe birdés
statle scoreas afunction ofthe disrete time of dish contact, where thefirst dishcontect is a
time of 1,the ®oond dishcontad is atime of2, and soon. Und theassumption ofno
habituation, a bid's gartle scores are exchangeable and onaveragethe slopeof the statle score
againsttime iszero. To estthe significance of themean slopeof the sartle score againsttime,
we used a rmutation test wih within-bird resampling. Sincethe numier of permutationsis
too large, we ugd aMonte-Carlo simulation with 5000 smples to esimatethe p-value
(Motulsky & Christopouos, 2004).By using 5000 smples, the maximum eror of theestmate

will beless than 1.5%t a 95%confidence leval. As an additional measureof habituation, we
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assesed whetherbirds tooklesstime to return to thefeeding dish ower time by measiring
latencies ketween up to fivecontacts with thefeeding dishwithin aphase. Thelatencieswere
log transfamedand thenwe measured the slopef |east square line of thelatencies. To testthe
signifi cance of the mean slopeagainsttime,we used the sme estsas describedabowve.

We also examined how longit took birds toconsume medworms ower the courseof six
contacts with thefeeding dish,and how thetypes of startle behaviours changed during this
period. We measured the time difference between thefirst and skth contd with the dish for
each bird ineat experimental preseand compaed thisto thedifference in the control phase
using atwo- tailed FisherPitman grmutation test forpaired measurements.Changes in startle
behaviours orer timewere documentedby charting the proportionof each behaviour type that
contribukd tothe men sertle score for eadh dishcontact.

To determinewhetherbirds that had pevioudy experienced the sound irxperimental
phaseoneremaired habituated to the stimlus inexperimental phasetwo, and totest whether
birdsresponakd differently to sound leels in experimental preses one(70dB SPL) and two
(60 dBSPL), we conductedtwo separate types of analyses. First, wecompaed statle scores
(up to 500 msifter first exposureto sound)and laencies (between first and scond contact
with dish) of birds thatdad perticipated in bah phases usng atwo-tailed @ired samples

FisherPitman grmutation test.
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Table 4.1.Avian strtle behavioursand scoring.

Behaviour Description of behaviour Score

No reaction No dicernible readionto consuming 0
mealworm with or without sound

ShoulderFlinch Flinching one or both wings, wings do not 1

extend.
Wing flap Full extension of oner both wings without 1
flying away from gatform

Rufflesfeahers Shaking/trembling feathers raised upfrom skin 1

Body flinch A whole baly sudcn short movement 1

Startle Hop A sudcen upward hop where bothfed go up in 1
theair and back down tothe ground

Fly away Flying off platform, flapping both wings 2

Table 4.1. A list of avian strtle behavioursremrded, definitions of thebehavioursand how

eadh behaviour was scored for analysis. Avian Startle Scores were assgned to kehaviours hkased
on the followingcriteria: A score of 0 was given for no discernible readion to pey; ascore of 1
was given for behaviours thatcaused hesitationto consume pey; and ascoreof 2 was given for

behaviours thatcaused the predator to retrea away from prey. Adaptedfrom Olofssoret al.,

2012b;Schlendf, 1985.
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We also compared the startle scores (up to 500 ms after first exposure to sound) and latencies
(between firsand second contact with dish) of all birds regardless of whether they had
participated in both phases, using a combined paired andample data permutation test

(Einsporn & Habtzghi, 2013). For the second analysis to combine the paired and unpaired
observations, the test statistic generated was a weighted combination of the mean differences of
the unpaired and paired observations. All statistical analyses were conducted using the R Project

3.0.1 (R Foundation for Statistical Computing, Vienna, Austria)

4.3 Results
4.3.1 Partcipation in experimental phases

Eleven of theoriginal 12birds siecessfuly competed thetraining phase, but only nine
(Birds 2,4,5,8,9,11,181230) paticipated in thecontrol phase. All ninebirdswere given the
oppatunity to paticipatein each of thefollowing two experimental phases. Of thesenine brds,
six participated in phasene(Birds 2,9,11,18,280), and eight in phesetwo (Birds
2,4,5,8,9,18,21,30All behaviours identifieda priori as statle responsegFig. 4.3, Table 41)

were observed over the courseof this study.

4.3.2 Do souds dartle birds?

Startle scores measured within 500 ms ofirst contaid with the dish were significantly
higher in bothexperimental phases (with sound}than in contol phags (nosound) Phaseone:
X+ SE =1.83 + 0.41N = 6; Control:X + SE =0.33 £0.82,N = 9, FisherPitman &st: t6 =-
4.39,P =0.019, (Phasetwo: X+ SE=1.63 + 0.74N = 8; Contrd: X+ SE =0.5 £0.93,N =

8; FisherPitman est: t8 =3.21,P = 0.027)(Fig. 4.4). Of the statle behaviours isteda priori
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(Table 4.1), fy away was the mostommon uponfirst contad with the dish irall phases
(Appendix B. Fig. B1). Latencies toreturnto feed following first cantact with thefeeding dish
were higher for experimental conditions compred to conrols butthesedifferences were not
significant (Phase ore: X+ SE =673 £ 11545, N=6; Control: X+ SE =3.6 +5.83 I\ =9;
FisherPitman est: t6 =-2.8,P =0.147), (Phasetwo: X £ SE =36.63 + 60.94, N = 8; Control:

X+ SE =5.36 £ 7s,N = 8; FisherPitman testt8 =-1.14,P = 0.281).

4.3.3 Do birdshabituate to sandswithin a phase?

Habituation wes assesed by evaluating the changes in startle scores, and latercies to
return to thedish aross sixconeautive contects within aphase. Ourresults show that sttle
scores for bothexperimental phases decreased over time; in experimental phases oneand two
the slopesaaossall birdswere-0.23and -0.18respedively. While statle scaes deaeased
over time, this changewas not stasticdly significant for experimental preseone (P = 0.11),
butwas for ptesetwo (P = 0.003)(Fig. 5 ab). In thecontrol condition, the startle scoresalso
decreased significantly over time (P = 0.005, although theslope ofthe ine (Slope=-0.12)was
small relative to theexperimental phases (Fig. 45c¢). The changein latercies between
succesgve contects with the dish dcreased ower five contads with thefeeding dish for both
experimental preses (Appendix B, Fig. B2). In phaseonethis decrease was sgnifi cant (Slope=
-1.07,P =0.0003. In experimental phasewo thee was anegative but nan-signifi cant
decreasein latercy over time (Slope=-0.63,P = 0.069. As expeded,in thecontrol presethere
was no significant positve or negative change in latency over time (Slope =-0.01,P = 0.491)

(Appendix B, Fig. B2).
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Figure 4.3. The four mast frequent gartle behaviours accurring 500 msafter exposureto the
soundsn experimental phases oneand twowere (@) fly away (b) wing flap (c) startle hopand
(d) shouler flinch. Thenumbers indcae conseautive screen captures of thefirstto fourth
postions of thebird duing each response.
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(a) Exp. 1 (70 dB SPL)
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(b) Exp. 2 (60 dB SPL)
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Figure 4.4.Birds exposd to daybacks ofwalnut sphinxwhistles show gjnificantly higher
mean strtle scores up t0500 msafter first cortad with thefeeding dish than in their respedive
control canditionsin (a) experimental preseone(Phaseone: X £+ SE =1.83+ 0.41, N = 6;
Control: X + SE=0.33 £ 0.2, N=6; P =0.016; and (b) experimental phasetwo (Phasetwo: X
+ SE =1.63 £ 0.74N =8; Control: X + SE =0.5 + 0.93N =8; P =0.027)
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Figure4.5.Changein dartle score over the course of 6 contacts with thefeeding dishamorgst
individualsin (a) control phase(b) experimental preseone(c) experimental phasewo. The
dotted linerepresentsthe overall mean within eat phase.
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Birds tooklonger to consumeall mealworms duingthe courseof thetria in bath
experimental phases compared with the control. Thistime difference was sgnifi cantly higher in
experimental presetwo (Phasetwo: X + SE=37857 + 524.65,N = 8; Control: X+ SE =9.99 +
8.88 sN = 8; Fisha-Pitman est: t8 =-1.77,P = 0.03), but notfor experimental preseone
(Phase o X+ SE =531.75 £ 579.4%,N= 6; Control: X+ SE = 9.18 + 10.1 I\ = 6; Fisher
Pitman testt6 =1.78,P =0.13)(Appendix B, Table B2).

Thetypes of statle behaviours changed over the courseof al phases. Umpn first conad
with thedishwithin aphase, flying away comprised the hghest propation of al behaviours
observed: phae onestatle score= 1.4 (83%), phasdwo = 1.25(66%), control = 0.33(100%).
However, as the numbr of contects with the dishincreased, agreder variety of behaviourswas
observed (i.e. wing flapping, hoppng, flinching, ruffling feahers) (Appendix B Fig. B1, Table

B1).

4.3.4 Do birds espand differently between experimental phases?

There were no sgnificant differences between experimental pheses with resped to the
b i rsthrHedcores or btencies to eturn tofeed uponfirst appoach, regrdlessof experience
or sound ével. Startle scores forbirds that prticipated in bah phases did not dffer between
experimental preseone(X + SE =1.8 £ 0.44N = 6) and plesetwo (X+ SE =1.8 +0, N=8)
(X Difference = -0.47;Fisher-Pitman est: t4=-1.63,P = 1), nordid latenciesdiffer between
phase ongX + SE =226.86 +413.48s,N = 6) and plasetwo (X + SE =17.86 +20.54 sN = 8)
(X Difference = 209; Fisher Pitman est: t4 =1.45,P = 0.309. These results suggest that even
though birds fabituated in plaseone, they statled tothe sound wlen reintroduced in phase

two, and staitle scores and laencies did not dffer by sound level. When consicering all birds
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comhined, regardlessof their previous experience statle scores (Comhbined Paired
Permutation Test: Difference” = 0; P = 1) and latercies between firstand and contact with
thefeading dish(Comhined Paired Permutation Test: Difference” = 921.1,P = 0.08)were also
not found to be gnifi cantly different betveen phases oneand two. This esult sugeststhat

startle scoresand laencieswere the same at the two soundevels regardliess ofexperience

4.4 Digusson
4.4.1 Arecaterpillar whistles ceimatic disdays?

Ourresults show thataterpillar whistlesevoke statle reflexes in anavian predator.
Captive red-winged blackbirdsexhibited sgnificantly higher startle scores when exposd to
whistles payed at natually occurring sound évels (60-70 dBSPL) compared to contol
conditions (o sound). Birdsesponad by flying away from the pétform, ruffling their
feathers and flinching, al dired measures of the avian strtle reflex (Morris, 1956;0lofsson et
a., 2012b; Pomeaoy & Hepprer, 1977). Whie thesemeasures of statle in avian predatorsare
indicators of fear (Hebb, 194), supprting Skelhorn et al.'s(2015) argument that dimatic
displays shold be dfined by their ability to evokefear responseswe concur with Umbe's &
Mappes (2016) thet fear responsesre physiological statesthat are difficult to measurein
predators, @rticularly in the field. As asecond mesure of startle we predicted that birds would
takelonger to re-approach the teding dish followingexposureto sound. Latencieswere higher
in bothexperimental phases compaed tothe control, butthesedifferences were not sgnifi cant.
We proposethat the &d of a spnificant difference may be due to the smallsample sie or the
semi-natural condiions used in owaviary experiments, sincetheforaging strategy thatanimals
usein a lab setting is not recessarily the same theone tley would usethefield (Shettleworth,

1989. Therefore, habituation may be morelikely in thelab where animals are accustaned to
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being fed ratherthan laving to forage for food on their own in thewild. As well, wenoticed
inter-individual variability in latencies,with somebirds continuingto return tothedish
prompty after beingstatled (<50 s), while otkrs took longe(>2500s) rhapsdueto
persordlity differences. Perhaps thesebirds were lessreluctant to return to et becauseof their
familiarity with thefeeding conditions,compaed to what they might experience in thewild
when presentedwith many novel foods. Also, unlikewild birds, tley had nowtrere else to find
food.

Predators are expeded tohabituate to adeimatic display over time (Pormeroy & Heppner,
1977;Sargent, 1990) @rticularly in thelab where thee is repeaedexposureto gartle simuli
(Ingalls, 1993;Sargent, 1990). This measureallows oneto dfferentiate between adternative
hypotheses suchas aposematian, or thet the soundghemselwes are harmful or aversive. Our
results shoved that pedators hebituated to the soundsabed on adecressein strtle score
following repeaed exposue. Theslopewas moregradual in experiment one (not sgnifi cant)
and steper in experimental phasetwo (significant). In the control phese, two brdsflew away
upon frst peking at thedish.We observed that the bids thet flew away in the control ptese
were skitish inall phases when feeding, and perhapswere more cautious wten feeding, causing
them to fy away. Due to thefact that therest of the bids did not stele at all in thecontrol
phase, the difference in response irthese two birds as pravournced resulting in a ceaeasein
startle score (spnificant), although the slopewas much smadlr than in bah experimental
phases. As aseaond indcator of habituation within atrial, we found that latercies to eturn to
thedish decreased over time in both gperimental phases, although not $gnificantly so in
experimental prasetwo. As pedicted, there was no sgnificant postive ornegative changein

latency over timein the control presewhere no sound mulus wes present. Colledively these
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results demonstete thet within agiventrial, birdshabituated to the stimws, indi@tingthat the
sound itelf was notaversive to the pedator.

Birds that labituated tothe soundsn experiment one lecame dislabituated tothese
soundgwo days laer, underscoring the imporénce of novelty for adeimatic disgay to be
effective (Sagent, 1990). It is likely thatencounters with thesecaerpillars in thewild would be
infrequent, becausethey are crypticdly coloured, and accur soltarily ontheir host pants Bura,
2010. Ewen birds thahave evoked adeimatic display in acaterpillar are unlikely to take the
risk to return to thepotentiallydangerous souce (Janzen, Hallwachs & Burns.,2010).
Therefore, re-sensitization ofthe strtle responseafter afew daysis likely to occur in retureas

well as inthecgptive condition.

4.4.2 Howdo whistles protect caterpillars?

Whistles phyed at natual levels caused birds inan aviary to gartle, butby which
mechanisms might thesesounds prted caterpillars inthewild? It has been postulaed that
deimatic disgays prded prey in a numler of different ways: the predator might drop theprey,
give theprey time toescape, or be sufficiently frightened that itabandonsthe gospedive prey
altogether (Edmunds, 274; Sargent, 1990) although thee s little empiricd supportfor any such
mechanisms. Theprimary defence of thewalnut sphinxis crypsis, and orly when digurbed does
it produce whistles(Bura et al., 201). Following attad, caterpillars hang on tothe host plant
tightly with their terminal abdominal polegs, and sometimes ttash their anterior body segments
while produwcing sound. However, sound poduction accurswith orwithout theacoompaniment
of thrashing. In aprevious stuly involving both smulated and live predator attacs, caterpillars

did not attempto escgoe, amilar to theresponses ofmostotherBombycoideacaterpillars tested
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to date (Brown et al, 2007;Buraet al., 2009 Bura, 2010;Buraet al., 2011Buraet al., 2012).
The large body size of theselarvae might make it difficult to dropfrom sik strands, whch are
likely to srep, and d-opping to the groundis costy (Bura, 2010; Sugiura & Yamazaki, 2006).
Therefore, the nmain protective value of thedeimatic dispgay in this spedes is notikely to lea to
prey escgpe. We aso rule outthe likelihoodthat sounds provokéhe pedator todropthe pey,
because caerpillars hold seadfast to their host pant while producing sound. Instead, weargue
that whistlesare effective becausethey dlicit an innde statle response in theredator, causing it
to abandon the pey. To aforaging bird in thewild, furtherpursuit ofa potentially lethal threat
may not beworthwhile, particularly when the brd is capable ofmoving on insearch of mae
profitable prey (Janzen et al., 2019. Whilethe brds in ourexperimentsstartled to sundaone,
we exped that if exposed tolive caerpillars, theeffects of thiashing would lave a synergistic
effed asa muti-component disgly. Also, wecannot rde out the possbility that walnut sphinx
caerpillars are chemicaly defended, and that whistlegould function as both @ matic and
aposmatic dispays. Hawvever, we argue against aposematismbecaisechemicds are not
expelled duing sound prodetion. All things consicered, we argue that the pimary function of

caerpillar whistles isto frighten pedators.

4.4.3 \Why do whistles gartle birds?

Deimatic dispays are proposed to evokea startle or fear resporse in a pedator by the
following non muually exclusive mechanisms: (i) by mimicking the appearance of the
predatorés own pedator, (ii) by exploitingthe pedatorés innate strtle reflexes, or(iii) by
causing the pedator to migaken theprey for sonmething elsethat couldinflict ham (Skelhorn

et al., 2016. We offer an aternative hypothesisthat thewhistles mimc abird alarm call.
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Alarm cls in passeine brdsare widespread and function to aért conspedfi cs or

heterospedfi cs tothe presence of danger (Caro, 2005). Such cdls elicit behaviours not unike
statle refl exes; in birds, these includingscape, diving for cover and increased vigilance
(Fallow, Atcher & Magrath, 2013; Giessr, 2013; Marler, 1955). Alarm calls aaossdifferent
bird pedeshave common features includingshort duation and high frequency (Falow,
Gadner & Magrath, 2011). For example, thesed cal of the American Robinis 1.8 s and 9.5
kHz (see Vanderhoff & Eason, 2009)The whistles othewalnut sphinxare also of short
duration (2.6 s),and have the @me dominantrequency (9.5kHz) (Buraet d., 2011). Boththe
red-winged blackbirds in ourexperiments and theellow warblers from a previous experiment
(Buraet al., 2011)exhibitedflight responsesnd diving behaviours tothe caerpillar sound.
Therefore, it is corcavable thatcaterpillars mght mimic bird aarm calls. Thisintriguing
hypothess could be estedby comparing the resporses of birds to ird alarm calls with thoseof
walnut sphinxwhistles. Een then,it may bediffi cult to disenéngle the 6 @maticéfrom the
Glarm cal mimicrydhypothegs, kecausethe ktter response ray have evolved fromthe same

neura circuitry involved in theinnatestatle reflex (Hollen & Radford, 2009.

4.5 Conclsion

Defence sounds hae been reported in almost eery insect order (Alexander, 1967).
Onomatopoecdly called hisses, clicks, bwezes, chirps, rattles, Bps, knaks, whistles, sqawks
and sgees, among otherthings (Alexander, 1967; Ewing, 1989; Masters, 1980; Row&
Halpin, 2013)defence soundscan differ sgnificantly in their temporal, spectral and amplitude
characteristics. Y et, there has keen little rigorousexperimental investgation ofthefunctions of
thesesignals on pedators. Currently, studiesare mosly restricted tothe uniquerelationship

between tiger moths andheir edholocating bat predators (Conrer & Corcoran, 2012;Conrer,
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2014).1t has keen recently argued that bo-amustidans fall behind visual emlogists in
understandingthe compexity between predator-prey interactions involung acmustic dfence
signals (Conrer, 2014). Ourstudy provides thefirst empircd eviderce thatan insect sound
alonecan evokeafear response iran avian predator; thus fumtioningasanam u s eyés@ od 6 .
Caterpillar whistlesare but onetype of defence sound eported for Bombycoidea caerpillars
(Brown et al.,2007;Bura, 2010;Buraet al., 2011, Conrer, 2014; Ewing, 1989. Itis promsed
that in aterpillars, different soundypes, includingwhistles,clicks, chirpsand vacdizations,
conwey different messages to pedators,with somefunctioningbetter to reinforcing learning,
while others are moresuited tofrightening predators (Bura, 201Q. We proposethat
Bombycoideacaterpillars are excdlent models for studying thefunctions of édfence sounds,
becaisethe sounds eelesslikely to seve overlapping functions in sacial or sexual contexts as
they would in adultinsects such as tger moths.Future studes shold focuson the slection
pressues for different defensivedvocabularies By consicering the effects of phylogeny as well

as predator psychology.
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CHAPTER FIVE

General Conclusionsand Future Directions
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5.1 In brief

Defence soundsn inseets have been understudieddespite being taxonomcdly
widespread and highly diversein terms oftheir mechanisms and sgnal characteristics
(Alexander, 19%57; Conrer, 2014). There remain important oustandng questionsregarding the
functionsand evolution of thesesounds. This ddoral thesis focugd on testindypotheses to
explain why defence sounds hee evolved in soménsects andnot ahers, and how tley
function to proed prey against predators sing caterpillars as amode systam. ChapterOne
introduces the liteature on ined defence soundsnd summazes whet is known to dte about
saund production in Bombycoidea(silk andhawkmoth) caterpillars. Chapter Two povides
supportfor thehypothesis that kdy size plays arole in theevolution of defence soundsby
conduwcting a developmental study in four Bombycoidea spedes. Chapter Threereports on the
ontogenetic changes in primary and soondary defences insound poducing Bombycoidea
caterpillars, layingthe groundwak for future testingof aternative hypotheses regarding why
somecaerpillar species poduce defence sounds wihe othe's do notand ther functions.
ChapterFour teststhe statle responseof avian predators to the dfensive whistles of thevalnut
sphinx caerpillar, Amorpha juglands, providing supporfor the sértle hypothesis. Thestudes
condwcted in ths thesishelp to provide amore comprehensive umerstanding of the adaptive
signifi cance of acoustic dsfences ininseds, and contributeto our un@rstandingof therole of

saunds in the dfence systems of laval inseds.

5.2 ThesisContributions and Future Directions
5.2.1 Ghapter 2 What makes acaterpillar tick?

Not al insect spesies usalefence sounds, buéxplaretions forthe sgciesdiversity in
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this trait remain untestedn Bombycoideacaerpillars sane species goduce sounds wien
attadked while others do notBuraet al., 2016). It has leen argued that the diersity of defence
sounds foun@mongst Bombycoideaspedes iivals that found withn mostgroups ofadult
insect s caarringin five unrelated sub&milies from Sphingidae and Saturniidae (Buraet al.,
2016. In ChapterTwo | testd the hypothesighat sze plays arole in deérmining whether
defence sounds ocur by conducting adevelopmental study in four caterpillar spedesfrom two
families, Saturniidae and Sphingidag that poduce soundsas lateinstars. | predictedthatealy
instar/small caerpillars would not nake defence sounds| measured the acurrence of defence
soundsand theirassocéation withinstar, mass, andéngth. | found thatealy instar caterpillars
(instas|, 11) did notmakedefence saunds, butthat they were presentin al otherinstars (instars
1A V). | aso foundthat regardless ofinsta, al individuals frst be@n to make defence
soundsat the same elative mess andéngth, despite thefact that overall the sgades differed in
theirfinal instar sizes. | concluded that the development of defence sounds was dependent on
both bady size and insta.

In thesecondhalf of my experimentsin Chapter Two, | tesied two hypotheses to
explain why defence sounds daot occur in small @terpillars. Thefirsthypothesisvas that
smeller caerpillars do not lve enough energy to make defence soundsl predictedthat snaller
caerpillars would sgnal less thandrger caterpillars, and produce shorer sgnals units, trains
and lower duty cycles. Totest my predictions,| analyzed therelationship betveen these
tempoal characteristics and a measureof body size (SM1). Results proviced ony partial
supportfor thishypothesis, as not alélationships vere signifi cant. Based onmy findings, |
concluded ttat the caterpillars male soundshatare effective communication sgnals because

they were al sufficiently long enough to be intgrated in tothe sensay system of major
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vertebrate predatorsfromtheonst of developmen. Theseandhypothesiswas that @fence
soundsare limited to lager caerpillars becausepredators cannot deted the sounds asmall
cderpillars. | predicted that smallercaterpillars woud not prodee defence sounds tlat are loud
enaugh to be lkead by an attading predator, and that the defence sounds okmall cterpillars
do notmatch thefrequency heaing range of predators. To testy predictions,| analyzed the
relationship betwen the sound @ssurdevels and domiant frequency of thedefence sounds
andbody size (SMI). | found that sound pessurelevels and domnant frequenciesdid not
increasewith body sizein caterpillars that prodced sounds. Thdefence soundsof small
caerpillars were alrealy loud enough to be heard at anattading distance of 2-8 cm, and in the
frequency hearing range of major predatorsat the onst of sound poduction. | concluded trat
thecaterpillars reed toread acritical size to prodiceasignal that is loudenough to behead
by predators, and within thecorred frequency rangeto be dtectedby them.

Theresults of thespectral analysis of thedefence soundsdemonstated thet the sgnals
extenced into the ultesonicrange. Futuretesting of thedefence sounds orpredators thatcan
hear ultrasonicfrequencies, sich as gleaning bats and rodents (Thomas &alili, 2004; Wagner
et al., 2011 Wilson &Barclay, 2006) would open up rew avenues of insight cancerning the
function of cefence soundsn predator-prey interactions.For instance, oneof the key
characteristicsf typical acustic statle simuli is high intensity, which will beaffededby the
frequency of thesignal and the eaing range of thereceiver (Olson, 1972)If the defence
sounds hee a startle function, they may be particularly effective at gartling predatorsthatare
sensitive to thehigh concentration of energy within the ultesonic range, such as kets. However,
to date studes have nottested theeffects of thesesoundson bet predators.

Overdl, findings from Chapter Two provided sypport for thehypothesighat szeis an
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important fador in theevolution of defence sounddn inseets, however this hypothesis should
be futhertesed ushg more spedes.With theexception ofafew spedes, theBombycoidea
spedes that lave been tesed for defence soundgo date have been large, and future studes
shoud target speaes that are on thesmallerside of thebody size spedrum. A mulitude of
otherinsect speciesalso prodwe defence saunds,yet only a handful of studes have examined
therelationship letween defence soundsand siein other inseds. Futuretesting of the
relationship betveen defence sounds and e in morespedeswill beimportant to provide
broader suppat for the hypothesighat body sizeis plays arole in the evolution of defence

soundsn insets.

5.2.2 Qhapter Three: Ontogeneticchanges in primary and ssndary defences in
Bombycoideacaterpillars

In Chepter Three | followed the onbgenetic changes in antipedator defences of sound
producng Bombycoidea caerpillars throughoutdevelopment. | measured the frequency of
seconadary defences during simulated predator attack trials in four Bombycoideaspedes,and
tesed whetherthe frequency of defences changed with insta. Results demonsteted thet in
some spdes, thefrequency of severa defences (e.g. dropping, majorthrashing, regurgitation)
increased in later instars. By showng that thesalefences increased in late instas my findings
from Chapter Three lay providediredion for future testingof hypotheses regarding the function
of defence soundsn caterpillars. For instarte, since several other secondary defences are
present in late instr caterpillars, it is posgble that defence sounds funtion as part of a
multimodal dispay or as anon-visualwarning signal. Future experimentsthat compare the
effed of defence sounds alon® the combined effed of defence soundsacampanied with

other secondary defences on live pedators could providesupportfor thesehypothegs.
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5.2.3 Qhapter Faur: Why do caterpillars whistle at birds?

In Chepter Four | testd the statle resporse of wild-caught avian predatorsto playback
recordings of the defensivewhistle of Amorpha juglands. | tesed thehypothesisthat an insect
defence soundcan function as astatle disgay. | predicted that the bds would exhibit more
statle behaviours (i.e. ahigher sartle score) while feeding on mealworms paired with
playbacks than in theontrol caditions where no soundvas played | also predicted that upon
repeated exposureto whistles the birds would tieebituate to theeffeds of the souds, resulting
in a ceaeased numler of statle behaviours(i.e. lover statle score)and laencies to eturn to
the feeding dish.Results shoved that the birdexhibited sgnificantly more startle behaviours
(flying away, hoppng, ruffling feahers and flinching) when consumingmealworms peired
with the dsfence sound, and thatthey habituated to soundsver aone-hour period. When the
experiment was repeaed twodays later on the ame individuals, the statle responseeturned. |
concluded ttat sounds oAmorpha juglands function as an effective strtle display against bird
predators. This stdy was thefirstto show tlat theisolated effed of a caerpillar defence sound
can strtle an avian predator. By using abiologically relevant gimulus toadivate thestatle
reflex, abiological readion that is pesentin al vertebrates, thischapter also demonsteted row
theawmustic sértle reflex may offer protection to pedatorsfrom potetially harmful prey.

Theexperiments conduated in Chapter Four took place in outdooraviaries, which
placed sverd restrictions orthe irferences thatcan bemaderegarding the suviva valueof
thestartle dispays. First, key elements of strtle dispays are surgriseand nowelty (Sargent,
1990), which are to someextentremoved inalab stting where animalsare accustaned to
being fed by researchers as opposed téoraging for their own food inthewild. The

Bombycoidea caterpillars used irmy study were cryptic and rested orleaves, and inanatural
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seting, avian predators would flave to forage amongsttrees to ind them Futureexperiments
that can determinewhetherthe suddn ont of defence soundsrom acryptic caterpillar
hiddenamongst theleaves wouldenhance the statle responseof the birdscompaed tothe
responses obseved in theexperimentsin Chapter Four would providefurther suppat for the
statle hypothesisSemnd, itis argued that sértle dispays provideprey that cannot quckly flee
(e.g. caerpillars) with protection becausea bird that isstartled away from potentially harmful
prey would notlikely return tofeed on itin thewild (Janzen et al., 2010. To test tis
hypothesisjt is recessary to meassuethepredat o essgie and hebituation responsesand to
datethis hes not leen conduwcted (G6tz & Janik, 2013;Ratcliffe & Fullard, 2005). During my
experimentsin Chepter Four it was not posible for birds tomoveon to rew foraging
opportunities after being scared away by the defence soundsecaisethe birds were keptin
enclosedaviaries. | attempted to ovecomethis limitation by condicting experiments atan
outdoor eeder located in Gatineau, QC to oberve theresponse ofree-rangewild birds to the
defence sounds of theaerpillars (Appendix C). | foundthat someof thebirds exhibited statle
behaviours towards thedefence soundsput it was difficult to determineif thesame brd
returned tothefeeder or habituated tothe sound. Dueto the nature of startle dispays and
startle responsesgxperimental testing of thestartle hypathesisin thewild is limited,and the
results presented in Agpendix C portray thesdimitations.

Futurestudes thatcan testthe statle, escgpe and habituation responses opredators in
the field would provideinvaluable suppat for the sartle hypothesisThese studes proveto be
difficult, butare possble with the proper equipment, danningand ime.Wild birdsrequirea
band with a tacker that can beplaced by thefeading dishto determineif the same brd returns

to the pey after being statled to measurehabituation. Audio-visual equipment that is small
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enough to beplaced inconsptuouslywithin atree and cgpable of recording theresponse othe
bird and the @fence sounds (in afer to corfirm that thestimuluswas present) would alow us
to capturethe statle responseof avian predators in anatural seting. A smell camera placed
diredly above the feeder could record whether the prey was attacked or not. Sincelive
caerpillars may walk away from thefeedingdish, itmay be possble to usea playbadk system
similar to theonel used in ChepterFour, however, tiny, custommadehigh-frequency speakers
would berequired in orcer to playbad the soundst their naturally occurring frequency range.
Theseare justsome ofthe Imitations ésidefrom provincia regulationsthat imit feeding
experimentsin thefield) that | encountered when designing my experimentsin ChapterFour,
and why ultimagly | pursued experimentsin theaviariesas opposed to thield.

An dternative and intriguing hypothesis which &s keen put faward to explain how
visual statle dispays functionto proed prey is that the sudden changein appearance causes a
statle readion in pedators whch disrupts the ggdatorsoability to form a ®arch image(i.e.
memay of what a ey looks ike) (Hanlon, 1999). 8ice memory is essentiafor leaminga
search image (Dukas & Kamil, 2001),this hypothesiamay potentially apply to déence sounds
becaiseamustic statle simuli can causeglucocorticoids to bereleased in thebrain, imparing
learning and memaoy (McEwen & Sgolsky, 1995. If abird who is statled by a defence
sound espondsoy flying away and does not tave a chance to form amemay of the cryptic
caterpillar amongstthe leef, the dispay may offer protection to pey by making it difficult for
the predator to find. Thishypothesis wouldxplain how statle dispays have a surviva value
despite thefast habitation of the srtle responsehat often occurs inavian pedators (Bates
and Fenton, 1988, ths thesis). To test thhypothesis, future studes could evaluate how well

predatorsform seach images of prey in the presence and absence of insect defence sounds.
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5.3Final Remarks

Defences ininseds arerich in dversity, and defence sounds ee no exception (Conrer,
2014;Ruxton etal., 2005).In this thesid shoved how baly size plays arole in theevolution of
defence sounds, and ti a caerpillar defence sound fuitions to sartle avian predators. Most
predators hunt using multiple modalities, and the role of the acoustic senses should not be
overlooked when considering that many prefetices are multimodal (Conner, 2014; Rowe,
2013). Few studies have examined the effect of acoustic defences on predator psychology
(Conner, 2014), thus the steslcondicted in ths thesis contributeto our unerstanding of this
once understudiedarea of insect defences. Prey defences are powerful forces ading on the
biodiversity of theplanet, and our unerstanding of how they function in pedator-prey
interactions is inceasingin impoitance as agrowing body of lit erature suggeststhey play a
crucial role in determininghow ecosystems respond tcenvironmental change (Abrahams etal.,
2007; Alen et al., 2015;Barton, 2014; Smee, 2010; Teng & O6 C o n 20LD). It ismy hope
that ths thesis wil ingire othe's to o@n not ony their eyes, but theirarsto thebeautiful world

of insects and themportant roles they play in nature.
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APPENDIX A: The Defences of non-saund producing Bombycoidea cater pillars tested

Introduction

In Chepter Two | tesed the hypothesisthat baly size plays an important role in the
development of defence soundsby conducting adevelopmental study to assessthe size/instarat
which defence soundswere produced in Bombycoideacaerpillars. Duing my two field
seasons,| tesed as maty Bombycoideaspedesas | could dotain toidentify species trat
prodwce defence soundso includein the developmental stuly. Eleven spedeswere testedin
total, and ofthose, sven spedes did not prodce defence sounds (8e Table 2.2).These
species were therefore excludedfrom analyses condwcted in Clapter Two, and the dfences of

thelarvae are presented here.

Methods

Seven Bombycoidea specieswere chosen based on availability from Akito Kawahara at
theUniversity of Florida, FL, USA, duing the nonths of May to October2013and July to
August 2014(Fig. Al). Photographs were taken of the larvae throughout development to
observe theirphysical appearance includingthe appeaance of any visualand/or norpholaogical
defences (e.g. eyespots, spes). Smulated pedator attadk trials were performed onlarvae to
observe :oondary defences (see ChapterTwo, 2.2.3 Siralated predator atack trials for
methods)Notes on the gi@gsence or absence of defensivebehaviours were recorded for each trial

in lateinstar larvae (Table Al).
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Figure Al. Appearance of late instr from ead non-sound prodadng species ested: )
Citheronia spendens; (b) Eacles oslai; (¢) Hyalophoraceaopia; (d) Hyalophoracolumbia;
and () Xylophanes fdco.
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