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Abstract

The aim of this thesis is to examine the structure and function of the auditory system of the 

Auckland tree weta Hemideina thoracica, an iconic endemic insect of New Zealand (Orthoptera, 

Anostostomatidae). H. thoracica hear in a narrow frequency range relevant to conspecific 

communication. The thresholds and firing rates of the tympanal organ receptors and auditory 

interneurons were measured. Results showed that males responded most strongly to frequencies 

relevant to intraspecific communication indicating that acoustic communication by male weta may 

have a more important role in intrasexual competition rather than mate choice. 

Weta hear with typical ensiferan prothoracic tibial ears located on each foreleg. Each ear 

comprises three functional parts: two equally sized tympanal membranes, an underlying system of 

highly modified tracheal chambers, and the auditory sensory organ, the crista acustica. Weta have 

the thickest and largest membranes so far described in any insect. It is expected that a membrane 

of this thickness would have low impedance. However, Hemideina have extremely sensitive 

hearing. microscanning laser Doppler vibrometry was used to determine how such a tympanal 

membrane vibrates in response to sound and whether the sclerotised region plays a role in 

hearing. The tympanum displays a single resonance at the calling frequency of the weta, an 

unusual example of insect tympana acting as a narrow bandpass filter. To determine what internal 

mechanisms in the weta are responsible for fine-scale frequency discrimination, measurements 

taken from high-resolution three-dimensional models of the complete weta ear, combined with 

vibration analysis of the tympanal deflections in response to sound waves, to construct a 

theoretical model of sound transmission. The combination of using advanced histological 

techniques and three-dimensional modelling has allowed me to uncover a new structure (Olivarus) 

within the auditory system of weta that has not previously been described in any other insect 

hearing systems. Mass spectrometry analysis of the surrounding liquid has revealed this structure 

sits within lipids of an unknown type and this structure may be synthesizing the lipids. Three 

possible theories are presented of the role in hearing played by the Olivarus and lipid and suggest 
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that a simple ancient insect auditory system is possibly homologous to that of the mammalian 

basilar membrane.
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CHAPTER ONE - Introduction



Evolution of insect auditory systems

The primary function of hearing is for the detection and identification of sounds, and the localisation 

of those sound sources (Bennet-Clark, 1998). Auditory systems have evolved to be most sensitive 

to the features that are most significant to an organism’s survival and reproductive success, 

whether they are active signals (e.g. vocalisations) or incidental noises (e.g. movement through the 

substrate).

Evolutionary theory of hearing in insects states that hearing organs evolved from vibration organs 

(Yack, 2004; Yager, 1999). This is supported by mechanosensitive receptors of the chordotonal 

organs of non-hearing insects being homologous to those in insects that hear (Boyan, 1993; Shaw, 

1994). Both project to equivalent locations in the central nervous system by way of the same 

routes, indicating the pathway is primary and the modality of information conduction is secondary 

(Boyan, 1993). Hearing has been reliably identified in seven out of 27 insect orders (Fullard, 1998; 

Yager, 1999), including species of moths (Greig & Greenfield, 2004), mantids (Triblehorn & Yager, 

2001), crickets (Imaizumi & Pollack, 1999) and katydids (Faure & Hoy, 2000; Libersat & Hoy, 

1991). Insect ears have evolved independently at least 19 times (van Staaden et al. 2003; Yager, 

1999). [The ears evolved from vibration-sensitive proprioceptors (chordotonal organs) located 

within the appendages and segment joints (Boyan, 1993; Hoch et al., 2006; Shaw, 1994; van 

Staaden, et al., 2003)].  This has resulted in ears being found in multiple locations on the body, 

including the antennae and mouthparts (Conner, 1999; Fullard, 1998; van Staaden, et al., 2003).

The need to detect and identify both predators and conspecifics that produce sound in different 

frequency ranges has resulted in many insects being able to hear over a wide range of 

frequencies. The frequencies of greatest sensitivity generally correspond to those contained in the 

conspecific song (for the localisation of potential mates) and predator generated signals such as 

echolocation calls of bats (Imaizumi & Pollack, 1999; Triblehorn & Yager, 2001). A well-

documented example of this frequency matching to a predator signal is found in moths predated on 

by insectivorous bats. Many species of moth have evolved tympanal hearing organs suited for 
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detecting the ultrasonic echolocation calls of local predatory bats (Fullard, 1998; Spangler, 1988). 

Of 92,000 species of moth with the ability to hear, only seven have been shown to use sound for 

social communication (Conner, 1999; Greig & Greenfield, 2004; Spangler, 1988; Surlykke & 

Gogola, 1986).

Roeder (1998) demonstrated that when a moth hears an approaching predatory bat, they have a 

29 - 58% greater chance of avoiding capture compared with a moth that is not able to detect the 

approaching bat. Since this discovery in moths, it has been shown that ultrasound is a key trigger 

for an acoustic startle response to avoid predation in many other insects (Conner, 1999; Fullard, 

1998) including beetles (Yager et al., 2000), mantis (Triblehorn & Yager, 2001), green lacewings 

(Miller & Olesen, 1979), field crickets (Moiseff & Hoy, 1983), locusts (Robert, 1989) and 

bushcrickets (Faure & Hoy, 2000; Libersat & Hoy, 1991). An acoustic startle response to a 

approaching prestory bat normally consists of the insect performing an evasive manoeuvre that will 

increase it’s chances of escape. Maneuvers include flying in loops, swerves, power dives (Roeder, 

1998) and the cessation of flight and dropping to the ground (Miller & Olesen, 1979). In response 

to these avaoidance tactics, bats have evolved strategies to counter these insect defences. Such 

counter measures include increasing flight speed, echolocating outside the peak frequency hearing 

range of the insect prey (Rydell, et al. 1995), and decreasing call intensity or ceasing echolocation 

altogether (Fullard, 1998).

Ensiferans, a suborder of Orthoptera that includes katydids (Tettigoniidae), crickets (Gryllidae) and 

weta (Anostostomatidae), are able to hear across a wide range of frequencies from 1 to 100 kHz 

(Imaizumi & Pollack, 1999). Unlike many moth species, hearing in ensifera has evolved primarily to 

hear the calls of conspecifics for the detection and selection of mates, in male-to-male conflict and 

territory defence (Faure & Hoy, 2000; Hedrick, 2000).
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Ensifera

Phylogeny and development of Ensifera auditory systems

Ensifera are known as the “longhorned” orthopterans, identified by their long antennae, the length 

of which can reach several times their body length. The group is largely nocturnal and many taxa 

are long lived with adult life spans of over a year and in some cases up to three years. Most of the 

major groups of singing insects using acoustic signals for mate attraction are included in this 

group.

The phylogenetic relationship between the Ensifera groups has been a matter of debate for 

decades. There have been several hypotheses to explain the evolution of acoustic communication 

in Ensifera (Gwynne, 1995; Otte, 1977). However, when these hypotheses were proposed, there 

was no dependable ensiferan phylogeny available (Desutter-Grandcolas, 2003).  To date the most 

reliable phylogeny of acoustic communication in extant Ensifera is from Desutter-Grandcolas 

(2003). Desutter-Grandcolas recognised 12 terminal taxa as potentially monophyletic units within 

the Ensifera sub-order: Anostostomatidae, Cooloola, Cyphoderris, Gryllacrididae, Grylloidea, 

Gryllotalpoidea, Lezina, Prophalangopsis, Rhaphidophoridae, Schizodactylidae, Stenopelmatidae 

and Tettigoniidae.  Desutter-Grandcolas used 85 morpho-anatomical characteristics to analyse the 

phylogenetic relationship between the taxa. From this analysis he determined that ancestral 

Ensifera were mute. This was presumed because of a lack of acoustic mechanisms to produce 

sound in ancestral ensiferan. All the extant terminal taxa included in the study (except for Cooloola) 

produce sound by stridulation giving them the ability to communicate acoustically. However, not all 

ensifera produce sound with the same acoustic mechanism because acoustic stridulation 

mechanisms have appeared a number of times independently with convergent structures.  

Similarly, tympanal hearing mechanisms in ensiferan have developed several times independently 

(Desutter-Grandcolas, 2003).
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Tympanal hearing is charaterised using three anatomical features: localised thinning of the cuticle, 

an adjacent air-filled sac of tracheal origin and an innervated chordotonal sensory organ (Fullard, 

1998; van Staaden, et al., 2003). Given that cuticle covers the whole body, the tracheal system is 

found throughout the whole body, and there are multiple joints and appendages found on insect 

bodies, there has been ample opportunity for a tibia tympanal membrane to arise independently on 

a number of occasions (Fullard, 1998). Desutter-Grandcolas was able to define three different 

evolutionary pathways relating to the occurrence of stridulation and a visible tympanal membrane: 

Pattern 1: Tibial tympanal membranes and stridulatory apparatus occurred at the same node of the 

cladogram, for Grylloidea, Gryllotalpoidea and Anostostomatidae.

Pattern 2: Tibial tympana appeared first, followed by stridulatory structures.  This occurred in the 

clade Anostostomatidae.

Pattern 3: Stridulation occurred, but was not followed by the development of hearing organs.  This 

occurred in Rhaphidophoridae, Schizodactylidae, Gryllacrididae and Stenopelmatidae.

These hypotheses apply to different clades indicating there may be no single explanation for 

acoustic communication in Ensifera and further testing of these hypotheses is required (Desutter-

Grandcolas, 2003).

Structure and anatomy of the Ensifera auditory systems 

The insect (tympanal) ear comprises of three anatomical and functional parts: the tympanum, 

enlarged trachea and the tympanal recepter organs.  Insect ears occur on practically every part of 

the body. In the Ensifera group, the ears is located on the front leg tibia. Sound waves act directly 

on the external surface and cause the membrane to vibrate. These vibrations are sensed by 

receptor cells in the complex tibial organs (auditory organs) where mechanical-electrical 
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transduction results in the generation of nerve impulses. These travel through the auditory nerve to 

the central nervous system to be processed (Hoy & Robert, 1996).  Alternatively (as in katydids), 

sound waves can also enter the body by way of the tracheal system.  Sound acts on the internal 

surface of the ear, through pressure differences in the acoustic trachea, for amplification and 

localisation of sound (Hoy & Robert, 1996; Michelsen, 1998). 

A typical insect tympanum is either a round or oval thinned area of cuticle. The membrane is 

usually tightly stretched across a rim of surrounding cuticle.  However, the membrane surface 

structure varies widely (Ball and Field, 1981). The membrane thickness ranges from 1 µm in 

cicadas to 40 - 100 µm in weta (Ball, 1981; Yager, 1999).  

Complex tibial organs are found in all six legs. However, the mesothoracic and metathoracic legs 

do not process either a tympanum, enlarged tympanal sacs or the enlarged spiracular openings 

found in the prothoracic tympanal organs of katydids.  The complex tibial organs contain four sub-

organs (Field & Matheson, 1998). The crista acustica (CA) comprises an internal linear array of 

receptor cells with the number of cells varying from leg to leg (reducing from the prothoracic, 

mesothoracic and metathoracic). The CA in the prothoracic legs is closely associated with the two 

tympanal membranes and responds to auditory stimuli (Nishino & Field, 2003). The subgenual 

organ (SGO) is connected between the dorsal cuticular wall and the tracheal system and shows 

high sensitivity to substrate vibration. The number of receptor cells of the subgenual organ is 

similar for each leg (Field & Matheson, 1998). Two complementary sub-organs, called the 

intermediate organ (IO) and the accessory organ (AO), are located close to the CA and the SGO, 

respectively.  Both organs are fully developed in the mid- and hind legs as well as the forelegs, 

however the number of receptor cells associated with the IO does not reduce in the mid and hind 

legs as seen in the CA. The role of the IO and AO is not currently known.
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Acoustic communication in Ensifera

Acoustic communication is diverse in the Ensifera clade.  Ensifera produce sound mainly by 

stridulation, i.e. sound emission by friction of differentiated regions of the body.  There are two main 

types of stridulatory mechanisms in Ensifera. Crickets and katydid produce sound by rubbing their 

raised forewings together; sound is produced by rubbing a scraper located on the upper side of 

one wing against a file on the lower side of the other wing (Gerhardt and Huber, 2002).  Other 

Ensifera, including weta, have a femoro-abdominal stridulatory apparatus (Desutter-Grandcolas, 

2003; Field, 1982).  Femoro-abdominal stridulatory mechanisms produce sound as the row of pegs 

on the femur moves against rows of pegs on the abdomen (Field & Rind, 1992).

The tone of the stridulation sound, its length and complexity vary between the ensiferan taxa. 

Ensiferan calls often contain both audible and ultrasonic tones. Unlike moths, their ability to detect 

the sounds of predators is a secondary adaptation due to their ability to hear over a wide frequency 

range (Pollack 1986). However, not all ensiferans can hear ultrasound or have ultrasound 

frequencies in their social call. The cricket Teleogryllus oceanis produces a song with dominant 

frequencies near 4,500 Hz. However, behavioural and neurological studies have shown that they 

have enhanced sensitivity to sounds in two frequency ranges; the range of the conspecific song 

and ultrasonic frequencies used by a local aerially hunting bat (Imaizumi & Pollack, 1999).  

Gryhoderris spp. have a carrier frequency of 12 - 15 kHz in their call, however the frequency of 

maximum auditory sensitivity is near 2 kHz in both sexes which does not match the calling-song 

carrier frequency (Mason et al., 1999).

Two related scenarios concerning the call length and complexity have been examined.  First, when 

the signal length is under selection through female choice, there is an assumption that males will 

produce long complex calls or loud calls that provide an honest signal to females of a fitter male. 

Second, if call length is costly then counter selection should reduce the call in length and because 

of conflicting interests of each sex, strategies of calling by males and searching by females, should 

evolve to optimise the mating advantage of both sexes (Bailey, 2006). 
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Female attraction to the calling signal of male conspecifics has been demonstrated for many 

species of ensiferan (Stout and Huber 1981; Pollack 1986; Schildberger et al. 1989; Faure and 

Hoy 2000). On this basis, it is presumed that the predominate role of a male call is to attract 

females.  Recent studies show that such attraction can involve fine discrimination by females. 

Females will respond to song features that reflect differences in a male’s quality as a potential 

mate. 

In most cases, the peak frequency of the call is correlated with the size of the individual and the 

stridulatory mechanisms that produce the call (Gillooly & Ophir, 2010).  A larger male will produce a 

lower frequency call, because of the larger stridulation structures needed for efficient sound 

radiation in low frequencies (Bennet-Clark, 1998; Michelsen & Nocke, 1974). Larger males also 

can make louder calls that can be transmitted through the environment further (Bennet-Clark,

1998). The frequency of the call allows males to assess the size and fighting ability of other males 

before engaging in combat that may lead to potential injury or even death (Hack, 1997; Neat et al.,

1998).  

Behavioural responses of Ensifera to acoustic stimuli

Behavioural responses to acoustic stimuli by insects can be divided into three categories: (a) 

categorical perception, (b) selective attention, and (c) acoustic startle (Hoy, 1989). 

Categorical perception is defined as the behavioural response to the physical properties (e.g. 

frequency) of the sound (Hoy, 1989). For example, crickets will perceive as sound as either 

attractive or repulsive based on the carrier frequency and then perform the appropriate behavioural 

response to that sound, e.g. positive phonotaxis (mate-attraction) (Miller, 1974) or negative 

phonotaxis (predator avoidance) (Wyttenbach et al., 1996). 
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Selective attention is defined as a process by which an organism deals more effectively with one 

type of stimulus at the expense of other stimuli (Hoy, 1989). Many acoustically communicating 

insects use calling songs in pair formation. In some cricket species, males may produce a species-

specific calling song to attract females, a secondary rivalry song to repel other males, or a 

courtship song as part of the mating behaviour (Hedwig, 2006). Upon detection of a stimulus, a 

decision whether the sound is the call of a conspecific or a potential threat is required. The animal 

then needs to initiate an appropriate behavioral response. The timing of performing the appropriate 

response can also be crucial for its success. An evasive response performed too early before the 

predator poses a serious threat (i.e. the predator is far away) will waste energy by unnecessarily 

interrupting behaviours, such as foraging or locating a mate or could allow the predator to adjust 

it’s own behaviour and capture the prey,  while a response occurring too late may not leave enough 

time to complete the maneuvre and successfully escape (Triblehorn & Yager, 2001). 

Acoustic startle response can is when an avoidance response is perform as an intense response 

and can be defined as a rapid behavioural response due to a succession of muscle contractions 

with short-latency of response that is elicited by a sudden onset of a sound, especially a sound that 

is loud, unexpected, and potentially threatening (Hoy, 1989). A sound generated by a potential 

predator can initiate a startle response in the form of an escape or avoidance behaviour, e.g. 

freezing that is performed fast enough to prevent a successful attack by a predator (Hoy, 1989). 

The bushcricket Neoconocephalus ensiger normally flies with all four wings open and it’s front legs 

held straight. However, about 50 ms after detecting a high frequency sound of a predator, the front 

legs separate and are moved back along the thorax and the wings are folded back so the animal 

loses altitude, sometimes falling to the ground, preventing further detection. 
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Anostostomatidae 

Anostostomatidae is a superfamily of Orthoptera (suborder Ensifera), and includes weta, king 

crickets, Jerusalem crickets and raspy crickets (Field, 2001a). They are a long-lived, nocturnal and 

flightless insects that have a classic Gondwana distribution. Representatives of this group are 

found in South America, Australia, South Africa and New Zealand (Morgan-Richards et al., 2001; 

Trewick & Morgan-Richards, 2005). In New Zealand endemic Anostostomatidae are commonly 

known as weta (Field, 2001a; Morgan-Richards, et al., 2001; Trewick & Morgan-Richards, 2005).

New Zealand weta

The New Zealand fossil record for weta dates back 270 million years, before the country’s 

separation from Gondwanaland during the Cretaceous period (Trewick & Morgan-Richards, 2005). 

This long isolation of weta in New Zealand has allowed for extensive in situ evolution and has 

resulted in a high level of endemism (Daugherty et al., 1993). The absence of mammals in New 

Zealand has allowed weta to fill the niches of small rodents, weta are often referred to as an 

“invertebrate mouse” due to their large size, nocturnal, omnivorous foraging behaviour and use of 

diurnal shelters and a polygamous mating system (Daugherty, et al., 1993; Field, 2001a).

The New Zealand weta comprise of four groups: tree (Hemideina) (White, 1846) (Fig 1.1A), giant 

(Deinacrida) (Fig. 1.1B), tusked (Anisoura, Motuweta) (Fig. 1.1C) and ground (Hemiandrus) (Fig.

1.1D) (Field & Roberts, 2003; Morgan-Richards, et al., 2001). There are seven species of tree weta 

(Hemideina) and because they are large (45 mm in length) and often frequent urban areas, they 

are the most commonly seen weta group. Tree weta will scavenge invertebrate food but they are 

(unusually among anostostomatids) primarily herbivores that feed on the leaves, flowers and fruits 

(Morgan-Richards, et al., 2001; Trewick & Morgan-Richards, 2004). Both males and females 

possess spines on their hind legs that are used in defensive displays. Adult males of most tree 

weta species have an enlarged head and enlarged mandibles (Kelly, 2004), which they use as 
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weapons in fights for possession of shelters in tree cavities. Within these cavities, known as 

galleries, a male may have a harem of one to several females (Kelly, 2004). Tree weta protrude 

their lower abdomen and hind-legs out of the entrances of their galleries, they use the large spines 

on their hind legs to fend off any intruders. Most tree weta species are abundant and are 

distributed throughout New Zealand (Trewick & Morgan-Richards, 2004). 

Figure 1.1: The New Zealand weta comprise of four groups: tree (Hemideina) (A), giant 
(Deinacrida) (B), tusked (Anisoura, Motuweta), image used with permission, http://
www.whakaangi.co.nz (C) and ground (Hemiandrus) (D).
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The giant weta (Deinacrida) can be very large (70 g) (Trewick & Morgan-Richards, 2004). Giant 

weta are almost exclusively herbivorous (Gibbs, 2001) and are nocturnal and solitary. They 

copulate both during the night and day in vegetation (Gibbs, 2001). However, it is still unclear how 

mate attraction occurs. They have a relatively nomadic lifestyle as adults and will refuge in the 

daytime above ground level under bark, inside tree cavities and at ground level in hollows under 

vegetation. The size of giant weta species makes it difficult for them to occupy cavities that are 

secure from predators (Gibbs, 2001) and has resulted in many species been predated to near 

extinction. All but one of the 11 species are subject to conservation efforts due to pressure from 

introduced mammalian predators (Gibbs, 1998; Trewick & Morgan-Richards, 2005).

There are only three known tusked weta species: Motuweta riparia, Motuweta isolata and Anisoura 

nicobarica (Gibbs, 2002; Trewick & Morgan-Richards, 2004). They are distinguishable from other 

weta by the presence of prominent curved tusks protruding from the mandibles of males (Gibbs, 

2002; Trewick & Morgan-Richards, 2004). All three species are nocturnal and essentially 

carnivores (Gibbs, 2002), and jump in the air when disturbed.  Motuweta riparia and M. isolata are 

ground-dwelling species (although they are capable of climbing trees) whereas A. nicobarica 

shelters in ground burrows during the day but it is active in trees during the night (Trewick & 

Morgan-Richards, 2004). Anisoura is the smallest tusked-weta (20-23 mm length) and shares it’s 

habitat with the tree weta Hemideina thoracica. While both occupy tree galleries, A. nicobarica 

faces front out with mandibles agape and will also seal the entrance to the gallery with a mixture of 

wood shavings and saliva. Both of these characteristics are shared by all three tusked weta 

species (Gibbs, 2001). M. riparia is found near streams, where it is thought to have survived in 

fairly high numbers due to its ability to jump into a stream when disturbed and stay submerged until 

the danger passes (Gibbs, 2002). M. isolata is the largest tusked weta, they refuge in chambers 

excavated in the soil, which are roofed-over and the entrance blocked when the weta are inside. 

Only a small population survives on Middle Island in the Mercury Group off the Coromandel coast 

(Gibbs, 2001). No studies have investigated the mating system of tusked weta and little is known 

about them.
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There are 23 species of ground weta (Hemiandrus), with conservation status and levels of decline 

varying from species to species (Johns, 2001). Hemiandrus are predators taking insect larvae and 

small adult insects (Cary, 1983). They are nocturnal and solitary, ground-dwelling, sheltering by 

day in burrows left by other insects (Cary, 1983; Trewick & Morgan-Richards, 2004, 2005).  

Sexually active males and females drum their abdomens on the substrate, apparently as local 

signals for mate attraction (pheromones may be involved in long distance communication) 

(Gwynne, 2004). After mating, there is both maternal and paternal investment in the young. 

Females provide care to eggs and young larvae, and males provide a spennatophylax to the 

female (a mating meal) (Gwynne, 2004). Like tusked weta, Hemiandrus faces out from the 

entrance of their burrow using their mandibles for defence (Field & Glasgow, 2001).

Sound production, communication and hearing in weta

Very little is known about the hearing abilities and modes of communication of most weta species. 

Studies and observations indicate they communicate using both far-field hearing and vibration. 

Weta produce sound by stridulation, accomplished by rubbing the abdomen and legs together 

(Field, 2001a). Stridulating also causes vibration along tree branches (McVean, 1986).

Sound produced by both tree and giant weta species, have frequencies that are both audible to 

humans (< 20,000 Hz) and frequencies in the ultrasound (> 20,000 Hz) ranges. Tree weta sounds 

have peak energy between 2,000 – 5,000 Hz. There is also a small component of ultrasound (Field 

& Rind, 1992). Communication by substratum vibration has been studied in the tree weta 

Hemideina femorata. The subgenual organs in all six legs of tree weta species are extremely 

sensitive to substrate vibration (McVean & Field, 1996). Recordings from nerves serving the 

subgenual organ showed that weta could detect oscillations at 1,000 Hz at 0.015 m per second 

(McVean & Field, 1996). Frequencies of sounds from giant weta species extend over a wider range 

and have peaks in energy extending well into the ultrasonic range. Spectra for Deinacrida 
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connectens and Deinacrida heteracantha have double energy peaks in their calls between 7 – 35 

kHz and 20 – 50 kHz, respectively (Field, 2001a). 

There have been no studies to date that examine sound production in either tusked or ground weta 

and only anecdotal reports are available. Tusked weta have been observed producing a loud 

“barking” sound when the tusks are opened, possibly as a defence to startle predators (Field, 

2001b). Anecdotal observations also suggest male ground weta may emit vibratory signals in the 

substrate to deter other males intruding into their territory (Field, 2001b). 

There is also limited knowledge about the hearing ability of weta. The hearing sensitivity of only 

one species, the Wellington tree weta Hemideina crassidens, is known. H. crassidens are able to 

hear frequencies up to 5000 Hz, with a peak in sensitivity at 2500 Hz. This matches the peak 

frequency of stridulatory sounds made by H. crassidens (Field, Hill, & Ball, 1980). H. crassidens 

has been found to be effectively deaf to frequencies above 8000 Hz (Field, et al., 1980). However, 

the hearing thresholds above 20,000 Hz were not investigated.

Both giant weta and tusked weta species have large visible tympanal membranes. However, 

further research is required to determine their hearing sensitivities. Ground weta has no visible 

tympanal membranes (although there are indentations on the foreleg tibia where the tympanum 

would be expected to be) and, as a result, have been presumed to be deaf to far-field sound. 

Anecdotal evidence suggests they use vibration cues for communication and predator detection 

(Field, 2001a).

Anatomy of the weta auditory system

The anatomy of the auditory system of only two weta species is known, H. crassidens (Field, et al., 

1980) and Hemideina femorata (Nishino & Field, 2003). These weta, like all Ensifera, have  

complex tibial organs located in the tibia of all six legs for processing auditory and vibrational 
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signals. However, it is only the prothoracic legs that possess a tympanal membrane. The tympana 

in weta are the largest and thickest recorded in any insect (Field, 2001a). 

Like all hearing Ensifera, weta complex tibial organs contain four sub-organs (Field & Matheson, 

1998). The crista acustica (CA) comprises an internal linear array of receptor cells with the number 

of cells varying from leg to leg (53, 32 and 32 for the forelegs, mid-legs and hind-legs, 

respectively). This is the highest known number of receptor cells associated with the CA in the 

insect world (Nishino & Field, 2003). The subgenual organ (SGO) shows high sensitivity to 

substrate vibration. The total number of receptor cells are similar in each leg: 70, 67, and 71 in the 

forelegs, mid-legs and hind-legs, respectively (Nishino & Field, 2003). The two complementary 

sub-organs, called the intermediate organ (IO) and the accessory organ (AO), are located closely 

to the CA and the SGO, respectively, and together make up the complex tibial organ (Fig.1 2). The 

main leg nerve (5B), leads to two sensory nerves once it enters the tibia. The tympanal nerve 

(N5B1) arises dorsally to innervate part of the SGO, the entire IO and crista acustica. The 

subgenual nerve (N5B2) innervates the AO and the remaining parts of the SGO (Fig. 1.2).

Figure 1.2: Camera lucida 
drawings of the proximal fore-tibia 
stained with NiCl2 viewed 
anteriorly (A) and dorsally (B), 
showing innervationand 
arrangement of the subgenual 
organ (SGO), accessory organ
(AO), intermediate organ (IO), and 
crista acustica (CA) in the tree 
weta, Hemideina femorata. 
Diagram taken from Nishino & 
Field, 2003.
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The major difference of the tympanal membrane of H. crassidens from other Orthoptera tympanal 

membranes is that the cuticular tympanum of H. crassidens is not stretched taut within the 

tympanal rim. Instead it is rippled with slight folds, which radiate from the ellipsoid depression, 

giving it a rather loosely-suspended appearance. The tympanal margins are clearly demarcated by 

a border of thinner cuticle (Ball and Field 1981). There is no known example of another 

Orthopteran tympanum that has such a loosely-suspended appearance of Hemideina (Ball and 

Field 1981).

Large tympana, such as are present in H. crassidens are characteristic of the Anstostomatidae 

family.  The tympana of other ensiferan families are much smaller than those of Anostostomatidae.  

For example, the cricket Macrogryllus ephippium has the same body size (length 41 mm, adult 

male) but tympanal dimensions are only about half those measured in H. crassidens at 1.4 mm in 

length.  The largest tympanal membrane recorded is from Deinacrida heteracantha (4 mm 2.1 mm, 

L x H). The tympanal membrane was measured from a juvenile female about 100 mm long (body 

weight over 70 g) (Ball and Field 1981). 

The surface structure of tympanal membranes varies widely amongst the Orthoptera. The division 

into two zones, an inner ellipsoidal depression and an outer crescentic zone has previously been 

described in the Tettigoniidae by Schumacher (1975). However, in comparison the polygonal 

surface structure of the tympanal in H. crassidens is correlated with an unusually thick tympanal 

cuticle (Ball and Field 1981). This structure is also seen in the inner ellipsoidal areas of the 

Tettigoniid tympanal membranes but it does not extend to the much thinner surrounding crescentic 

zone. 

Tympanal membranes are usually tightly stretched to the surrounding cuticle rim; the taut surface 

act as acoustic drums. Given, that the thick tympanum of H. crassidens are not taut, but folded and 

rippled in appearance, it would seem to have such a high mechanical compliance that it would be 

an inefficient acoustic coupler to the internal auditory receptors. However, this does not seem to be 
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the case, Field (1980) showed the auditory system of H. crassidens is very sensitive to frequencies 

between 2.5 - 5 kHz (Field, et al., 1980). 

Aim of research

The Auckland tree weta Hemideina thoracica is a sister species of H. crassidens, like H. 

crassidens they are a long-lived nocturnal insect.  As in most tree weta species, they are also 

sexually dimorphic. The males have elongated mandibles for male-male combat, to fight for the 

procession of galleries that contain harems of females. H. thoracica  produce a conspecific 

acoustic signal for defence displays, however they also produce a long-distance stridulation, 

known as a calling stridulation, the function of which is unknown. They have typical ensiferan ears 

located on the tibia of each foreleg. Like H. crassidens, H. thoracica also has a very thick and large 

tympanal membranes (Fig.1.3). This combined with the easy availability of H. thoracica in the 

Auckland area, made them an ideal species for this study.

Figure 1.3: A tympanum of an Auckland tree weta Hemideina thoracica. The tympanum is not 
stretched taut across the rim of the surrounding cuticle but loosely-suspended in appearance.
The aim of this research is to examine the structure and function of the Auckland tree weta 
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H. thoracica auditory system and determine how the ear functions and the role hearing plays in 

intraspecific communication. In chapter two, the neural basis for sound categorisation is examined 

in an attempt to identify the behavioural function of the calling stridulation in H. thoracica. In 

chapter three, the mechanics of the weta tympanal system are documented with sufficient 

accuracy to determine its function. In chapter 4, a combination of advanced histological techniques 

and 3D modeling revealed a new structure within the weta auditory system that has not previously 

been described. Using information from chapter three and four, chapter five describes a 3D model 

of the hearing system allowing a theoretical model of sound transmission through the auditory 

system by way of the tympanal membranes to be produced.  
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CHAPTER TWO - Neurological responses 
to behaviourally relevant acoustic stimuli 

by the Auckland tree weta (Hemideina 
thoracica)



Introduction

The auditory pathways in the central nervous systems of ensiferan insects have been well 

documented. Frequency analysis and discrimination are performed over a number of steps. The 

first step occurs in the auditory receptors of the ear, with different receptors encoding for different 

frequencies (Hill 1980, Oldfield 1982, Imaizumi and Pollack 1999). This information is then relayed 

to a region of the prothoracic ganglia known as the auditory neuropile (Schildberger, et al. 1989). 

Six types of auditory interneurons have been identified within the auditory neuropile, four of which 

are ascending interneurons and the other two terminate within the ganglia. Ascending interneurons 

are thought to encode the spectral and temporal patterns of auditory stimuli, and then forward this 

information to the brain (Farris, et al., 2004; Stout & Huber, 1981). Once the auditory information 

reaches the brain, serial processing by brain interneurons occurs. These interneurons act as 

frequency filters that are thought to control local neurons that are specifically tuned to a particular 

frequency and sound pattern (Nabatiya et al., 2003; Schildberger & Hörner, 1988). It is these 

neural processes that drive phonotaxic behaviours.

The central nervous systems of ensiferans are able to drive appropriate phonotaxis behaviour by 

discriminating between different types of behaviourally relevant sounds (Pollack, 1986; Stout & 

Huber, 1981), whether it is positive phonotaxis by females toward the call of a potential mate 

(Faure & Hoy, 2000a; Hedwig, 2006; Navia et al, 2005; Navia et al., 2003; Pollack, 1986; 

Schildberger & Hörner, 1988; Stout & Huber, 1981), or negative phonotaxis in response to predator 

generated sound (Faure & Hoy, 2000a, 2000c; Hofstede & Fullard, 2008; Libersat & Hoy, 1991).

There has been only one study that examined the hearing ability of weta. Field (1980) showed that 

the Wellington tree weta Hemideina crassidens do not have directional hearing and are sensitive to 

sounds in a narrow frequency band that match the peak frequencies of the conspecific call. 

However, Field did not test if weta can hear in the ultrasound range (> 20 kHz). Weta are preyed 
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upon by one endemic species of bat, the lesser short-tailed bat (Mystacina tuberculata) (Arkins, 

1996: Arkins et al., 1999).  This bat is specialised to forage on the ground and along tree branches. 

When hunting on substrate, it continues to emit ultrasound as well as incidental sound of 

movement through leaf litter (Jones et al., 2003: Parsons et al., 2010).

Weta sound production in both sexes is accomplished by stridulation (Field, 2001). However, the 

stridulation repertoire is known only for Hemideina crassidens (Field & Rind, 1992), a sister-

species to H. thoracica (Morgan-Richards, 2001).  Five broad-band (non-resonant) stridulation 

calls have been described, four of which were performed in captivity and have been identified as 

either defence or aggression calls (Field, 1993; Field, 2001; Field & Rind, 1992; Sandlant, 1981).  

The fifth is a long distance calling stridulation presumed to be made by males within the gallery 

entrance. As weta will not produce this call in captivity, the function of the call is currently unknown 

(Field, 2001). The calling stridulation pattern consists of repeated syllables, the number of which 

varies considerably amongst males within a population (Field, 2001).  The sound patterns and 

behaviours of H. thoracica are remarkably similar to H. crassidens (Field 2001, Lomas pers. obs.) 

and they are assumed to have the same stridulation repertoire. As in H. crassidens, the function of 

the long-distance calling stridulation in H. thoracica is unknown.

Weta are nocturnal insects with an elusive nature and conducting behavioural studies in their 

natural environment is extremely difficult. Attempted playback and phonotaxis experiments in the 

field have elicited no responses to acoustic stimuli presented (K. Lomas, unpub. data).  Weta call 

will stop calling if approached, likely due to highly sensitive vibration detectors (McVean & Field, 

1996).  This, and their elusive behaviour make identifying the individual caller highly unlikely in 

their natural environment (K.Lomas pers. obs.).

The aim of this research is to obtain a hearing threshold curve for Hemideina thoracica, that 

includes frequencies in the ultrasonic range to determine their hearing sensitivity and the role of 

hearing in acoustic communication for this species. The aim is also to examine the possibility that 

data taken from electrophysiology experiments can be used to determine the functional behaviours 
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to acoustic stimuli, when studying an insect such as Hemideina thoracica that does not 

demonstrate natural behaviours in captivity. This has been achieved by the identification of 

ascending auditory interneurons from the prothoracic ganglia and their response to the calling 

stridulation presented at different peak frequencies. The simple broadband pattern of the weta call 

offers an opportunity to understand the neural responses to the call and then correlate those neural 

response patterns to infer possible related behaviours that cannot otherwise be observed.

Method and Materials

Animals

Adult male and female tree weta (Hemideina thoracica) were collected from artificial galleries 

placed around Auckland New Zealand, from August 2007 to January 2011. The weta were kept in 

an enclosure and fed a diet of New Zealand native plant material and cat biscuits (to provide 

additional protein).

Acoustic Playback Stimuli

Neural responses to two types of acoustic stimuli were tested. First, threshold response curves 

from the neck connectives and tympanal nerve were generated. Stimuli presented were 40 ms 

tones, decreasing in intensity, with 0.4 ms rise and fall times, produced with a TDT RA6 processor 

(Tucker-Davis technologies, Alachua, USA) in 1 kHz increments between 1 – 60 kHz. Stimuli were 

presented ipsilateral to the recorded nerve in random order. Amplitude was measured by recording 

tones at the position of the preparation using a 1/4 inch condenser microphone (Bruel & Kjaer, 

4939, Naerum, Denmark) and calibrated with a Bruel & Kjaer acoustical calibrator (type 4231; 90 

dB SPL at 1000 Hz).
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Second, chirps from a calling stridulation were presented with varying peak frequencies. To prevent 

habituation of the nerve, the chirps were presented in random order. The inter-chirp interval was 

also randomised but was always within a 3 second range. The chirps were taken form calling 

stridulations recorded across different locations within the H. thoracica natural geographical range. 

The locations included fragments of native bush across Auckland, and predator free Little Barrier 

Island. To eliminate any possibility of recording an individual twice, recordings were made at 5 m 

intervals along walking tracks. Using Raven 1.3 sound analysis software (Cornell Laboratory of 

Ornithology, Cornell, N.Y USA), variables from the calls were extracted, including the number of 

chirps per call, duration of the chirps (ms) and the peak frequency of each chirp (Hz). Results 

showed that H. thoracica calls varied in peak frequency from 2 to 10 kHz (Fig. 2.1). Based on this 

information, conspecific calls were presented at 2.5, 3, 3.5 and 5.5 kHz, that were of the same 

length and had the same interchirp interval. The call at 5.5 kHz represented an unaltered call, while 

those at 2.5, 3 and 3.5 kHz are the same call but with the peak frequency lowered using Raven.

Figure 2.1. To show the frequency variability of the individual calls from Hemideina thoracica. (A) 
The peak frequency of chirps with in the calling stridulation of six individuals is shown. The sex of 
individuals is unknown. (B) Spectrogram of two chirps.
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Two control stimuli were also presented. The first control was a call from a common cricket with a 

peak frequency of 4.5 kHz (recorded in an urban Auckland garden), while the second was a call 

from a weta at 6.5 kHz. This chirp is presumed to be from a giant weta, Deinacrida heteracantha. 

This is outside the peak hearing sensitivities of H. thoracica (see results), but still within their 

hearing range.

Auditory Threshold Curves

Male and female H. thoracica were mounted dorsal side up on a platform of sticky wax. The legs 

were secured with metal clamps and the tympanal nerve and neck connective exposed by removal 

of overlaying cuticle. A well made from dental wax was constructed around the region of the 

exposed nerve. The connection to the hemolymph was broken by lifting the nerve out of the well 

with a hook electrode. The exposed nerve was covered with a 1:1 Vaseline: paraffin oil mix to 

prevent nerve desiccation. Sound evoked responses were recorded from the tympanal nerve of the 

foreleg with a silver hooked electrode (0.25 mm thickness). Summed action potentials were 

amplified and recorded with a TDT RA16 amplifier (high pass 300 Hz, low pass 10,000 Hz). To 

define threshold levels, the number of action potentials were counted at 1 ms time intervals; 

responses were classified using Post-Stimulus Time Histograms (PSTH) generated in TDT 

OpenEx software. Thresholds were defined as the average number of action potentials in pre-

stimulus recordings plus one standard deviation. Spontaneous rate was determined from pre-

stimulus recordings. Thresholds were confirmed using the headphone method described by 

Autrum (1941), which uses headphones and oscilloscope to monitor the responses.

Interneuron responses to conspecific calls

Male and female H. thoracica were mounted ventral side up on a platform of dental wax with a 

magnetic base. The prothoracic legs were secured in a natural position by waxing the end of each 
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tibia to a pin on a holder; the mesothoracic and metathoracic legs were waxed alongside the body 

of the animal. A well was constructed around the neck area and filled with insect ringer. The central 

nervous system was exposed for extracellular recording by removing the cuticle overlaying the 

neck connectives.

Recordings were made using silver wire electrodes (0.005 inches thick) hooked under the neck 

connective. The connective was lifted out of the well on the hook electrode. A silver wire inserted 

into the body cavity acted as a reference. Action potentials were amplified with an A-M systems 

1700 Differential Amplifier (high pass 100 Hz, low pass 10,000 Hz) (A-M Systems, Sequim, USA).  

Additional electrical noise (50/60 Hz) was eliminated with a Humbug (QuestScientific Instruments 

Inc. Vancouver, Canada). Responses were recorded with Spike 2 v.7 (CED Products, Cambridge, 

England). The interneuron spikes were recorded and analysed using the CED data acquisition unit 

of a Micro 1401 mk11 processor and Spike 2 Software. 

Response variables extracted from the recordings included the mean number of spikes per chirp, 

instantaneous firing frequency for all spikes (Hz) and latency to first identified auditory spike (ms), 

instantaneous firing frequency of auditory spikes (Hz) and the sum of identified auditory spikes per 

chirp (see Faure and Hoy, 2000).

Characterisation of Auditory Interneurons

Spikes were classified by their shape and size within the Spike 2 sorting and clustering programs. 

Measurements used to classify the spikes were the position of peak amplitude, the position where 

the spike crosses the zero position and the half height position of each spike. The classified spikes 

were then defined to be auditory responses by their temporal coding to the auditory stimulus.

As the pure tones evoked a stronger response (larger spikes) than the conspecific call, the 

identification of the auditory interneuron was initially confirmed with its response to the tones (Fig. 
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2.2). Spikes correlated with the onset of the conspecific signal and those that showed continued 

temporal coding to the auditory stimulus were identified as auditory spikes (Fig. 2.3). A total of 8 

males and 12 females were recorded and recordings were only used if an auditory interneuron 

could be identified and showed consistent responses. Recordings were discarded if there was 

either too much background noise, or spontaneous bursting by the interneuron to definitively 

confirm that it was an auditory interneuron.  

Figure 2.2. An example of an extracellular response by the auditory interneuron to tones played at 
3 kHz, 75 dB SPL. This trace was taken from an adult female Hemideina thoracica. (A) the spike 
rate in 1 second bins. (B) Position of tones. (C) Extracellular responses to the tones.  Note, the 
response to the pure tones is well above the ground noise of the trace, arrows point to auditory 
spikes.
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Figure 2.3. Auditory interneurons, identified and recorded from the neck connective. (A) Spikes 
were sorted and identified by their shape and size. These are two examples of the identified 
auditory spikes. (B) The temporal coding of the identified auditory neurons (B1) to the acoustic 
stimuli (B2). B3 is the raw data of the extracellular recording.
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Results

Threshold Curves

The tympanal organ of H. thoracica has a sensitivity peak to acoustic frequencies at around 3 kHz 

(Fig. 2.4). At this peak frequency, the hearing threshold was 39.1 ± 1.1 dB SPL (n = 7 animals, 5 

females and 2 males). At frequencies below 3 kHz sensitivity was reduced by approximately 21 dB 

per octave. At frequencies above 3 kHz, the roll off was about 31 dB per octave. No response was 

recorded to frequencies over 8 kHz, except for one male who showed a response to 10 kHz above 

81 decibels/sound pressure level (dB SPL) .

Figure 2.4. Neural auditory tuning of the tympanal organ of Hemideina thoracica.  The frequency of  
peak sensitivity is 3 kHz, with a threshold of 39 dB SPL. No response was recorded for frequencies 
over 10 kHz (n = 7). Bars indicate ± s.e. 
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The threshold sensitivity for the neck connectives is similar to that of the tympanal nerve, indicating 

that there is no frequency filtering occurring at the interneuron level for pure tones (Fig. 2.5). The 

optimum hearing sensitivity is approximately 3 kHz and at this frequency the threshold was 45.8 ± 

4.1 dB SPL (n = 6 animals, 4 females and 2 males). At frequencies greater than 3 kHz, the roll off 

was approximately 26.6 dB per octave.  There is a small reduction in sensitivity compared with the 

threshold curve taken directly from the tympanal nerve, of approximately 5.5 dB SPL. This may 

have been the result of additional spontaneous background noise in the neck connective coming 

from other parts of the body. 

Figure 2.5. Neural auditory tuning of the neck connectives  of Hemideina thoracica.  The frequency 
of best sensitivity is at 3 kHz, with a threshold of 46 dB SPL (n = 6). No response was recorded for 
frequencies over 10 kHz. Bars indicate ± s.e.
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Interneuron Responses to Conspecific Signals

Interneuron responses to conspecific calls were measured and compared by gender and stimuli. 

Variables compared included spike count, instantaneous firing frequency per stimulus of identified 

auditory spikes and instantaneous firing frequency of all spikes per stimuli were also tested was 

the latency to first response of the auditory interneuron spikes. As the data was shown to be 

normally distributed, two-way ANOVAs were performed.

Spike count number (F= 5.01, d.f. = 1, P = 0.03, Fig. 2.6) and the instantaneous firing frequency 

(F= 7.80, d.f. = 1, P < 0.001, Fig. 2.7A) of the auditory interneuron spikes differed according to both 

sex and stimuli. However, there was no significant difference between instantaneous firing 

frequency of stimuli when all spikes over the time of the chirp were recorded (F = 0.33, d.f. = 5, P = 

0.89).

Figure 2.6. Mean spike count over the period of the presented stimuli. Males are represented in red 
(n = 5) and the females are represented in green (n = 4). Bars indicate ± s.e.. There was a 
significant effect of stimuli and sex on response (P = 0.03).
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The conspecific call presented with a peak frequency of 2.5 kHz evoked the strongest response 

(Figs. 2.6 and 2.7A). A separate ANOVA was performed for the effect of sex to the 2.5 kHz 

stimulus. Males (11.53 ± 1.76 spike count) showed a stronger response than females (4.66 ± 1.97 

spike count), and there was a significant difference between male and female spike counts to this 

stimuli (F = 6.75, d.f. = 1, P = 0.03). This trend was particularly clear in the instantaneous firing 

frequency rate (F = 10.31, d.f. = 1, P = 0.01). Note however, the small sample size, consisting of 

five males and four females. The instantaneous firing frequency rate for all spikes showed no 

significant difference over the time of the stimuli (F = 0.39, d.f. = 5, P = 0.85). There was however, 

a significant difference between sexes (F = 7.44, d.f. = 1, P < 0.001), with a stronger response 

shown by males (Fig. 2.7B).

Figure 2.7. The 
instantaneous firing 
frequency (Hz) of spikes 
over the period of the 
presented stimuli. (A) 
The firing frequency of 
the auditory interneuron 
spikes only. (B) The 
firing frequency of all 
spikes over the period of  
the stimuli.  Males are 
represented in red (n = 
5) and the females are 
represented in green (n 
= 4). Bars indicate ± s.e. 
There was a significant 
effect of stimuli and on 
response (P < 0.001).
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Interestingly, the only stimulus where females showed a stronger response was at 3.5 kHz in both 

spike count (females 3.25 ± 0.28, n = 4, males 2.58 ± 0.81, n = 4) and the instantaneous firing 

frequency (females 82.02 ± 32.11, n = 4, males 22.01 ± 3.84, n = 4). However, there was no 

statistically significant difference (spike count, P = 0.4, instantaneous firing frequency, P = 0.16). 

Figure 2.5 and 2.6A indicate that there is a sex effect within the controls, of males showing a 

stronger response. However, this need to be treated with caution as this data comes from only two 

males and one female, those animals did not respond to every presented stimuli, as seen in the 

conspecific stimuli.

The latency to the response time to the different conspecifc calls by the auditory interneuron was 

significantly different between the stimuli presented (F = 2.71, d.f = 5, P = 0.03).  However, there 

was no significant difference in latency between males and females (F = 1.03, d.f = 1, P = 

0.31, Fig. 2.8).

Figure 2.8. The Latency to response of first identified auditory interneuron (ms) to the conspecific 
calls, from the onset of stimuli presentation. Males are represented in red (n = 5) and the females 
are represented in green (n= 4). Bars indicate ± s.e.
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Discussion

The results of this study show that H. thoracica hear over a narrow range of frequencies relevant to 

intraspecific communication. There is no notable difference in the neurological response between 

males and females, suggesting that hearing is equally important to both sexes. Weta do not hear in 

the ultrasonic frequency range. Although weta are a flightless insect they are still preyed upon by 

the lesser short-tailed bat, Mystacina tuberculata (Arkins, 1996: Arkins et al., 1999). The lesser 

short-tailed bat is specialised to forage on the ground and along tree branches, where weta 

frequent. While hunting these bats emit a continuous ultrasonic call as well as the incidental sound 

of movement through leaf litter (Jones et al., 2003: Parsons et al., 2010). Yet, these results 

suggested that there has been no selective pressure for weta to evolve sensitivity to echolocation-

related ultrasonic frequencies produced by bats.

The nocturnal and elusive habits of weta mean that locating individuals in the field is difficult. 

Because of this the gender and size of an individual that is producing the conspecific call was not 

able to be determined.  All of these experiments were conducted using the following two main 

assumptions. First, that all conspecific calls are from males and second, that the peak frequency of 

the conspecific call is correlated with the size of the individual male calling.

Weta calls are non-resonant and broadband, with a peak frequency that varies between 

individuals, ranging between 2 – 10 kHz (Field, 1993). Experiments by McVean (1986) 

demonstrated, using a mechanical apparatus to simulate stridulation, that larger males produce 

lower frequency stridulations than smaller males. Although females have the same stridulatory 

structures as males (Field 1982), it is unlikely that females produce the long distance calling 

stridulation. Females only mature at the tenth instar (Kelly, 2006b) and if the calls were 

representative of females, we would expect to see no variation of the peak frequency.
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The results of this study identified only one interneuron shape. However, it can be assumed that 

this shape will represent more than one interneuron and the responses from more than one 

interneuron have been combined.  The responses to the conspecific calls by the auditory 

interneurons were analysed using both the sum of spikes over the time of the stimuli and the 

instantaneous firing frequency.  Both showed a similar trend, increasing with the decreasing peak 

frequency of the stimuli.  The highest spike count and instantaneous firing frequency was evoked 

by the lowest frequency presented at 2.5 kHz by males. This result suggests that the interneurons 

are acting at least partially as frequency filters as the temporal pattern of the call was not altered 

between the stimuli. 

Males showed the strongest responses to all stimuli, except for the conspecific call presented at 

3.5 kHz, at this frequency females showed a stronger response. However, the difference between 

males and females at 3.5 kHz was not significant. Males in particular responded strongly to the call 

at 2.5kHz, indicating that acoustic communication by male weta may have a more important role in 

intrasexual competition than for mate attraction and choice (Field 2001). This gives further 

evidence to McVean (1986) and Field’s (2001) suggestions that stridulatory structures in 

anostostomatid species originated as defence mechanisms.

Most insect species use acoustic signalling for mate attraction (Faure & Hoy, 2000b; Hedwig et al.,

1988). In crickets (Gryllidae), the majority of the 2600 identified species use calls for mate 

attraction, and only the males produce this call (Hedwig, et al., 1988). In most cases, the peak 

frequency of the call is correlated with the size of the individual and the stridulatory mechanisms 

that produce the call (Gillooly & Ophir, 2010). A larger male will produce a lower frequency call, 

because of the larger stridulation structures needed for efficient sound radiation in low frequencies 

(Bennet-Clark, 1998; Michelsen & Nocke, 1974). Larger males can also make a louder call that can 

be transmitted through the environment further (Bennet-Clark, 1998).

The frequency of the call allows the receiver to assess the size and fighting ability of their 

opponents before engaging in combat that may lead to potential injury or even death (Hack, 1997; 
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Neat et al.,1998). Males using calls to advertise their strength and size has also been particularly 

well documented in frogs (Arak, 1983; Bee et al., 1999; Davis & Halliday, 1978; Ramer, et al, 1983; 

Wagner, 1992). In weta the male call may represent an honest signal to rival males of their body 

size and head size, which is strongly correlated to mandible size and thus their fighting ability 

(Chapter 5, Kelly, 2004). Tree weta are sexually dimorphic. Males have elongated mandibles used 

in male to male combat for the possession of galleries that contain harems of females (Kelly, 2004, 

2006a, 2006b; Field and Sandlant, 1983). Rather than seeking females directly, males locate and 

defend galleries that provide females with a diurnal shelter that is essential for their survival and 

reproductive success (Field, 1993; Kelly, 2004). Resident males who can successfully repel 

conspecific rivals will mate with females that seek to use the shelter of the gallery. A resident male 

will sit in the gallery entrance with his spiny hind legs facing out. Rival males will attempt to pull the 

resident out of the gallery by gripping the hind legs (Field and Sandlant, 1983; Field, 2001; Kelly, 

2006a). The outcome of a successful fight is usually dependent on the difference in size, as a 

larger male has large mandibles, and increased pulling power to displace his opponent (Field 

2001).

Females may also use the conspecific call, but as an avoidance mechanism. Unlike males, 

females show no preference for a particular call based on frequency, but they did show a stronger 

response to the conspecific calls when compared to the controls. This indicates that sound does 

play a role in intrasexual conspecific communication in females. Females prefer to live alone when 

given a choice between an empty gallery, a gallery with conspecific male and/or a gallery with a 

conspecific female (Kelly, 2006b). Interactions with males can be costly for females as the males 

will harass them before copulating by dragging them out of galleries. This usually results in severe 

damage to the hind-leg tarsi reducing the females locomotive abilities (Field and Sandlant,1983; 

Kelly, 2006b). In this case the size of the caller would probably have no significance.

In weta the neurological responses suggest that males use the calling stridulation as an honest 

signal of size and that conspecific acoustic communication plays a more significant role in male 

behaviour than female behaviour. Although females did respond to calls they did not respond 
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selectivity to a particular call. Although neurological responses do not give a definitive answer, they 

can be more robust if supported by behavioural experiments. This is the first research to provide a 

comprehensible insight into the possible role and function of the long-distance advertisement calls 

in tree weta, and further support the findings of earlier work by Field (2001).
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CHAPTER THREE - Mechanical filtering 
for narrow-band hearing in weta



Introduction

The auditory systems of insects are typically adapted to be most sensitive to sounds that are 

significant for survival and/or reproductive success. Such sounds include conspecific signals and 

incidental noises generated by predators and/or prey. The range of frequencies detectable by 

insect species can be relatively broad (Hill and Oldfield, 1981; Hoy et al., 1982; Mhatre et al., 2009; 

Yager and Hoy, 1986) or quite narrow (present study, Mason 1991, Field et al., 1980). The ultimate 

reasons favouring broad or narrow frequency selectivity and the biophysical and neural 

mechanisms subtending such selectivity are still only partially understood. It is remarkable that 

insects with narrow band intraspecific communication signals (such as field crickets) do not 

necessarily display narrow band tuning in their auditory or mechanical sensitivity.

The endemic tree weta of New Zealand (Orthoptera, Ensifera, Anostostomatidae, genus 

Hemideina) have typical ensiferan prothoracic tibial ears. Superficially, the morphology and 

anatomy of their ears resembles the relatively well-known tympanal ear of the Tettigoniidae, and 

the lesser-known Haglidae ear (Mason, 1991). All three groups have two equally sized tympana 

located on each prothoracic tibia. Comparison between the better-known Tettigoniidae and tree 

weta show they also have similar underlying tracheal chambers and associated receptor organs. 

However, a marked difference exists in the size and thickness of the tympanal membranes, with 

weta having a larger, thicker membrane than Tettigoniidae (Ball and Field, 1981; Bangert et al., 

1998). A further difference is that the tympanum of tree weta appears to be non-taut, with 

conspicuous ripples radiating out from a sclerotized thickened area (Ball and Field, 1981), referred 

here to as the inner plate. The tettigoniid tympanum tends to be taut, as are those of most other 

insects. Given the size and thickness of the weta tympanal membranes it seems unlikely the 

pressure created by a sound wave will be able to easily move them, they might be expected to 

have low amplitude response to the transmission of sound waves (Beranek, 1954).
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Although it has been established that tree weta hear well [peak sensitivity 2-3 kHz, threshold at 39 

dB SPL ] (Chapter 2; Field et al., 1980), it is still unclear how sound is transduce given the 

suggested large compliance of the tympanal membrane. A model that may apply to this system has 

being described by Bangert et al., (1998) in the tettigoniids. Their hinge-door model describes 

equally sized membranes, both moving in anti-phase to each other. Sound pressure in the 

underlying tracheal chambers pushes out the inner plates of the tympana (acting as hinged flaps) 

causing stretching of the crista acustica (CA).

The anatomical observations of Ball and Field (1981) and the model proposed by Bangert et al., 

(1998) together suggest a functional arrangement - to be tested in the weta, that would rely on a 

similar hinge-like mechanical response. To document with sufficient accuracy the mechanics of the 

weta tympanal system, and evaluate its function in hearing, a high-resolution vibration analysis and 

a renewed morphological and physiological study was conducted. The weta tympanum displays a 

tuned mechanical response, which is also distinct from that of a homogenous membrane. 

Tympanal deflection shapes reveal non-symmetrical patterns introduced by the presence of the 

stiff inner plate. The auditory function of this unusually thick, non-taut and heterogeneous tympanal 

membrane is discussed in the context of the weta’s acoustic communication.

Materials and Methods

Animals 

Adult male and female H. thoracia were collected from around Auckland, New Zealand, in October 

2008. Animals were kept in a 1 m x 1 m x 1 m enclosure and provided with a diet of New Zealand 

native plant material.
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Tympanal Morphology 

To examine the morphological characteristics of the tympana, examinations were carried out at the 

University of Auckland, New Zealand. The two tympana are known as the anterior tympanic 

membrane (ATM) and the posterior tympanic membrane (PTM).  The surface structure of each 

tympanum was examined by scanning electron microscopy (SEM). Specimens were prepared by 

removing the forelegs and preserving them in 90% ethanol. They were then mounted on stubs, 

dried in a critical point dryer, and gold-coated before being scanned using an environmental 

scanning electron microscopy (FEI Quanta 200F, FEI Oregon, USA). SEM images were digitised 

using FEI’s standard hardware and software. 

Details of the tympanum structure and thickness were studied using transverse and longitudinal 

sections under a light 10x microscope. Four tibia were removed and immediately fixed in Bouins 

medium overnight, then transferred to cold 10% sucrose (in Millonigs buffer) for two hours (4°C), 

then transferred to cold 30% sucrose (in Millonigs buffer), and kept at 4°C until they sank to the 

bottom of the vials (Field, 1993). Specimens were embedded in O.C.T compound (Tissue-Tek 

Sekura Finetek, CA, USA) and sliced in 20 um sections in a freezing-microtome.  Measurements 

from the tympana were an average of the four membranes measured. For resin sections foreleg 

tibia were removed and fixed in 4% formaldehyde for 4 – 6 hours.  The tissue was then embedded 

in Histocryl resin with a polymerization time of 10 minutes.  The Histocryl blocks were sectioned at 

5 µm intervals on a standard microtome.  All sections were post-stained with Toluidine blue and 

imaged on a Leica DMR fluorescence microscope.

Mechanical measurements

Thirty-two H. thoracica were transported to the University of Bristol, UK where the biomechanical 

experiments were carried out. Once in the UK, animals were placed in plastic boxes and provided 

with a substitute diet of apple and carrot with some lettuce. The temperature was kept at an 
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optimal range for weta (10 - 20°C). The experiments did not begin until a week after the animals 

arrived, allowing them to acclimatise to their new environment.

Movement of the animals was restricted during laser scans by firmly attaching the meso-thoracic, 

meta-thoracic and the dorsal side of thorax to a horizontal brass plate (6 mm x 1 mm x 16 mm) 

using liquid latex (Magnacraft, Midhurst, UK). The brass plate was connected to a metal rod (150 

mm long, 8 mm diameter) by a thumbscrew allowing the preparation to be rotated and tilted into a 

position where the tympanum was perpendicular to the laser beam. BLU-TACK (Bostik-Findley, 

Stafford, UK) was wrapped around the rod to minimise residual resonant vibrations of the tethering 

system. The forelegs of the animal were secured to a wooden perch that placed them in a natural 

standing posture (Fig.3.1). Animals were not anaesthetised during measurements. However, in 

some cases it was necessary to further restrict movement of the animals. To achieve this, an 

injection of 2.5g/10 ml of glutamic acid/insect ringer mix into the abdomen was used to paralyse 

the muscles the animal. All animals survived this procedure and returned to their individual cages.

Figure 3.1. Experimental preparation. One speaker is placed in the contra-lateral position, 
approximately 20 cm from the scanned tympanum. The reference microphone was approximately 
1 mm from the scanned tympanum. Specimens were positioned so that the forelegs were in the 
most natural standing position.
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The sound-induced mechanical response of each tympanum (ATM and PTM) was measured 

across the entire membrane. Preliminary experiments carried out with a wideband stimulation of 1 - 

60 kHz (a sampling rate of 500 kHz was used in this case) showed the tympanal response to 

frequencies higher than 8 kHz was extremely small, and immeasurable for higher frequencies. 

Therefore, to reduce measurement time and therefore possible errors due to movement of the 

animal, acoustic stimuli were reduced to 1 - 25 kHz sweeps. Microphone and laser signals were 

simultaneously sampled at 102.4 k-samples/s in these experiments; the 25 kHz wideband chirps 

lasted 80 ms. The spectrum of the stimulus was corrected to be flat (± 1.5 dB) at 55 dB SPL (re 20 

uPa), well above the auditory nerve threshold of 34 dB SPL. The other stimulus was a 3.6 kHz 4-

cycle tone at 55 dB SPL. Acoustic signals were generated using a data acquisition board (National 

Instruments PCI-4451: Austin, TX, USA), amplified (Sony Amplifier Model TA-FE570: Tokyo, 

Japan) and presented through a loudspeaker (ESS AMT – 1; ESS Laboratory Inc., Sacramento, 

CA, USA) positioned ca. 200 mm from the tympanum in contralateral position. The speaker 

position was contralateral because acoustic conditions were better on that side, facilitating spectral 

correction and flattening.  Amplitude was measured using a 1/8 inch (3.2 mm) condenser 

microphone (Bruel & Kjaer, 4138, Naerum, Denmark) and preamplifier (Bruel & Kjaer 2633), 

positioned 1-2 mm from the tympanum. The microphone had a linear response in the measured 

frequency range. The microphone’s sensitivity was calibrated against a sound level calibrator 

(Bruel & Kjaer 4231, producing 94 dB SPL at 1 kHz).

Vibrational responses to sound were measured using a micro-scanning laser Doppler vibrometer 

(Polytec PSV-300-F: Waldbronn, Germany) with an OFV-056 scanning head fitted with a close-up 

attachment. This allowed the laser spot (approximately 5 µm diameter) to be positioned with an 

accuracy of approximately 1 µm. The laser spot was positioned and monitored by a live video feed 

to the vibrometer’s controlling computer located outside the acoustic isolation booth. The 

tympanum was oriented to allow the laser beam to scan the entire membrane. All experiments 

were carried out on a vibration isolation table (TMC 784-443-12R, Technical Manufacturing Corp., 

Peabody, MA, USA) at a room temperature of 18 - 21 °C and relative humidity of 40 - 62%. The 

entire preparation was located in an acoustic isolation booth (Industrial Acoustics IAC series 
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1204A, internal dimensions: length 4.50 m, width 2.25 m, height 1.98 m). All components for the 

experiment were positioned to allow measurements to be taken without having to readjust the 

position of any equipment. 

Analytical and response signals were processed, analysed, stored and displayed using the 

vibrometer’s software (PSV v.7.4). Sets of 25 data windows of 80 ms duration were acquired and 

averaged for each point across the membrane. For each signal a frequency spectrum was 

generated using a Fast Fourier Transform (FFT) with a rectangular window, with a resolution of 

12.5 Hz. From this the transfer function of the membrane velocity to sound pressure level (Pa) was 

calculated to produce the amplitude gain and phase response of the system at different 

frequencies.

 

To determine the direction of displacement of the two tympanal membranes regarding each other, 

the phases of their mechanical vibrations with respect to the acoustic stimuli were subtracted from 

each other (PhaseATM minus PhasePTM). This method is explained in detail by Mhatre et al., (2009).  

Differences between membrane responses from males and females were tested using 2-way 

ANOVA in JMP statistical software (SAS, Cary, USA). Q-factors that describe the resonance quality 

at 3 dB below the dominant peak (Q-3dB) (Bennet-Clark, 1999) were calculated in MATLAB (The 

MathWorks, Inc, Natick, USA).

The magnitude-squared coherence between the vibrometer and microphone signals was also 

computed for each data point to assess data quality for the entire data set (this method is briefly 

described in Windmill et al., (2005)). Coherence values range between zero and one, with a value 

of one indicating the absence of external, unrelated noise. Data were considered of sufficient 

quality when coherence exceeded 0.85. 
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Results 

Tympanum anatomy

Tympanal membranes of H. thoracica are identical in both size and structure. They are oval-

shaped, approximately 1.5 mm wide and 2.5 mm long, with a total surface area of about 3.75 mm2. 

Notably, the membranes are not stretched tight but loosely suspended, giving a rippled 

appearance (Fig.3.2A). 

Figure 3.2. External anatomy of the hearing organ of Hemideina thoracica. (A) Female perched on 
a leaf showing the large tympanal membrane located on the tibia. (B) Close-up of the anterior 
tympanal membrane (ATM) showing the inner plate (long arrow) and a loosley suspended, lightly 
coloured rippled zone (short arrows). (C) Close-up of both (ATM AND PTM) tympana in frontal 
view, showing the bulging of the tympanal membranes from the surrounding cuticle.  (D) SEM of 
the left posterior tympanal membrane (PTM). The depressed area on the right of the membrane 
(arrow) is the inner plate.
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The tympana are divided into two distinct zones: the first is a thickened region with a tanned inner 

plate area (Fig. 3.2B). A particularly striking feature of this region is its thickness, an average of 151 

um at the thickest point, with a maximum of 185 um in one individual.  Longitudinal sections show 

the thickened zone is asymmetrical lengthwise; the thickest point is near the dorsal hinge tapering 

distally down to approximately ca.77 um. In the dorsal centre of the thickened region is the inner 

plate with a thick outer layer of tanned cuticle (Fig. 3.2B).  The inner plate acts to stiffen the 

thickened region of the membrane. The second region is thin and a loosely suspended, 

surrounding the thickened region. Histologically, the thinned region is not a separate entity; it has 

the same laminate structure as the thickened region, (Fig. 3.3A). 

Figure 3.3. Transverse and longitudinal sections of tympanal hearing organ. (A) Transverse section 
of the right leg showing the inner plates as thicker, tanned cuticle. (B) Longitudinal section of the 
tympanal membrane inner plate is thicker at its centre. The red line indicates where the cross 
section shown in A was taken. The blue line indicates where the cross section shown in B was 
taken proximal: towards the femur; distal: towards the tarsus. The hinge is the area where the inner 
plate is attached to the surrounding cuticle and moves in a cantilever manner.  (C) Transverse 
section of the left leg showing the position of the crista acustica. Scale bar= 200 µm.
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The loosely suspended ripples of the thinned region enables the membrane to expand out from the 

surrounding cuticle (Figs. 3.2C, 3.3). The SEM scans (Fig. 3.2D) do not show these inflated 

properties, due to sample preparation. These scans do, however, show the full size of the 

thickened region that extends beyond the inner plate area (inner plate area: width 0.3 mm and 

height 0.5 mm, total area about 0.15 mm2; thickened region width 0.7 mm and height 1.5 mm, total 

area about 1.05 mm2 (Fig. 3.2D)).

Mechanical response of tympanum

The mechanical response of ATM and PTM was characterised for males and females to assess 

possible sexual dimorphism of the auditory apparatus. No significant difference in the resonant 

peaks of either the ATM or the PTM was found between males and females (F(3, 16) = 1.46 p = 0.27) 

(Fig. 3.4A-D). Responses to broadband frequency sweeps (1 – 25 kHz) showed a sharp peak for 

the ATM, in males at 3.4 ± 0.3 kHz (Q -3dB= 2.4 ± 0.5), and in females at 3.4 ± 0.2 kHz (Q -3dB= 2.3 

± 0.2). The PTM showed a maximum amplitude peak at 3.8 ± 0.6 kHz in males (Q -3dB = 2.5 ± 0.4), 

and at 3.3 ± 0.2 kHz in females (Q -3dB = 2.8 ± 0.6). The Q -3dB factors of the ATM and PTM were 

not significantly different between sexes (F(3,12) = 0.77 p > 0.05). The phase of the response relative 

to the driving acoustic input, changed by almost 180 degrees between 1 and 6 kHz. The phase 

change in both membranes took place near the resonance peak (Fig. 3.5A,B), and high coherence 

was recorded for the narrow bandwidth around this peak (3– 4 kHz) (Fig. 3.5C). Together, this 

evidence shows that the membranes of both males and females are mechanically sharply tuned to 

a narrow frequency range, that of the conspecific calling song (Fig. 3.4F, 3.5C). However, 

computation of the resonance difference function (fo females minus fo males) for the mean vectors 

of the ATM and the PTM between males and females respectively shows that the ATM was slightly 

more sensitive in females than in males (Fig. 3.4 E, blue trace). There was no mechanical 

response (µm/s/Pa) in the ultrasonic range. The ATM of one female vibrated at 51.6 µm/s/Pa at 20 

kHz, 46.94 µm/s/Pa at 30 kHz, 28.2 µm/s/Pa at 40 kHz, and 36.1 µm/s/Pa at 50 kHz).
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Figure 3.4. Male and female mechanical response. (A, B) Average mechanical response of the 
ATM (n =5). (C, D) Average mechanical response of the PTM (n =4). (E) Differences in the average 
mechanical responses of both tympanic membranes from males and females. (F). Coherence 
signal across frequency range for the measurements in A-D respectively. Blue and red outlines 
represent mean vectors, grey traces represent ± SD.

A three-dimensional reconstruction of the laser Doppler data was used to reveal the deflection 

patterns of the tympanal membranes. At the resonant frequency (3 - 4 kHz) the entire membrane 

oscillated in a simple single mode (Fig. 3.6A). Since the mechanical response consistently shows 

only one distinct peak in the frequency range investigated (up to 60 kHz), it appears that only the 

fundamental resonance mode is relevant to hearing (Fig. 3.6B, C). The thinner regions of the ATM 

and PTM consistently exhibit a larger response magnitude than the thickened region. This was 
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confirmed by analyses of transverse and longitudinal transects across the tympana that reveal the 

deflection envelopes in more detail (Fig. 3.7). Deflection envelopes through a complete stimulus 

cycle show that the area of maximum deflection coincides with the thinner region in the middle of 

the tympanum (Fig. 3.7D, H). Importantly, deflection of the thinner region becomes convex towards 

maximum deflection, whereas the inner plate does not undergo such bending. This plate-like 

deflection pattern reveals the stiffer nature of the tanned, thicker area. This asymmetry of the 

deflection patterns suggest that the thin region is leading, i.e. bulging out slightly ahead of the 

thickened area as it reaches maximal outward and inward deflection. The ATM undergoes greater 

displacement and displays a higher response gain than the PTM (although statistics do not 

suggest significant differences, see below). This correlates with the closer proximity of the ATM to 

the CA, which is located on the dorsal side of the anterior vesicle (Fig. 3.3). 

Figure 3.5. Mechanical response 
of the tympanal membranes. (A) 
Average response across the 
ATM (blue trace) and PTM (red 
trace) in one female specimen. 
The shadowed area corresponds 
to the spectral content of the 
calling song. Frequency of 
maximal response is 3.33 kHz ± 
0.09 kHz (±SD) for the ATM, and 
3.36 kHz ±0.09 kHz for the PTM. 
(B) Phase spectrum of the 
response of each eardrum. (C) 
Coherence function between the 
vibration velocity and microphone 
signal averaged across the entire 
membrane (red ATM, blue PTM). 
Note that coherence is high at 
the resonant frequency.
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The maximum deflection magnitude at the resonant frequency was not different between the ATM 

and PTM (males and females pooled, as there is no difference between sexes (Wilcoxon (two-

tailed), Z = -0.889; p = 0.374, n = 9), Fig. 3.6), although the average deflection is higher for the 

ATM (11.36 ± 1.79 nm/Pa (n = 9), than for the PTM (10.34 ± 2.07 nm/Pa (n = 9)). Note that the 

average deflection values given here are lower than those shown in the deflection envelopes taken 

from profile across the tympanum (Fig. 3.7). This is because the profile deflection is made with the 

real values of points touched by the bisecting line, while the statistics include the average values of  

all points on the entire membrane. Similarly, the maximum velocity of the tympana peaks at 

approximately 3.5 kHz and is similar for both the ATM and PTM (Wilcoxon (two-tailed), Z = -1.481; 

p = 0.139, n = 9). The average maximum across all animals for the ATM was 138.09 ± 49.18 µm/s/

Pa, and for the PTM was 126.57 ± 52.14 µm/s/Pa. Membrane velocity was greatly reduced for 

other frequencies. Also note that the deflections values are how much the membrane as displaced 

(um/Pa), whereas, velocity are much higher values (µm/s/Pa) as this is the speed of the 

displacement.

Figure 3.6. Deflection shapes and displacement of the tympanal membranes of one female 
Hemideina thoracica. (A) To establish orientation, left and middle panels show the tympanal area 
and the laser scanning lattice, respectively.  The right panel shows the perspective under which 
deflections are presented in B and C. (B) Tympanal deflection shape of the ATM. (C) Deflection of 
the PTM, Red , outward tympanal deflections (toward speaker); green, inward tympanal 
deflections.  Deflections (nm/Pa) are shown for the four phase angles through a single oscillation 
cycle at 3 kHz.
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Figure 3.7. Deflection envelopes of the ATM and PTM (right leg) of Hemideina thoracica measured 
along transect lines in response to broad-band acoustic stimulation. (A,B,E,F) Displacement maps 
of the ATM and PTM respectivitly. Red, maximum outward deflection (towards speaker); green, 
maximum inward deflection.  Deflections are shown at respective resonances for this specimen 
(3.12 kHz for the ATM and 3.95 kHz for the PTM).  Blue, orange and yellow lines show the transect 
lines associated with following panels. (C, D, G, H) Deflection envelopes of membrane 
displacement (across the defined  transects) are shown every 20 deg of phase along the stimulus 
cycle.  The shaded areas in D and H show the position of the inner plate.

Phase response of the tympanal membranes 

Both the ATM and PTM are of equal size and structure located at the same relative proximal 

position on the prothoracic tibia (Fig. 3.2C). Both tympana have very similar temporal responses to 

incident sound pressure; their phase responses are nearly identical (Fig. 3.6). The phase 

difference function (PhaseATM minus PhasePTM) was nearly 0° across the entire sound spectrum 

tested (Fig. 3.8A). At the resonant frequency, the phase difference was 2.96° (±1.15, n = 9). This 
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suggests that the membranes move anti-phase to each other. From Fig. 3.6 it is observed that both 

membranes vibrate with similar phase (positive deflection occurs in both membranes 

simultaneously), but since the membranes are in reversed position, both membranes move in 

opposite directions (see also Fig. 3.6B, C). Hence, the ATM and PTM displacements in response to 

a 4-cycle pure tone of 3.6 kHz was also in phase with the incident stimulus (Fig. 3.8B, C). The 

method for estimating phase and direction of vibration between two adjacent tympanic membranes 

is discussed and explained in more detail in Mhatre et al., (2009). 

Figure 3.8. Phase and time-resolved response of ATM and PTM to incident sound. (A) The phase 
response of membrane vibrations shown as transfer functions between the vibration velocity and 
the reference acoustic stimulus (periodic chirps 1–20 kHz; n=9). The green trace is the 
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mathematical difference between the two responses. (B) Time response of the ATM (red trace) and 
the PTM (blue trace) at the point of maximal velocity for each membrane.

Discussion 

Weta hear over a narrow range of frequencies (Field et al., 1980). In effect, the conversion of 

acoustic energy into mechanical energy at the auditory periphery reveals that excellent sensitivity 

exists in the narrow frequency range of the conspecific call. Interestingly, there is no notable 

difference in the mechanical response between males and females, suggesting that hearing is 

equally important to both sexes (Greig and Greenfield, 2004). The mechanical response in the 

ultrasonic range was low compared with lower frequencies (< 50 µm/s/Pa between 20-40 kHz). 

The membrane does oscillated in a uniform way but wobbles with no oscillation structure, 

indicating they are unable to hear the echolocation calls of predatory bats. Tree weta are preyed 

upon by one endemic species of bat, the lesser short-tailed bat (Mystacina tuberculata) (Arkins, 

1996). This bat is specialised to forage on the ground and along tree branches. When hunting on 

substrate, it continues to emit ultrasound as well as incidental sound of movement through leaf 

litter (Jones et al., 2003, Parsons et al., 2010). This incidental sound is audible to weta (Lomas, 

2007). From this evidence, it is suggested that there has been no selective pressure for weta to 

evolve sensitivity to echolocation-related ultrasonic frequencies.

The tympana of H. thoracica are remarkable in several respects. First they are the thickest so far 

described in insects. Large tympana are characteristic of Anostostomatidae. The largest recorded 

(4.0 mm x 2.1 mm) is from the giant weta Deinacrida hetercantha, measured from a juvenile 

female about 100 mm long (live body weight over 70 g) (Ball and Field, 1981). The tympana of 

other ensiferan families are much smaller.  For example, the cricket Macrogryllus ephippium has 

the same body size (length 41 mm, adult male) as H. crassidens and H. thoracica, yet its tympanal 

surface area is only a quarter that of the weta (ca. 4 mm2) (Ball and Field, 1981). The tympana of 

H. thoracica are much thicker than those of most other insects, ranging from 19 µm to 185 µm. The 

locust ear (L. migratoria), is also large with a total area of about 3 mm2. However the tympanum is 
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8 – 10 um at its thickest point (Michelsen, 1971) and only some 250 nm at its thinnest (Mhatre, 

Scott & Robert, unpublished data). 

As the tympanum of H. thoracica is thick and large, it may be expected to have significant mass, as 

well as low compliance and lower responsiveness to incident sound pressure (Beranek, 1954). Yet 

our results show the tympana are highly mechanically sensitive and within the range of other 

insects (Windmill et al., 2005, Mhatre et al., 2009). In Hemideina, this mechanical sensitivity 

enables a neural threshold of 39 dB (SPL) (Field et al., 1980, this study). The quality factor (Q-3db) 

(a measure of energy dissipation in an auditory system, by describing how much energy the 

oscillation has in it) of the PTM and ATM within this frequency range is around 2. Whilst this is 

similar to the tuning reported in other cricket species with much thinner tympana (Larsen et al., 

1989), it is very different from the lack of mechanical tuning reported in the tree cricket O. henryi, a 

species also sensitive to frequencies around 3 kHz (Mhatre et al., 2009).

The tympanum of H. thoracica behaves as a simple mechanical oscillator that responds maximally 

to acoustic forcing at 3.3 – 3.4 kHz. Maximum deflection occurs in the thin region of the membrane, 

which vibrates at resonance with simple drum-like deflection profiles. The second region of the 

tympanum, the thickened region, does not display such motion. It oscillates as a stiff plate driven 

by the thinner surrounding regions. This region behaves like a hinge on a door giving support to 

the proposed “swing door model” of Bangert et al., (1998). The heavy thickened region moves with 

the thinned region at its medial edge with little movement along the rim of the tympanum, giving the 

impression that the thickened region is “hinged” along that edge. This may be a mechanical 

adaptation contributing to filtering out frequencies, especially higher frequencies, which are not 

relevant to acoustic communication of Hemideina. The thickened region may play an important part 

in this filter by absorbing high frequencies and acting as a damper, allowing only the relevant low 

frequencies to be transmitted to auditory receptors. The thinnest region of the tympanum, the area 

of maximum deflection, lies directly adjacent to the enlarged tympanal vesicles, which in turn are in 

close proximity to the CA (Fig. 3.3).
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The mechanical properties of the weta tympanal membranes reveal a peripheral frequency filtering 

mechanism, a first important step in the chain of hearing. Acting prior to neuronal processing, the 

tympanal membranes of Hemideina band-pass filter frequencies in a narrow range relevant to 

intraspecific communication. This property is different from the mechanical behaviour of the 

tympana in other insects that might show broad frequency responses and/or multiple resonant 

modes (Bangert et al., 1998; Mhatre et al., 2009; Michelsen and Larsen, 1978; Michelsen et al, 

1994; Sueur et al., 2006; Sueur et al., 2008; Windmill et al., 2008; Windmill et al., 2005)

Such narrow mechanical filtering is uncommon in Orthoptera. For example, the tympanic 

membranes of the tree cricket Oecanthus henryi display a flat, non-resonant mechanical response 

across a broad range frequencies (Mhatre et al., 2009).  The mechanical response, of bushcrickets 

is also relatively broadband (Bangert et al., 1998; Nowotny et al., 2010).  However, the response is 

not as flat as seen in Oecanthus henryi.  In tree and bush crickets, frequency specificity might then 

be expected to emerge through the characteristics of the mechanoreceptors (mechanical and/or 

neural) or interneuronal filtering (Kostarakos et al., 2009).  Whilst the tympanal membranes of field 

crickets exhibit resonance in the range 3-10 kHz (Michelsen et al., 1994, Fernando Montealegre-Z 

& Daniel Robert unpublished measurements), the neural activity relating to external acoustic 

stimuli has a much narrower response at around 4 kHz (Kostarakos et al., 2009; Nocke, 1972).  In 

Tettigoniidae, individual auditory receptors are arranged tonotopically along the CA and the 

removal of the tympanum does not affect the tuning of these receptors (Oldfield, 1982). Therefore, 

the mechanisms of auditory processing in Orthoptera are very diverse and the mechanical 

processing, through tympanal response and neural processing, ought to be considered together as 

part of an integrated chain of events leading to the perception of sound. The mechanical tuning 

seen in Hemideina, which implies filtering prior to neural processing, could be plesiomorphic to the 

more elaborate sound receptor found in many Tettigoniidae and Gryllidae. 

Alternatively, species of the families Anostostomatidae, Haglidae and to a lesser extent 

Tettigoniidae, have also thickened pigmented inner plates on their tympanic membrane (Ball and 

Field, 1981; Mason et al., 1999; Schumacher, 1975, Sickmann et al., 1997). It is also interesting to 
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note here that such pigmentation and the associated plate-like anatomy tend to occur in tympana 

that are visible, as opposed to those that are protected by cuticular flaps in many Tettigoniidae 

species (e.g., Tettigonia viridissima (Bangert et al., 1998)). Further research is required to establish 

the exact function of tympanal anisotropy, its relation to the complex tracheal structures of the inner 

ear, and the transformation of acoustic energy into mechanical forces acting on the CA and its 

mechanosensory cells. 
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CHAPTER FOUR - The potential role of 
lipids in hearing

 of a weta



Introduction

Weta hear using specialised auditory organs that process incoming sounds. Sound is transmitted 

to the auditory receptors by way of two equally sized tympana and enlarged tracheal vesicles 

(Chapter 3).

The mechanical properties responsible for determining the frequency sensitivities of different 

receptors in the Ensifera auditory system are currently unknown.The auditory receptor organs 

(Complex Tibial Organs) sit within an enclosed channel filled with liquid (Nishino and Field, 2003). 

Although in other ensiferan systems the liquid is referred to as haemolymph and thus this channel 

as the haemolymph channel (Bangert et al, 1998), the liquid it contains in weta has a different 

consistency and colour to haemolymph from the rest of the body (Lomas per. obs). It is yellow in 

colour and becomes gel-like when exposed to air, but does not darken unlike normal haemolymph 

as the result of phenoloxidase activity.  Also it floats on the surface of aqueous media and is 

soluble in non-polar solvents such as chloroform (D. Greenwood, pers. obs.). 

Anecdotal reports from other researchers also suggest that the haemolymph channel may contain 

structures that may play a role in hearing. The aim of this research is to determine if there is a new 

structure present and investigate any functions that may be associated with it and determine how 

those functions may relate to hearing sensitivity of the weta auditory system. It is also aimed to 

describe the composition of the surrounding liquid to determine if it is different from haemolymph of 

the rest of the body and if so, to determine if this liquid plays a role in hearing sensitivity of the 

auditory system. 

Results of this work show that the fluid in the haemolymph channel is a new class of lipid and 

contains a newly identified structure within the weta auditory system and show plausible evidence 

of de novo lipid synthesis within the new structure and infer possible roles within the auditory 

system of this new structure and the associated lipids. 
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Materials and Methods

Animals

Adult male and female H. thoracica were collected from artificial galleries (diurnal shelters) located 

in native bush areas around Auckland New Zealand.  Animals were kept in a 1 m x 1 m x 1 m 

enclosure and provided with a diet of New Zealand native plant material, until required.

3D Reconstruction of complete auditory system

Histology sections

To obtain the sections required to construct a 3D model, the tibiae from the forelegs of five animals 

were fixed in 4% formaldehyde for 4 – 6 hours. The tissue was then embedded in Histocryl resin 

with a polymerisation time of 10 minutes.  The Histocryl blocks were then sectioned at a 5 µm 

thickness on a Leica microtome.  All sections were retained (resulting in 403-519 sections per ear), 

stained with Toluidine blue (diluted 1:1 with 70% ethanol) and imaged on a Leica DMR 

fluorescence microscope equipped with a camera.

As standard methods of sectioning insect structures did not enable me to collect all sections and 

retain the integrity of all auditory structures, a number of different histology methods were tested. 

Adjusting the polymerisation time of Histocryl resin to 10 minutes gave me a resin block that was 

hard enough to section at 5 µm but soft enough that no delicate structures within the auditory 

system were destroyed.
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Construction of 3D Model

To construct a 3D model from the histological sections, images of the sections were imported into 

Amira (v5.2, Visage Imaging Inc. San Diego CA.) and manually aligned. Alignment was guided by 

a stencil grid placed on the monitor. Computerized axial tomography scan (CT) images from the 

scan of one leg were also used to assist with aligning the images. Once aligned, each image was 

segmented into discrete components by manually tracing every structure of interest. Identification 

of different structures was achieved using diagrams and cross sections from Hemideina crassidens 

(Ball & Field, 1981) as a reference. Following segmentation of the different structures a 3D model 

was generated of each. Structures that were modelled were the intermediate Organ (IO), crista 

acustica (CA), trachea, tympanal membranes and a new structure that has not previously been 

described. To show repeatability, two models were constructed, model 1 and model 2. No 

difference was found between the two models.

Function of the new organ

Three weta leg pairs were excised and trimmed to 2 mm either side of the organ and incubated in 

weta Ringers with 10 uCi sodium acetate (40 mCi/mmol) at room temperature for 24 hrs.  Lipids 

were then extracted from the aqueous medium by vortexing continuously for 24 hrs with hexane/ 

ethyl acetate / methanol (5:2:2 v/v). The organic phase was removed and partitioned against dilute 

sodium bicarbonate solution to remove remaining acetate and low molecular weight polar 

materials. The lipid fraction was concentrated and an aliquot applied to a thin layer 

chromatography (TLC) plate and developed as in the lipid composition section. Storage phosphor 

autoradiography was performed using a Typhoon multifunction scanner (Amersham Biosciences, 

Uppsala, Swedan).
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Lipid Composition

The contents of the haemolymph channel were removed from the forelegs of several weta by 

collecting the exudate following puncturing the leg wall opposite the lipid channel using a 

Drummond microcap capillary. The exudate was then transferred it to a vial, ensuring minimal 

contamination from haemolymph.  The exudate was then dissolved in dichloromethane/methanol 

(1:1 v/v) and spotted onto a silica gel coated aluminum foil sheet (Merck Kieselgel 60 F254) along 

with a range of lipids representative of several classes of lipid to serve as TLC standards including 

highly non polar (the triglyceride tripalmitin), medium polarity (dipalmitin and the  free fatty acid 

stearic acid) and polar (phospholipids including sphingomyelin, a typical lipid from brain and the 

sensory system). The plate was developed in 19:1 dichloromethane/methanol (a typical solvant for 

separating lipid classes) and the lipids visualised with 10% phosphomolybdic acid in ethanol, air-

dried, and heated briefly to intensify blue-black spots on a yellow background.

No UV fluorescent or absorbing spots were seen prior to spraying the plate. Figure 4.1 shows a 

typical TLC plate with the weta exudate chromatographing as essentially a single band with an 

relative factor (Rf) similar, to but still distinct from, that of triglycerides (tripalmitin).  This shows that 

the weta leg exudate material is highly non-polar and behaves as an uncharged lipid under the 

conditions used.

A sample of weta leg lipid was dissolved in chloroform and methanol was added to 50% to give a 

200 fold dilution of the original extract. Aliquots were infused into a ThermoFinnigan LTQ-FT 

(Fourier transform ion cyclotron resonance mass spectrometer) using a standard IONMAX source 

(Andatech Corporation Pty. LTD, Blackburn, Australia) at a flow rate of 3 ul/min.

High-resolution accurate mass data was collected in positive and negative ion modes, followed by 

an extensive Mass spectrometry (MSn) analysis on the key ions present.  The 100 most intense 

ions (as accurate mass data) were sent for analysis at METLIN server.  Results were then 

interpreted with the help of manual MSn analysis.
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Figure 4.1. TLC plate as developed in chloroform/methanol [19/1]. Note how the weta leg lipid 
extract has the same band as that of the triglycerides (tripalmitin).

Results

Identification of a new structure

Three-dimensional reconstruction of the complete auditory system has revealed a structure located 

within the lipid channel that has not been previously described (Fig. 4.2). As the structure has not 

been previously described, it is referred here as the Olivarus. 
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The Olivarus is a spring-like structure which attaches to the anterior wall of the dorsal cuticle at its 

proximal end (Fig. 4.3A), and to the trachea wall at its distal end (Fig. 4.3D).  Although the structure 

is delicate, it is of similar size to the other auditory organs, with a length of 1.5 mm, that spans the 

length of the auditory system. Staining with Toluidine blue (diluted 1:1 with 70% ethanol) of the 

Olivarus shows there are no receptor cells associated with the structure, which appears to be 

constructed predominantly of connective tissue and fat cells (Fig. 4.3B).

Figure 4.2. A 3D reconstruction of the complete weta ear. The Olivarus is shown in purple 
extending the length of the lipid channel. The cristica acoustica (CA) and two tympanal 
membranes, posterior tympanal membrane (PTM) and anterior tympanal membrane (ATM) are 
also shown.  
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Figure 4.3. Five micron transverse sections of the Olivarus stained with Toluidine blue.  Sections 
represent the structure starting at the proximal end. (A) Attached to the cuticle, through to the distal 
end (D), which attaches to the anterior tympanal vesicle. (B) The middle section floats within the 
lipid channel. (C) Showing attachment to the bottom of the vesicle.Scale 200 µm.

Function of new structure

Figure 4.4 shows labelling at an Rf associated with the TLC spot corresponding to weta 

presumptive lipid.  This confirms that biosynthesis of weta lipid has occurred from acetate and that 

this de novo synthesis has been performed by Olivarus; now a presumptive lipid synthesizing 

organ.
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Figure 4.4. TLC plate  developed in petroleum spirit (60/80)/chloroform/ethyl acetate/acetic acid 
[60/35/5/1]. (A) Same solvent system and spray reagent (1% berberine sulphate in acetone/
methanol [1:1] ) of the plate containing a sample of the weta leg extract incubated with 
radiolabelled acetate in weta Ringer’s solution for 24hrs at RT. (B). The autoradiogram of the plate 
as a storage phosphor image  scanned in a Pharos FX plus multimode scanner.  Arrows indicate 
faint labelling of two spots corresponding to two highly non-polar spots separating in this solvent 
system. 

Figure 4.4 indicates faint labelling (marked by arrows) corresponding to two highly non-polar spots 

separating in this solvent system, strongly suggesting labelling by acetate. Stronger labelling may 

have been ecpected, however this is still a good indication of de novo lipid synthesis.
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Lipid Composition

Results show minimal contamination from conventional triglycerides but do show the presence of 

several peaks in the positive ion mode containing some oxygen and probably nitrogen and with 

some degree of unsaturation. MSn analysis on these ions indicates that this is a lipid of unknown 

type (Fig. 4.5A) with a range of masses not corresponding to known lipid classes. The new lipid 

cluster was interpreted by related ions to ion at mass to charge ratio (m/z) 515 42468, which is 

presumed to be the parent module (Fig. 4.5B). Note the relativity high level of mass deflect value of  

the atomic mass indicative of a high hydrocarbon content and possibly nitrogen in the parent lipid. 

Fragmentation analysis (not shown) points to sequential loss of 2x m/z 168.18702 (corresponding 

to C12H24) probably resulting from allylic cleavage of the terminal tail of two unsaturated fatty acids.  

Full conformation of the weta leg lipid identification and characterisation is ongoing.

Discussion

The methodological combination of advanced histological techniques and 3D modeling has 

allowed me to reveal a new structure in the auditory system of weta that has not previously been 

described. This structure (the Olivarus) is located within a channel adjacent to the known auditory 

organs. The channel is filled with a yellow liquid and analysis of this liquid has revealed that it is 

predominantly a long-chained lipid that does not belong to any known class of lipids. When the 

liquid was removed from the channel and thus potentially damaging the Olivarus, the resonant 

frequency shifted down and hearing sensitivity of the system was reduced (see Chapter 5), 

indicating that either the lipids or the Olivarus (as removal of lipids damaged the delicate structure 

of the Olivarus) do play a significant role in the hearing of weta.
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While lipids have been shown to play a likely role in the auditory system of Odentocete cetaceans 

(Norris, 1968), their role in audition of  other organisms has not been demonstrated nor previously 

implicated. In Odentocetes fatty tissues located in the regions of the mandibles and head (known 

as the melon) are comprised of at least 80% lipid (Varanasi, et al., 1975). The melon and jaw fats 

have similar lipid composition (Lichfield et al, 1975; Koopman, 2003), indicating they may share a 

similar function. The lipids are thought to serve as acoustical transducers for sound waves (Norris, 

1968), by their association with transmission of sound produced and transduced in hearing 

(Cranford, Krysl, & Amundin, 2010; Mohl, Au, Pawloski, & Nachtigall, 1999; Norris & Harvey, 1974; 

Varanasi, et al., 1975). The melon of Odentocetes has been shown to have a non-homogeneous 

lipid construction, consisting principally of fatty-acids which conduct sound a varying speed 

(Litchfield et al., 1975; Zahorodny et al., 2009). Structures within the mandible are thought to assist 

with the transduction of incoming sound (Bullock, 1968; Mohl, et al., 1999), by an impedance 

match with water to stop sound reflecting back into the head. The posterior third of the Odontocete 

mandible has a greatly enlarged hollow known as the mandibular fat body, which is filled with lipids 

and connective tissue. The approximate location of the mandibular fat body correlates with being 

the best region for hearing sensitivity and the shortest latency to the auditory receptors (Mohl, et 

al., 1999). This strongly suggests that the composition of the lipids within the mandibular fat body 

plays a significant role in the hearing of Odentocetes (Cranford, et al., 2010), although how it does 

this is not clear. 

The melon and the mandibular fat body of Odentocetes are dominated by shorter chained fatty-

acids found in the form of triacylglycerols and/or wax easters (Varanasi, et al., 1975). The lipids 

found in the weta system are long-chained. Experiments determining the sound transduction 

properties of lipids found that the velocity of sound increased with either increasing chain length or 

increasing unsaturation (Hustad, et al., 1971). This indicates that the function of short-chained fatty 

acids in the auditory system may be to dampen sound conduction.  Whereas long-chained fatty 

acids may increase velocity so reduce the latency of sound into the system.
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The results of this research is to determine the function of the Olivarus are encouraging but are not 

yet definitive. The Olivarus appears to be responsible for the synthesis of lipids found within the 

(haemolymph) channel. The faint labelling of two spots corresponding to the weta lipid spots is a 

good indication of de novo lipid synthesis.  However, stronger labelling is expected and further 

research is needed to clarify these results. 

The possible role lipids and the Olivarus play in the hearing of weta can be explained by three 

competing theories. First, it may be that the additional force created by an impedance mis-match 

between the low-density of the lipids and the dense structure of the CA (Ball & Field, 1981) is 

applied to the CA, thus increasing the sensitivity of the system to certain frequencies. Second, the 

lipids and the Olivarus resonate at a certain frequency with the Olivarus acting like a spring that 

vibrates at a certain frequency. This acts in association with the movements of the tympanal 

membranes as either a damper for some frequencies or increasing the velocity of other 

frequencies. The testing of either of these theories can only be acheived if the sound field around 

the Olivarus could be examined to determine how it responds to different acoustic stimuli. Third, a 

travelling wave is created by the deflection of the CA saddle, which travels distal to proximal across 

the surface of the CA. This wave amplifies the activation of the higher frequency receptors at the 

distal end of the CA, where the CA saddle is reduced and thus force is placed on this end of the 

saddle to activate receptors. This theory is discussed further in chapter 5.
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CHAPTER FIVE - A model of sound 
transduction through a basal Ensiferan 

tympanal ear



Introduction

The auditory systems of many insects are capable of frequency discrimination (Yack, 2004; Yager, 

1999), with individual receptors located within the auditory organs being tuned to a particular 

frequency (Hill, 1980; Imaizumi and Pollack, 1999; Nishino and Field, 2003; Oldfield, 1982). There 

is also a systematic relationship between the location of these receptors and the frequency to 

which they are most sensitive (Pollack and Imaizumi, 1999; Windmill et al., 2005), resembling the 

tonotopic organisation of frequency sensitivity along the mammalian basilar membrane (Von 

Bekesy, 1960).

In insects, the mechanisms that determine frequency sensitivity of individual auditory receptors 

vary.  In locust, a member of the orthopteran superfamily Acridoidea, the tympanal membrane itself  

acts as a mechanical filter for frequency discrimination, with groups of auditory receptors attached 

at different sites on the membrane; receptors located at different positions have different frequency 

sensitivities (Michelsen, 1971). The mechanical properties of the tympanal membrane and its 

associated structures are arranged so that as a sound wave travels across the membrane, 

different frequencies cause different regions to vibrate at different intensities. This is similar to the 

travelling wave in the mammalian basilar membrane (Von Bekesy, 1960; Windmill et al., 2005). In 

the orthopteran superfamily Ensifera, the receptors do not attach directly to the tympanum, but are 

attached to the dorsal side of the anterior membrane (Field et al., 1980; Mason, 1991). Instead of 

vibrating in response to sound with a travelling wave motion, the tympana vibrate in a simple 

uniform mode across a broad-band range of frequencies. This makes it unlikely that the membrane 

deflection properties alone are responsible for frequency discrimination.  

The mechanical properties responsible for determining the frequency sensitivities of receptors in 

the Ensifera auditory system are currently unknown.  There are two competing hypotheses about 

how they are tuned, each with its own supporting evidence. The first states that the structural 

properties of the whole ear (i.e. the membranes, auditory vesicles and auditory organs) interact in 

a non-uniform way to different frequencies.  For example, the structure of the auditory apparatus 
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(such as the shape and size of the trachea and tympanic membrane) at the distal end of the ear 

may be more effective at responding to higher frequencies, and at the proximal end these 

structures may be more effective at responding to lower frequencies (Pollack and Imaizumi, 1999; 

Yack, 2004). This mechanism is similar to that seen in the mammalian basilar membrane of the 

cochlea, where the mechanics of the membrane, i.e. the frequency-selective properties of the 

cochlear nerve fibres, are determined by basilar membrane movement resulting in a spatial 

separation of frequencies along its length (Von Bekesy, 1960). The second hypothesis states that 

the frequency tuning of each auditory receptor is determined by intrinsic mechanoelectrical 

properties within the receptors themselves (Pollack and Imaizumi, 1999; Yack, 2004).

Tree weta Hemideina (Ensifera: Anostostomatidae) are endemic to New Zealand and have a fossil 

record that dates back 270 million years. They have evolved in isolation since New Zealand’s 

separation from Gondwanaland approximately 80 million years ago (Trewick and Morgan-

Richards, 2005). The primary input for sound transduction is via tympanal membranes located on 

the foreleg tibia (Field et al., 1980). Each tympanum behaves as a simple mechanical oscillator, 

which resonates with a simple drum-like movement. The membranes are divided into two distinct 

regions, a pigmented thick inner plate region and a surrounding thin transparent region. The thick 

inner plate oscillates as a stiff plate driven by the thinner surrounding regions and creates a 

dampening effect that may be a mechanical adaptation contributing to frequency filtering, 

especially at higher frequencies (Lomas et al., 2011).

The tympanal membranes of weta act as a band-pass filter for frequencies in a narrow range (2 - 5 

kHz) (Lomas et al., 2011), which appears to be relevant to intraspecific communication. This 

property differs from the mechanical behaviour of the tympana in other insects that often show 

broad frequency responses and/or multiple resonant modes (Mhatre et al., 2009).When the 

tympana show broad frequency responses, frequency specificity might then be expected to 

emerge through the characteristics of the mechanoreceptors or interneuronal filtering. Although 

peripheral filtering occurs in the weta at the membrane level, the membrane’s mechanical 

response is uniform for all frequencies in the filtered range (Lomas et al., 2011). However, this 
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does not explain how frequency discrimination within this range is occurring at the receptor level. 

Therefore, it is likely mediated by a combination of membrane and acoustic properties of the 

tracheae and haemolymph channels. Which properties and how they interact remains unknown.

The mechanical tuning seen in weta tympanal membranes matches the threshold curve of the 

auditory receptors (Lomas et al., 2011). This implies that filtering exists prior to neural processing, 

and could be plesiomorphic to the more elaborate sound receptors found in many Tettigoniidae and 

Gryllidae. This makes weta an ideal model system to determine how deflections of the tympanal 

membranes interact with the internal structures of the ear to activate the auditory receptors. To 

determine what mechanisms in the weta are responsible for fine-scale frequency discrimination, 

we use measurements taken from high-resolution three-dimensional models of the complete weta 

ear, combined with high-resolution vibration analysis of the tympana deflections to sound waves 

(Lomas et al., 2011) to construct a theoretical model of sound transmission. This model supports 

the hypothesis that, in weta, the activation of the individual auditory receptors is due to the 

mechanical properties of all ear structures, including the tympana, trachea and the placement of 

auditory organs within the lipid channel.

Methods and materials

Animals

Adult male and female Hemideina thoracica (White 1846) were collected from artificial galleries 

(diurnal shelters) located in native bush areas around Auckland, New Zealand. Weta were kept in 

an enclosure and provided with a diet of New Zealand native plant material and cat biscuits.
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Trachea and tympanal membrane morphology

The surface properties of the tracheae and tympanal membrane were examined to determine if 

they play any role in sound transduction. Foreleg tibia (N = 2, a foreleg from two animals) were 

prepared by preserving them in 90% ethanol. The sections of the tibia containing the auditory 

structures were then mounted on stubs, dried in a critical point dryer, and gold-coated before being 

scanned using an environmental scanning electron microscope (SEM; FEI Quanta 200 F, FEI 

Oregon, USA). Both the posterior and anterior membranes from both forelegs were scanned, as 

were the structures of both auditory vesicles. SEM images were digitised using the FEI’s standard 

hardware and software. 

Three-dimensional reconstruction of trachea auditory vesicles

To construct a precise 3D model of the tracheae, a foreleg was removed at the coxa and 

immediately subjected to medium-resolution CT-scanning (Skyscan1172, Skyscan, Kontich, 

Belgium), resulting in 1003 images. Images were imported into Amira (v5.2, Visage Imaging Inc. 

San Diego CA.) where the tracheae was segmented out from each image by manually tracing its 

outline.  Following segmentation, Amira was used to generate a 3D model of the trachea 

structures.

Three-dimensional reconstruction of complete auditory system
Histology sections

The tibiae from the forelegs of five animals were fixed in 4% formaldehyde for 4 – 6 hours.  The 

tissue was then embedded in Histocryl resin with a polymerisation time of 10 minutes and 

sectioned at a thickness of 5 µm on a Leica microtome.  All sections were retained (resulting in 

403-519 sections from each foreleg), stained with Toluidine blue (diluted 1:1 with 70% ethanol) and 
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imaged on a Leica DMR fluorescence microscope equipped with a camera.

Construction of 3D model

Images of the histological sections were imported into Amira and manually aligned. A stencil grid 

placed on the computer monitor and CT images guided the alignment. Once aligned, each image 

was segmented into discrete components by manually tracing every structure of interest (Fig. 5.1). 

Structures were identified using diagrams and cross sections from Hemideina crassidens (Field et 

al., 1980) as a reference.  Following segmentation of the different structures a 3D model of each 

was generated.  Structures that were modelled include intermediate organ (IO), crista acustica 

(CA), trachea, tympanal membranes and the newly identified olivarius (K. Lomas unpub. data). 

Two models were constructed to demonstrate repeatability; they were identical.

Figure 5.1. The steps 
used in the 
reconstruction of a 3D 
model of the weta 
auditory system using 
Amira. (A) Each 5 µm 
section was post-stained 
and imaged. (B) Multiple 
images were aligned as 
a stack. (C) 
Segmentation: Every 
structure of interest was 
manually traced in each 
aligned section; each 
structure is represented 
in a different colour. (D) 
Once every section was 
segmented, each 
structure could be 
checked in 3D. (E) 
Model generation: 3D 
models were created 
from stacks of 
segmented images. 
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Measurements of auditory structures

Aligned images of sections were exported from Amira as a series of TIFF files. In these, the region 

of interest was filled in black against a white background. The images were loaded into ImageJ 

(National Institutes of Health, USA, http://rsb.info.nih.gov/ij/) and calibrated using a microscope 

calibration scale bar. The images were thresholded to select the region of interest. Each image 

was then analysed to obtain the cross-sectional area of the region of interest. The cross-sectional 

areas were added for each region and then multiplied by the slice thickness (5 µm) to obtain 

volumetric estimates.

Tibia measurements

As the length of the auditory channels can determine frequency tuning, measurements of the 

length of the tibiae and tympanal membranes were taken to determine if either are constrained 

regardless of the size of the animal.  As H. thoracica are sexually dimorphic, different body 

measurements were taken from adult males and females to compare with tibia length. Males have 

an elongated head with a smaller body while females do not have an elongated head but have a 

much larger body size.  Using digital callipers (Speedway Series, 6” digital calliper, Huntington, In. 

USA) measurements were taken of the tibia length and body length of both sexes and head length 

or males.  A Pearson’s product moment correlation coefficient was used to correlate body length 

and tibia length for females and head size and tibia length for males. A Pearson’s product moment 

correlation coefficient was also used to correlate tibia length and length of the tympanic membrane 

in both sexes. Correlation tests were conducted in R (The R Foundation for Statistical Computing 

http://www.R-project.org).
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Threshold curves 

Male and female H. thoracica were mounted dorsal side up on a platform of dental wax (Surgident 

Periphery wax; Heraeus Kulzer, Hanau, Germany) and the mid and hind legs secured with wax.  

The forelegs were restricted from moving by securing the coxa and upper femur with wax. For the 

threshold curve without lipid, the lipid was removed by making a small hole into the cuticle covering 

the centre of the lipid channel and then resealing the hole with wax. To reduce the possibility of 

damage to the CA and trachea located below, capillary action was used to remove the lipids, using 

the tip of a glass electrode, held at the entrance of the hole (Fig.5.2).

Figure 5.2. Diagram of the lipid channel shows the location where the hole was placed to remove 
the lipids. Lipids were removed from the lipid channel (in yellow) by making a small hole in the 
cuticle distal to the crista acustica and Olivarus, and removing lipids with capillary action.
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Removing a small section of cuticle located between the coxa and prothoracic ganglia exposed the 

leg nerve. Sound evoked responses were recorded from the N5 nerve of the foreleg with a silver 

hook electrode (0.005”). Summed action potentials were amplified on AM-systems amplifier (AM-

systems, Sequim, WA, USA) (high pass 300 Hz, low pass 10,000 Hz) and recorded using Spike2 

data acquisition software and hardware Micro mk11 (CED Electronics, Cambridge, UK). The 

threshold dB SPL was defined when a recording was at least one deviation above the average 

number of action potential in pre-stimulus recordings. Thresholds were confirmed using the 

headphone method described by Autrum (1940). 

Stimuli consisting of 40 ms tones, 1 - 10 kHz, decreasing in intensity with 0.4 ms rise and fall times, 

were presented contralateral to the ear in a pseudo-random order. Files of tones were generated 

using a custom written Matlab program and presentation through the Micro mk11 DAC output 

channel.   Amplitude was measured by recording each tone at threshold level using a ½ inch 

condenser microphone (Bruel & Kjaar 4939, Naerum, Denmark) placed next to the ear and 

calibrated with a Bruel & Kjaar acoustical calibrator (type 421; 94 dB SPL at 1000 Hz).

Results

Tympana and trachea surface structure

The surface of each membrane shows two distinct patterns (Fig. 5.3A). The surface of the inner 

plate region (IP) has a pattern that resembles honeycomb (Fig. 5.3B), whereas the pattern on the 

thinned region (TR) is dotted with irregular raised bumps (Fig. 5.3C). The surface pattern of the 

tympanal membrane is distinctly different from that of the surrounding leg cuticle, which has a 

uniform diamond-like pattern (Fig. 5.3D).  The tympanal membrane is constructed of numerous 

chitinous layers. However, unlike the chitinous layers of the cuticle, the membrane layers are much 
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more fibrous in structure, giving a spongy appearance (Fig. 5.3E, F).  The structure of the thin 

transparent region is not noticeably different from that of the inner plate region, with the exception 

of the chitinous layers being more compact. 

Figure 5.3. SEM scan showing cuticle structures of the tympanal membranes. (A) Anterior 
tympanum membrane of a male showing the two distinct regions of the membrane, the thickened 
inner plate (IP) and the transparent thinned regions (TR; scale 1 mm). (B) Honeycomb pattern of 
the IP (scale 20 µm). (C) Irregular raised pattern of TR (scale 50 µm). (D) Transition zone between 
the membrane and the surrounding cuticle, scale 20 µm. (E) Top arrow points to numerous 
chitinous lamellae lying in parallel with a spongy thickened and the smooth appearance of the 
surrounding cuticle (bottom arrow; scale 100 µm).  (F) Close up of thickened inner plate chitinous 
layers (scale 5 µm).

The trachea wall is made up of two layers: an inner layer that is corrugated in appearance (Fig. 

5.4A, B, C) and a stiff outer layer that reinforces the corrugated layer (Fig. 5.4B). The tympanum 

does not sit directly adjacent to the trachea, but is separated by a thin layer of tissue (Fig. 5.4A). 
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Figure 5.4. SEM scans showing trachea structure. (A) Tissue between the tympanum and the 
trachea wall cushions any movement from the tympanum, (scale 200 µm). (B) The trachea wall is 
reinforced with a thinned backed layer. The inside wall of the trachea is corrugated in structure, 
(scale 20 µm). (C) Close up of the corrugated structure of the trachea wall, (scale 20 µm).

Three-dimensional reconstruction of the complete auditory system

The 3D reconstruction of the complete auditory system shows the relative size and position of 

structures in relation to one another (Fig. 5.5). The system comprises two equally sized tympanal 

membranes (anterior tympanum 0.08 mm3, posterior tympanum 0.09 mm3) two enlarged trachea 

vesicles, and complex tibial organs. The tympanal membranes are located on the anterior and 

posterior surfaces of the foreleg tibia and lie adjacent to the trachea vesicles. Adjacent to the 

tympanal membranes, the tracheae divide into two enlarged vesicles, the posterior tympanal 

vesicle (PTV) and the anterior tympanal vesicles (ATV). These vesicles are elaborate in both 

shape and structure. The volume of ATV is 0.34 mm3 and PTV is 0.27 mm3. Using less destructive 

histological techniques revealed a new structure within the auditory system that has not previously 

been described, we refer to this structure as the Olivarius (Fig. 5.5B).
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Figure 5.5. 3D reconstruction of the weta 
auditory system. (A) The tympanum run the full 
length of the auditory system (B) The crista 
acustica lies along the dorsal wall of the 
anterior trachea and sits within the lipid 
channel.  Within this channel also lies the 
Olivarus.  The intermediate organ is just 
becoming visible in yellow, the Subgenal organ 
is proximal to the model (C) The enlarged 
bulbous proximal chambers of the adapted 
trachea are where the area of maximum 
deflection is located.

The dorsal surface of the ATV has a depression that matches the shape of the CA, therefore we 

refer to this depression as the CA saddle. The volume of the CA saddle calculated from the CT-

scan is 0.03 mm2 and the volume of the CA is 0.009 mm3. The CA sits across the depression and 

is only attached to the ATV at the outer rim. The shape and size of the depressed area correlates 

with the shape of the CA, being wider at the proximal end and tapering distally (Fig.5.6A). The CA 

Chapter 5: Transmission Model

Page 90 of 122

           CA

olivarus

C

A

B

Proximal

PosteriorAnterior

Distal

Posterior 
tympanal vesicle

Area of maximum
deflection

Anterior 
tympanal vesicle

Lipid channel

           IO

Anterior
tympanal
membrane

Posterior
tympanal
membrane



saddle is particularly noticeable in frozen sections where the trachea has not been expanded with 

any embedding material. Note, however that the trachea can collapse slightly due to the sectioning 

methods (Fig. 5.6B). In sections embedded with resin the vesicles have been expanded to capacity 

and the CA is stretched along the dorsal surface of the anterior trachea (Fig. 5.6C). The dorsal side 

of the CA and its associated auditory receptors sit within a channel that is filled with lipid (Chapter. 

4). The channel runs the full length of the tympanal membranes and is considerably reduced above 

and below them. 

Figure 5.6. 3D reconstruction and transverse sections through auditory structures showing the 
elaborate shape and structure of the trachea auditory vesicles. (A) 3D reconstruction showing the 
elaborate structures of the trachea using CT-scans. (B) Transverse section that has not being 
embedded showing the CA saddle in its semi-collapsed state. (C) Transverse section embedded in 
resin, that has expanded the trachea and the CA saddle. Orientation on the left refers to A and 
bottom right refers to B and C.
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Tibia Measurements

There was a significant correlation between male head size and tibia length (t = 4.94, d.f = 14, P < 

0.001, correlation = 0.80, n = 16) (Fig.5.7A). There was also a strong correlation between female 

body size and tibia length (t = 2.62, d.f. = 11, P = 0.02, correlation = 0.62, n = 12) (Fig. 5.7B). As 

body size is correlated with tibia length for both sexes, the data was pooled to test the correlation 

of tibia length versus length of tympanum. No correlation was seen between the tibia length and 

the length of the tympanum (t = 0.05, d.f. = 25, P = 0.96, correlation = 0.009, n = 28) (Fig. 5.7C). 

Figure 5.7. Correlation between the body 
size, tibia length and tympanum length.
(A) Correlation between male head size and 
tibia length (r = 0.8, n = 16). (B) Correlation 
of female body size and tibia length (r = 
0.6,n = 12). (C) Correlation of pooled male 
and female tibia length and tympanum length 
(r = 0.0, n = 28) the line represents the 
slope-intercept line. Images of weta show 
the differences between the sexes.
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Threshold curves

Repeating the threshold curve from Chapter 2 with the lipid removed from the channel assessed 

the importance of the lipid channel to hearing in weta. When the lipid was removed the optimum 

hearing frequency shifted from 3 to 2 kHz (Fig. 5.8). There was a loss in sensitivity to frequencies 

around the hearing optimum at 3 kHz of 22 dB SPL. At the shifted optimum frequency the threshold 

was 56.5 ± 5.3 dB SPL (Fig.5.8) (n = 8 animals). At frequencies above 2 kHz, the roll off was about 

9 dB per octave. Only two animals showed a response over 4.5 kHz. This might have been 

because less lipids were removed. 

To control for any possible damage that may have occurred to the auditory system due to making a 

hole in the cuticle to remove the lipids, a control experiment was conducted on one female. In this 

experiment a hole was made and subsequently resealed in the cuticle but no lipids were removed.  

The peak sensitivity of this animal was 3 kHz at 47 dB, suggesting that the lipids do play an 

important role in the function of frequency tuning and sensitivity.

Figure 5.8. Auditory tuning of the tympanal organ when the lipids of the lipid channel are removed 
(black line). Frequency of best sensitivity is at 2 kHz, with a threshold at 55 dB SPL (n=8).  A 
threshold curve from Chapter two of an intact systems has been overlaid to show the reduction in 
sensitivity (grey line), the error bars represent the standard error.  Note, for some data points the 
error bar is too small to be seen.
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Discussion and transduction model theory

Three-dimensional models of the auditory system of weta provided accurate measurements of its 

structures and how they are placed in relation to one another. The model has also revealed the 

Olivarius, a structure that has not previously been described and may play an important role in the 

hearing of these insects. Research into the morphology and function of this organ is ongoing. With 

knowledge of the structure of the auditory system a hearing transmission model was able to be 

produced that provides evidence that in this system, frequency discrimination occurs through the 

mechanical properties of all auditory system components interacting and responding in a non-

uniform way to different frequencies. 

Research to date on weta auditory systems imply that although there is peripheral filtering of 

frequencies (Chapter3, Lomas et al., 2011), there is also a second mechanism for finer frequency 

filtering. Paton et al. (1977) (Paton et al., 1977) have suggested that in crickets acoustic 

resonances in the trachea of the leg determine the sensitivity to different frequencies within the 

auditory system. Introducing helium into the leg trachea changed the sensitivity of the auditory 

interneurons (Paton et al., 1977). This finding was supported by Hill and Boyan (1977) (Hill and 

Boyan, 1977) when examining the effect of shortening the leg trachea. They observed a loss in 

sensitivity centred at the peak frequency, but noted that the auditory organ remained tuned to this 

frequency. A similar feature was also observed by Field (1980) (Field et al., 1980) in the Wellington 

tree weta (Hemideina crassidens) (a sister species to that used in this study), this case the ear lost 

sensitivity to lower frequencies below 2.5 kHz, the sensitivity to frequencies above 2.5 kHz 

remained unchanged.  If the structure of the leg trachea alone determines the tuning of an ear, the 

peak frequency should shift higher as trachea length was progressively shortened; one would not 

expect a general loss of sensitivity at the optimal frequency (Hill and Boyan, 1977). Therefore, 

tuning in the weta auditory system is probably produced by a combination of membrane and 

acoustic properties of the trachea. However, which properties and how they interact is currently 

unknown. 
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Bangert’s (Bangert et al., 1998) model for the Tettigoniidae auditory system showed how positive 

pressure through the trachea horn (the primary input for sound in Tettigonaiidae) causes the 

tympana to expand outward, stretching the auditory receptors and creating a neural response. 

Here we suggest an alternative model for an insect auditory system where the primary input for 

sound transduction is via the tympanal membranes. In weta, the primary input for sound 

transduction is through the tympanal membranes (Field et al., 1980). This research proposes that 

one of the mechanisms for finer frequency tuning is via the inward movement of the ventral thin 

region of the tympanal membranes (Fig. 5.9). This movement is caused by the sound wave and 

produces positive external pressure on the auditory vesicles located between the membranes.  

Both the anterior tympanal membrane (ATM) and the posterior tympanal membrane (PTM) move 

inward in anti-phase to one-another (Lomas et al., 2011).  The positive external pressure created 

by the membranes displaces the internal air from the ventral (active) to the dorsal (passive) air 

spaces (Fig 5.10). The invaginated and relatively stiff IP is located on the dorsal side of the 

tympanum, plays two roles.  First, it undergoes relatively little displacement from incoming sound 

pressure and thus restrict any lateral expansion of the dorsal air space in the tympanal vesicles, 

and secondly, its invaginated shape restricts the dorsal air space volume in the vesicles to a 

smaller volume than that found in the ventral air spaces of the vesicles. The result is that air 

pressure increases in the dorsal compartments, forcing dorsal displacement of the CA saddle of 

the ATV. Hence lateral displacement of the tympana leads to dorsal displacement of the CA and its 

sensory receptors (Fig. 5.10). The dorsal air space of the PTV is much smaller than that of the 

ATV, its internal air pressure will rise rapidly which will force air through an interconnecting portal 

(described in Ball and Field 1981) to the ATV and amplify the final action on the CA saddle. Hence 

the air volume in both tympanal vesicles ultimately acts on displacement of the CA saddle of the 

ATV. The expansion of the vesicles will also be assisted by the corrugated structure of the trachea 

wall. The corrugation of the tracheae will allow the vesicles to expand with internal pressure.  The 

adjacent outer enforcing layer may contribute to limit the amount of displacement by the internal 

wall. 
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Figure 5.9. 3D reconstruction of the complete auditory system. This represents the model of 
internal auditory structures responding to the system’s resonant frequency of 3 kHz. As the sound 
wave hits the tympana, both move inward on the ventral side, displacing internal tracheal air 
pressure forward, as the stiffened inner plate (IP) prevents displacement outward.  This pressure 
expands the crista acustica saddle (located beneath CA), activating scolopedia .  This forward 
pressure also creates a ripple in the trachea , which in turn generates movement of the lipids , 
providing additional movement of the scolopedia.

The deflection of the tympana at 3.5 kHz and at 65 dB SPL is 11.36 ± 1.79 nm Pa (ATM) and 10.34 

± 2.07 nm Pa (PTM) (Lomas et al., 2011), which is small in comparison to the size of the auditory 

structures. However, the large volume of the tympanal membranes moving together is sufficient to 

increase the compression upon the vesicles.  Due to the ATV overlapping the PTV and the 

existence of the interconnecting portal between the two vesicles, both are calculated for 

displacement. The volume of the trachea at the region of maximum displacement (active space) by 

sound is 0.3 mm3 (Fig. 5.11), while the volume of the displaced dorsal (passive space) area is 0.2 

mm3.  This results in the dorsal area of the vesicle expanding in size by x1.5.  From these 

calculations it can be assumed that pressure created by displacement in the trachea auditory 
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vesicles is sufficient to stretch the CA fully.  If the CA saddle (0.03 mm3) expands fully due to 

pressure displacement from the posterior and anterior vesicles, the CA (0.009 mm3) would have a 

3-fold increase in force exerted on it. This concept is similar to that described by Bangert et al 

(Bangert et al., 1998), although in the Tettigoniidae auditory system it is negative pressure within 

the haemolymph (lipid in this species of weta) channel that enhances the force exerted on the CA 

saddle (described as trachea wall by Bangert et al).

Figure 5.10. Transverse section from the distal end of the ear, where the crista acustica (CA) is 
tapered and the receptors are tuned to higher frequencies.  The yellow arrows indicate direction of 
air displacement, created by the movement of the thinned region of the tympanal membranes on 
the active space of the tympanal vesicles.  The reduced movement of the tympanal inner plates 
means that there is very little lateral movement of the trachea walls (location of passive space) and 
only dorsal movement is available.

It remains unclear how the pressure dynamics of the tympana, trachea and CA cause frequency 

tuning by the receptors. The CA scolopidia (auditory receptors) in ensiferan insects appear as a 
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row of raised bumps along the dorsal side of the CA, and their size decreases from the proximal to 

distal end (Schumacher, 1975). This decrease in size corresponds with the decreases in size of the 

CA and CA saddle, which both taper at the distal end.  Larger receptors are located at the proximal 

end and are tuned to lower frequencies, whereas the smaller, distal receptors are tuned to higher 

frequencies (Hill, 1980). This feature indicates that the size and placement of the scolopidia may 

play a significant role in frequency discrimination, similar to hair cells in the mammalian basilar 

membrane. In weta, the scolopidia have laminar attachment cells overlying the sensory neurons 

like a linear series of shovels of different widths, tilted upward along the CA (Ball, 1981). All 

scolopidia are embedded in a gelatin-mass, making the CA a tapered solid structure (Ball, 1981). 

A similar tectorial membrane attached to the scolopidia, was also seen in Haglids, another primitive 

ensiferan (Mason, 1991) .The scolopidia of the weta CA are surrounded by fluid, also a feature of 

the mammalian basilar membrane, but in the case of weta, this fluid is composed of lipids (K. 

Lomas unpub. data). When liquid from the lipid channel was removed the system lost sensitivity to 

frequencies above 4.5 kHz, suggesting that the lipid channel plays an important role in frequency 

tuning in this system. However, how it does this remains unclear. We hypothesise that the 

movement of fluid surrounding the CA scolopidia is a secondary mechanism for frequency 

discrimination in weta.

Figure 5.11. CT-scan computer tomography reconstruction of the network of acoustic tracheae 
underlying the tympanic region (right leg). (A) Anterolateral view of the auditory tracheae. (B) 
Composite image between the trachea and the mechanical deflection of the ATM, showing the 
area of maximum deflection to sound. Red represents the area of maximum deflection (C) 
Posterior view of the same area.
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One theory that may explain the role of lipids in the weta auditory system is that they are assisting 

a travelling wave that is created by the deflection of the CA saddle, which travels distal to proximal 

across the surface of the CA. The CA, together with the surrounding lipids, has different resonant 

properties. At the distal end the CA is narrow with lower mass resulting in higher resonant 

frequencies. At the proximal end it is wider with greater mass resulting in lower resonant 

frequencies. This is homologous to the basilar membrane of the mammalian cochlea (Robles and 

Ruggero, 2001; Von Bekesy, 1960), where sound is transmitted in the form of a wave travelling 

from base to apex. The wave oscillates at the frequency of stimulation and maximum amplitude 

occurs at a point along the basilar membrane that corresponds to the frequency of the stimulus 

(Von Bekesy, 1960). The basilar membrane is widest and least stiff at the apex of the cochlea, and 

narrowest and most stiff at the base.  High frequency receptors are located near the base while 

low-frequency are located near the apex (Robles and Ruggero, 2001; Von Bekesy, 1960). Further 

evidence that supports this theory is the length of the lipid channel does not change with the size of  

the animal.

Figure 5.12. A comparison of the shape of the crista acustica and the mammalian basilar 
membrane. receptors at the apical end of the cochlea and the proximal end of the crista acustica 
both respond to low frequencies.  Both structures are at their widest and least supported at these 
ends.  In contrast,  the receptors that respond to high frequencies are located at the narrowest and 
stiffest end of the organs, distal in the crista acustica and base of the cochlea, demonstrating the 
similarity between the weta auditory system and the mammalian basilar membrane.
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This model demonstrates a possible mechanism for frequency discrimination and suggests that a 

simple ancient insect auditory system may be homologous to that of the mammalian basilar 

membrane.  This model also gives further supporting evidence to the hypothesis that the 

mechanical properties of the whole ear are responsible for frequency filtering.
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CHAPTER SIX - Discussion and 
Conclusions



Weta (Orthoptera, Anostostomatidae) are an iconic endemic insect of New Zealand with a fossil 

record that dates back 270 million years. There are four groups of weta: tree (Hemideina), giant 

(Deinacrida), tusked (Anisoura, Motuweta) and ground (Hemidandrus). Currently all that is known 

about the weta auditory systems has been through the study of tree weta species. As in other 

ensiferan insects tree weta have specialised auditory organs called complex tibial organs, which 

process auditory and vibrational signals (Chapter 1). Sound is transmitted to the auditory receptors 

via two tympana of equal size and the adjacent enlarged tracheal chambers.

The work presented in this thesis shows that weta hear within a narrow frequency range relevant to 

intraspecific communication and don’t hear frequencies in the ultrasonic range. Although weta are 

flightless insects they are still preyed upon by an endemic species of bat (Mystacina iberculata 

auporica) (Arkins, 1996: Arkins et al., 1999). The lesser short-tailed bat is specialised to forage on 

the ground and along tree branches, where weta frequent. Hunting bats emit a continuous 

ultrasound call as well as the incidental sound and vibration of movement through leaf litter (Jones 

et al., 2003: Parsons et al., 2010). Yet, from this evidence it is suggested that there has been no 

selective pressure for weta to evolve sensitivity to echolocation-related ultrasonic frequencies 

produced by bats. 

Weta produce both defence and long-distance stridulation calls The behavioural context of the 

defence calls has been described (Field and Rind, 1992). However, it is still unclear what/if any the  

role a long-distance calling stridulation produced by tree weta play in intraspecific communication. 

Attempts were made to determine the function of the calling stridulation using a combination of 

playback and phonotaxis experiments. However, the results of these experiments were 

inconclusive as the weta exhibited no behavioural responses of any kind to presented stimuli. 

Surprisingly, one female even started to moult in the middle of a phonotaxis experiment (Fig. 6.1).

Electrophysical recordings from the central nervous system show that weta are capable of  

discriminating between the calls of individuals. Although females did respond to the conspecific 

call, calls from conspecifics evoked the strongest response by males. The call with the lowest 
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carrier frequency (2.5 kHz) evoked the strongest response (Chapter 2), which indicates that 

acoustic communication by male weta may have a more important role in intrasexual competition 

rather than mate choice. However, there is no notable difference between the hearing sensitivities 

(Chapter 2), the mechanical responses (Chapter 3) or the auditory structures (Chapter 4) of the 

sexes, suggesting that hearing should be equally important to both sexes.

Figure 6.1. An adult female Hemideina thoracica molting during a phonotaxis experiment.

The size of the calling individual is reflected in the frequency of the call, i.e. a larger male will 

produce a lower frequency call. This provides conspecifics with an honest indicator to the size of 

the caller (Chapter 2), and therefore information that is beneficial to both male and females. Males 

can use the call to determine the size of a potential opponent and avoid unnecessary injury if they 
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perceive their opponent to be of a larger size. Females may use the information to avoid an 

encounter with males (Chapter 2). Males are aggressive toward females, and interactions with 

males will often result in injury for females (Chapter 2). This behaviour would seem counterintuitive 

to the reproductive success of females, but injured females are less likely to move away from the 

galleries (Chapter 1), ensuring access to males.

Although this thesis has specifically focused on the role of the long-distance calling stridulation, 

weta also produce four defence stridulations, when confronted with either a physical or a loud 

acoustic threat. At this time weta raise their spiny hind legs and will kick out to defend themselves. 

A byproduct of this kicking movement is a defence stridulation. When defence calls are perceived 

by a heterspecific individual, hearing is not necessary for the caller, as the signals are not to 

convey intraspecifically valuable information (Ewing 1989). However, stridulation adds to the 

effectiveness of the display, particularly if the predator is able to learn to associate sound with the 

defensive display. The raising of the hind legs in a defensive display is common in basal ensiferan 

species and this behaviour may be a plesiomorphic trait to sound production in Ensifera (Sandow 

and Bailey, 1978).

The primary input for sound in weta is via the tympanal membranes, which are the thickest and 

largest so far recorded in insects. The tympanic membranes are divided into two distinct regions: a 

thick pigmented inner plate surrounded by a thin transparent region. Yet, it was unexpected that 

such membranes are so sensitive to audible sound.  

 

The mechanical properties of the weta tympanal membranes reveal a peripheral frequency filtering 

mechanism, acting prior to neuronal processing (Chapter 3). High-resolution vibration analysis has 

revealed that the tympanum show a tuned mechanical response, which is also distinct from that of 

a homogenous membrane (Chapter 3). The tympanal membranes of weta act as a band-pass filter, 

such that only frequencies in a narrow range relevant to intraspecific communication are selected. 

Tympanal deflection shapes reveal non-symmetrical patterns introduced by the presence of a stiff 

inner plate (Chapter 3). This plate appears to be acting as a dampener, the spongy structure of 
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the inner plate may be contributing to this dampening effect (Chapters 3 and 4). The mechanical 

behaviour of the weta tympanum differs from the mechanical behaviour of the tympana in other 

insects that often show broad frequency responses and/or multiple resonant modes. Such narrow 

mechanical filtering is particularly uncommon in Orthoptera. In the case of a broad frequency 

response and frequency specificity might be expected to emerge solely through the characteristics 

of the mechanoreceptors or interneuronal filtering.

Although peripheral filtering occurs in weta at the membrane level, the membrane’s mechanical 

response is uniform for all frequencies within the band-pass filter range. However, weta neural 

response displays further frequency filtering within that range, which cannot be explained solely by 

the tympanal response. Therefore, this further frequency tuning is probably produced by a 

combination of membrane properties and acoustic properties of the trachea and lipid channel. 

However, which properties and how they interact remain unknown. In chapter 4, this question has 

been attempted to be addressed by presenting a theoretical model of sound transmission to 

determine which mechanisms in weta are responsible for this secondary fine-scale frequency 

discrimination.   This model gives further support to the hypothesis that, in weta, the activation of 

the individual auditory receptors is due to the mechanical properties of all ear structures. 

To obtain a high-resolution three-dimensional model that was required to deduce a sound 

transmission model for the weta hearing system, it was important that every histological section be 

obtained. However, the standard histological techniques for insects available, did not allow this. 

Because of this new histological techniques were developed, that were gentle enough so that no 

individual section was destroyed in the process and all sections could be retained. A combination 

of these advanced histological techniques and three-dimensional modelling, revealed a new 

structure within the auditory system that has not previously been described. This structure is 

referred as the Olivarus. The Olivarus is located within the same channel as the known complex 

tibial organs (Chapters 3 and 4). Investigating the function of this new structure revealed that the 

liquid that it sits within is a lipid, a class of lipid that has not yet been described (Chapter 4). The 

removal of lipids from the system resulted in a downward shift of the resonant frequency and a 
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slight decrease in the sensitivity of the receptors. This indicates that lipids do play an important role 

in the function of hearing in weta, but how this is occurring remains to be determined. The only 

other animal group to demonstrate the role of lipids in hearing are the Odentocete cetaceans.  The 

Odentocete cetacean auditory system is dominated by short-chained fatty acids, that are thought 

to play a similar role to the inner plate of the weta tympanum, by dampening sound conduction at 

high intensity. Lipids found in the weta auditory system are predominantly long-chained fatty acids, 

which are thought to increase the sensitivity of the system (Chapter 5).

There are two possible hypotheses for the role lipids play in the weta auditory system. First, 

movement generated by deflection of the dorsal wall of the trachea creates a wave that flows over 

the auditory receptors activating them similar to the travelling wave of the basilar membrane. 

Second, it is the resonant properties of the lipid and the structure of the Olivarus that determine the 

resonate frequency of the system. Further investigation is needed to determine the role the 

Olivarus and the associated lipid play within the weta auditory system. Recent advances in 

technological within this field means it is now possible to test these theories, using a combination 

of laser scans and modelling software that examines the sound field around the structures and how  

they respond to different acoustic stimuli. Further investigation is also required to determine if the 

Olivarus is in the auditory system of other ensiferan insects.

The evidence from this thesis suggests that the weta auditory system is plesiomorphic system to 

the more elaborate auditory systems of the katydids and crickets. Weta have evolved in isolation 

and have a common phylogeny making them an ideal group in to study the evolution of insect 

hearing. This fits with the pattern one proposed by Desutter-Grandcolas (2003), that tibial tympanal 

membranes and stridulatory mechanisms occurred at approximately the same time. Therefore, the 

evolutionary properties and acoustics features of weta make this insect an ideal model system for 

the study of the origin of hearing in insects.

There has been substantial research describing the ensiferan auditory system and various theories 

of sound transmission have been put forward. However, these theories did not include the lipid 
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(hemolymph) channel. The discovery of a new auditory structure within a lipid channel by this 

author has led to the development of new theories on sound transmission through the auditory 

system and improved methodologies for investigation into insect hearing structures. To further 

investigate these new theories future work needs to build on this research by determining the 

morphological and deflection properties of all four weta groups. Tree, giant and tusked weta all 

have tympanal ears located on each foreleg. There are no obvious tympana on the ground weta, 

although a small indentation can be observed where we would expect to locate a tympanum. Weta 

comprise two monophyletic groups: tree and giant, and, tusked and ground, the latter being the 

more basal group (Trewick and Morgan-Richards, 2004). This phylogeny is now in question as 

more recent research has found that the New Zealand weta are not monophyletic, and instead 

form three or four clades (Pratt et al., 2008). By further investigating the hypothesis that the 

mechanical tuning, size and thickness of the tree weta tympana is the plesiomorphic trait to 

Tettigoniidae and Gryllidae, using all four weta groups may provide further insight into the 

phylogeny of weta and ensiferan insects.
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