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Abstract 

 

Many species of the subfamily Phaneropterinae (Tettigoniidae: Orthoptera) adopt a 

system of acoustic duetting to facilitate mate location.  More typically in the 

Tettigoniidae (bushcrickets or katydids), males call and silent females select and locate 

males.  In a phaneropterine duet, the male produces an acoustic call which is answered 

by the female, usually with a number of short clicks.  The male, upon hearing the 

female response, will commence searching for the female.  Thus, by adopting the 

system of a duet, costs associated with mate searching are shifted from the female to 

the male.  In this thesis I investigate duetting behaviour in three species of 

phaneropterines belonging to the genus Caedicia.  The aim of this study is to test 

hypotheses regarding the evolution of calling and searching strategies.  We expect that 

males and females will pursue mating strategies that will maximise their reproductive 

output given their current condition. 

 

I investigate the variation of mating tactics by females by studying female behaviour in 

a species of Caedicia, identified here as Caedicia sp. 10.  This study shows that 

females modify their acoustic response in terms of the number of clicks produced.  As 

females change the number of clicks they produce, they similarly alter the timing of 

their response and the rate of click production.  Adjusting the reply in this way 

maintains the response within, and close to the centre of, a critical species-specific time 

window, which is the period of time following the male call during which the male will 

recognise a female response.  To adjust the timing of the response, which may be 

produced while the male is still calling, females use one of two cues within the male 

call.  A female can time her response from either the end of the male call, or from a 

syllable produced within the call.  A second question examines the female’s response 

to male calls of different intensity, which is a cue indicating distance between duetting 

partners.  This experiment showed that females increase the number of clicks they 

produce as male call intensity is lowered. 

 

Males unable to achieve mating by conventional means employ alternative, or satellite, 

tactics.  Alternative male behaviour is shown in Caedicia sp. 12 and is described as 

‘eavesdropping’ – by which the male listens to a duet between another male and a 

 ii



female, and responds by searching for the replying female.  Thus the call of a male, 

and the subsequent pair bond produced by a reponding female is vulnerable to takeover 

by a non-calling male.  A burst of loud syllables produced by calling males after the 

main call may act as an acoustic mask and thereby reduce the chance of eavesdropping 

males hearing the response of the female.  I propose that the acoustic mask is a form of 

mate guarding. 

 

The final section of the thesis describes a technique that was developed to monitor the 

calls of male phaneropterines, and produce a synthesised response to the male at a 

relevant time.  Thus, playback experiments may be performed, whereby parameters of 

the acoustic response to a calling male may be experimentally adjusted.  The technique 

involves a recognition program, which runs on a desktop computer within the graphical 

software devolopment package LabVIEW.  The recognition program samples the 

sound produced by a male.  Patterns in the onset and offset of sound are recognised 

against a series of defined criteria.  Upon recognition of a male call, a pulse is sent to a 

second computer, running the software package Signal, which can then play back a 

pre-recorded synthetic female reply.  This novel technique was developed specifically 

for the duets of phaneropterines, but may be modified to study any other duetting 

species, using airborne sound, subtrate vibration, or light as modes of communication. 
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Chapter One 

 

General Introduction 

 

 



 

Acoustic communication is the transfer of information from one individual to another 

via patterns of airborne sound or substrate vibration, and is a common feature of many 

birds, mammals, frogs, and the crickets, grasshoppers and bushcrickets of the insect 

order Orthoptera (Bailey 1991).  Acoustic signals used in mating contain information 

encoded as variation in frequency or intensity over time.  Signals encoded by 

frequency variation are typical in birds and mammals, which have more sophisticated 

neural mechanisms to control and detect frequency changes (Thorpe 1972; Farabaugh 

1982; Langmore 1998).  Often in birds and mammals the signal is a combination of 

learned and innate characters, and may develop to become specific within populations 

or indeed within a single monogamous pair (Wickler 1982).  The calls of frogs and 

insects, by contrast, are more typically encoded with temporal patterns marked by the 

onset and offset of sound and are rarely learned (Pollack et al. 1984; Schwartz 1987b; 

Greenfield 1997; Tauber & Pener 2000; Balakrishnan et al. 2001).  The role of 

frequency in insect acoustic communication is more commonly that of species 

identification; the call of an individual will cover a specific range of frequency, and the 

hearing system of conspecifics will be tuned to detect sounds of this frequency (Dobler 

et al. 1994b; Wyttenbach et al. 1996; Stumpner 2002). 

 

Insects within the family Tettigoniidae (suborder Ensifera), commonly known as the 

bushcrickets or katydids, form mating pairs through acoustic communication (Bailey 

1991; Greenfield 1997).  Males call within a specific frequency band, which is usually 

contained in the upper audible or ultrasound range of humans (Sales & Pye 1974; 

Greenfield 1997).  The call is comprised of a series of song units, referred to as 

syllables, of which each is produced through a single closure of the forewings.  This 

action drags a plectrum formed on the upperside of the right forewing across a file of 

teeth on the underside of the left forewing (Bailey 1970).  As the plectrum strikes each 

tooth, a resonator on the left forewing vibrates, and thus produces and radiates sound 

(Bennet-Clark 1975). 

 

 

Costs of mating and calling 

 

A central question of research on ensiferan signalling systems is the role of natural and 

sexual selection in shaping the signal, the form and manner in which it is both 
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produced and received (Searcy & Andersson 1986).  Sexual selection may take the 

form of female choice, where females choose mates from who they may gain direct 

and indirect benefits, or male competition, where males compete with each other to 

increase mating success (Thornhill & Alcock 1983).  Direct benefits through female 

choice may be nutrients in the form of a nuptial gift which may increase female 

survivorship or contribute directly to offspring survival through the eggs (Thornhill & 

Alcock 1983).  Indirect benefits include any genetic advantage passed to the offspring 

(Parker 1983). 

 

In the Tettigoniidae, males often provide females with direct benefits in terms of a 

spermatophylax, a nuptial gift offered to the female upon mating (Gwynne 1990).  The 

spermatophylax is a protein-rich nutritional package attached to the sperm ampulla, 

which contains sperm.  The combined spermatophylax and sperm ampulla, known as 

the spermatophore, is transferred from the male to female at mating, and the female 

usually eats the spermatophylax.  In this way the spermatophylax can function to 

protect the sperm from being eaten by the female and, as a consequence, ensure 

complete transfer of sperm (Wedell 1993).  However, there is substantial evidence that 

the spermatophylax may also have evolved as parental investment, when nutrients in 

the spermatophylax assist in the development of offspring (Gwynne 1986; Simmons & 

Gwynne 1993; Wedell 1994).  Studies have regularly demonstrated that nutrients from 

the spermatophylax are sequestered for the development of young (Bowen et al. 1984; 

Reinhold & Heller 1993; Heller et al. 2000).  As such, the spermatophylax has been 

shown to benefit females, and in this way females receive more than fertilisation at 

mating.  Importantly, because of the asymmetrical cost and benefit between the sexes 

of producing the spermatophylax, its presence has been shown to influence the 

allocation of sex roles in a number of genera (Kawanaphila nartee, Gwynne & 

Simmons 1990; Anabrus simplex, Gwynne 1984). 

 

Just as nuptial gifts are a mating cost and influence sex roles in courtship, so to the 

costs of calling and searching also influence sexual roles.  The costs of calling in 

insects include increased conspicuousness (Heller 1992; Bailey & Haythornthwaite 

1998; Lehmann & Heller 1998) and an increased use of metabolic energy (Cade 1975; 

Bailey et al. 1993; Bailey 1995).  Predators or parasites may locate calling individuals 

from the sounds they produce, or because in some cases they occupy a more exposed 
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position in the environment.  Thus, the relatively high costs of calling are predicted to 

have a direct influence on signalling and indeed all mating behaviour (Heller 1992).  In 

this way, sexual selection may operate to increase the call rate or time spent calling, 

and as a consequence a male may procure more matings; however, sexual selection 

will be balanced by natural selection through increased predation and metabolic energy 

use.  

 

It may be argued that when costs associated with calling are high, they may be used as 

a reliable indicator of male quality and therefore subject to female choice.  Thus, 

females may use the energetic output, based either on the length of individual calls, the 

intensity of calls, or the total amount of calling over a period of time as cues to 

determine the quality of a potential mate.  Amongst the tettigoniids, and the related 

gryllid crickets, several studies have demonstrated that females assess and choose 

mates based on auditory cues (Hedrick 1986; Simmons 1988; Tuckerman et al. 1993; 

Ritchie et al. 1995; Gray 1997; Tauber et al. 2001).  And so the costs of calling may 

ensure the reliability of such cues for female choice, as a smaller or weaker male 

simply will not be able to call at the same level as a larger or stronger male. 

 

 

Alternative mating strategies 

 

Where male mating costs are high, alternative male mating strategies frequently 

evolve, whereby some males take less costly approaches to secure matings (Thornhill 

& Alcock 1983; Gross 1996).  Almost universally, where the costs of mating are high, 

smaller males are predicted to gain very few mates (Thornhill & Alcock 1983).  

Accordingly, in many species smaller males adopt alternative tactics, which may 

include ‘sneak’, or ‘satellite’, behaviour.  Such behaviour usually involves males 

bypassing more typical avenues of mate attraction or competition with other males.  

Typically, a male exhibiting alternative behaviour will have a lower reproductive 

output than a male using conventional tactic, but will still have a greater mating 

success than expected if they attempted conventional tactics (Gross 1996).  One 

example of such behaviour exists in dung beetles, where sneak males attempt to tunnel 

past males guarding entrances to burrows to locate females (Emlen 1997).  Again, in 

some frog species, smaller satellite males wait nearby larger calling males, and 
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intercept and attempt to mate with females approaching the calling male (Arak 1988).  

In the acoustic insects, alternative male behaviour has been demonstrated in the 

Gryllidae (Cade 1979; Rowell & Cade 1993), Acrididae (Otte 1972; Greenfield & 

Shelly 1985) and Tettigoniidae (Bailey & Field 2000). 

 

 

Relative costs of calling and searching – the duet 

 

In a typical ensiferan mating system, the female assumes costs associated with 

searching, or phonotaxis.  Here the major costs will be metabolic energy and exposure 

to predators.  These costs are inevitably dependent on local ecology, such as the 

presence of predators or parasites, the nature of the landscape, food availability, and 

the distribution and density of conspecifics.  In several tettigoniid groups, the risk of 

phonotaxis has shifted from the male to the female, and signalling is typified by the 

duet (Robinson 1990; Heller 1992).  In most duetting species, the female responds 

acoustically to the male call, providing a cue by which the male may search for the 

female and in this way the male not only assumes costs of initiating the duet but also of 

searching.  However, in some species, the role of phonotaxis has shifted back to the 

female, with the female response merely indicating to the male that a female is nearby 

and responding to his call (Zhantiev & Khorsunovskaya 1990; Spooner 1995; Bailey & 

Field 2000).  Duetting behaviour has evolved across many taxa other than the 

Tettigoniidae, and utilises signalling modalities other than airborne sound, such as light 

(fireflies, Lloyd 1979; Carlson & Copeland 1985) or substrate vibration (spiders, 

Schüch & Barth 1985; stoneflies, Maketon & Stewart 1988) 

 

 

Duetting in the Phaneropterinae 

 

The phenomenon of duetting is common in fully-winged species of the tettigoniid 

subfamily Phaneropterinae (Spooner 1968b; Heller 1990; Robinson 1990).  In a 

phaneropterine duet, the male produces a call which may last from several milliseconds 

to several seconds, and the female replies with a series of clicks.  The timing of the 

female clicks relative to the male call is an important part of the species’ recognition 

process.  Males will only recognise and react to female clicks that occur within a time 
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window covering a brief period after the male call (Hartley & Robinson 1976; 

Robinson 1980; Robinson et al. 1986; Zimmermann et al. 1989; Dobler et al. 1994a; 

Tauber & Pener 2000; Helversen et al. 2001).  The entire duet may last less than 100 

ms, as in the case of the European phaneropterine Leptophyes punctatissima (Hartley 

& Robinson 1976; Robinson 1980; Robinson et al. 1986; Zimmermann et al. 1989).  

Males of this species call with a series of brief ultrasonic pulses, with the complete call 

lasting approximately 10 ms.  Females reply most commonly with a single click, which 

occurs between 20 and 50 ms following the male call (Robinson et al. 1986).  Due to 

the extremely short duration of the complete duet in this and other species, the time 

taken for sound to travel from the male to the female, and again back to the male, may 

have a significant effect on the latency of the female reply, as perceived by the male.  

This has the effect of limiting the maximum duetting range of L. punctatissima to 

approximately 4.5 m (Zimmermann et al. 1989), as the time taken by sound 

transmission will force the female to reply outside the male window of recognition.  

Due to the extremely short call of this and other species, the male provides little mating 

effort in producing a call.  Thus the call has little or no utility for the female to assess 

mate quality.   

 

Males of other species of duetting phaneropterine may call with long series of repeated 

syllables, which can have sufficient structure to be assessed by females for mate choice 

(e.g. Scudderia curvicauda, Tuckerman et al. 1993; Phaneroptera nana, Tauber et al. 

2001).  Females appear to use their reply to indicate mate preference; Tuckerman et al. 

(1993) showed that females produce a greater number of clicks in reply to a longer, 

more preferred call.  Tauber et al. (2001) found that when a female could hear two 

calling males, she replied only to the preferred male. Bailey and Field (2000) described 

the call of the Australian phaneropterine, Elephantodeta nobilis, as having a long 

segment of repeated syllables, which lasts up to several seconds.  In this species, it was 

found that rather than the male tracking the replying female, the female both replied to 

the call and tracked the male.  Thus in an extremely long call, the male invests a much 

greater mating effort in the form of the call, providing the female with a potentially 

reliable cue for mate choice.  The female in this example assumes the cost of 

searching, which may also allow her a greater degree of choice between rival males. 
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In order for the female to maintain her acoustic response within the required time 

period, a male call must not only contain species’ specific cues such as carrier 

frequency and temporal pattern, but must also contain a cue from which the female 

times her response (Heller 1990).  In the short-calling species, such as L. 

punctatissima, the male call is so short that the female merely times her reply from the 

start of the call (Robinson et al. 1986).  As the potential variation in a call of 10 ms 

duration will only be in the order of a few milliseconds, by timing from the start of the 

call, the female can be confident that her call will fall in the desired time window.  In 

other species with longer calls, the greater absolute variability of time between the start 

and the end of the call forces the female to time her response from the end of the male 

call.  Several male calling strategies have been identified to alert the female to the end 

of the call (Heller 1990).  The male may simply end the call, forcing the female to rely 

on the onset of a period of silence to become aware that the call has ended (e.g. 

Isophya leonorae, Heller & Helversen 1986; Figure 1a).  Alternatively, the male may 

use amplitude modulation, and reach a ‘crescendo’ at the end of his call (e.g. 

Poecilimon affinis, Helversen & Wendler 2000, Figure 1b, see also Heller 1990).  A 

final strategy, which may have been derived from the call-ending crescendo, is the use 

of a post-call isolated trigger pulse (e.g. Poecilimon sanctipauli, Heller & Helversen 

1986; Figure 1c).  A trigger pulse is a short burst of sound, occurring a short time after 

the main call (Heller 1990; Dobler et al. 1994b; Bailey & Field 2000; Stumpner & 

Meyer 2001).  The presence of a trigger, therefore, has the potential to allow the 

female to time her reply confidently within a narrow time window, whilst the male 

maintains a long call, which contains potentially valuable information on his quality as 

a mate.  
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Figure 1(a,b,c).  Waveforms showing the duet of three species of phaneropterine, 

represenatative of a long call without specific call-ending cues (A, Isophya leonorae), a 

call with an amplitude increase at the end (B, Poecilimon affinis) and a call with a post-call 

trigger (C, Poecilimon sanctipauli).  Modified after Heller & Helversen (1986; A and C) 

and Helversen & Wendler (2000; B) 

 

In line with the above prediction that high mating costs inevitably lead to alternative 

mating tactics, the evolution of alternative tactics is a consequence of the long calls 

observed in some phaneropterines.  A male that produces a long call, containing 

information regarding mate quality, and assumes the role of phonotaxis, in conjunction 

with the provision of a spermatophylax at mating, is providing a significantly large 

investment in mate finding, copulation and the development of the offspring.  Thus 

there exists an opportunity for males of such species to develop alternate tactics, 

potentially bypassing the costs of calling.  Somewhat surprisingly, alternative tactics in 

the Phaneropterinae have to date only been supported by experiment in one species, E. 

nobilis.  In this case, satellite males insert a volley of clicks prior to the trigger 

concluding another male’s call and approximately ten percent of females orient to the 
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satellite rather than the calling male (Bailey & Field 2000).  In species where males 

move toward the answering female, we would expect alternative tactics to be 

commonplace; however, I can find no experimental evidence for this. 

 

 

The genus Caedicia 

 

The genus Caedicia, the experimental subject of this thesis, is a group of long-winged 

phaneropterine bushcrickets comprising a number of species occurring throughout 

Australia and New Zealand.  Many species of this genus are as yet undescribed (D. 

Rentz, pers. comm.).  Recent visits to the north of Western Australia have revealed 

three undescribed species of Caedicia.  All three species are similar in outward 

appearance, but could be discriminated from one another by differences in the male 

call (Figure 2), and the morphology of genitalia and strigil structures (Hammond & 

Bailey, unpublished data).  All species adopt the typical duetting behaviour of the 

subfamily Phaneropterinae.  For convenience, the three species have been given the 

nominal designations Caedicia sp. 10, sp. 11 and sp. 12, pending formal description.  

Caedicia sp. 10 has been found both in the Kennedy Ranges National Park (24°40' S, 

115°11' E), and farther to the south, along the Greenough River (28º11' S, 115º41' E).  

Caedicia sp. 11 has been found only on the western side of Cape Range (22°7' S, 

113°54' E), and Caedicia sp. 12 was collected from an area of natural bushland within 

the townsite of Carnarvon (24° 53' S, 113° 39' E). 
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Figure 2(a,b,c).  Waveforms of the male calls of Caedicia sp. 10, from the Kennedy 

Ranges (A); Caedicia sp. 11, from Cape Range (B); and Caedicia sp. 12, from Carnarvon 

(C). 

 

All three species of Caedicia appear to have a similar biology.  Adults emerge during 

early winter to spring, with Caedicia sp. 11, the most northerly of the species being 

active from approximately mid-May.  The most southerly population, that of Caedicia 

sp. 10 at the Greenough River, has been active until early November.  This timing is 

coincident with the flowering of the pollen-rich Acacia shrubs and trees that dominate 

the flora of the dry landscape of northern Western Australia.  In captivity, Caedicia 

will readily eat Acacia flowers, leaves and store-bought pollen, with a noticeable 

preference for flowers and pollen.  Individuals appear to aggregate in resource-rich 

areas, along dry and semi-permanent waterways, where the majority of Acacia, Hakea 

and similar shrubs grow.  Given the patchy nature of these habitats, high densities of 

 10



 

individuals are associated with single creek lines or even within single isolated trees.  

Males call from late afternoon, and continue to call through the night.  By the end of 

the flowering season, adults die and eggs remain quiescent until the next season, when 

development is presumably triggered by rainfall.  In years of low rainfall, and a 

resultant lack of food resources in flowering plants, young fail to emerge and so 

population density reflects the highly unpredictable nature of the region.  Captive-

raised individuals take up to two months until final eclosure as adults. 

 

 

Structure of the thesis 

 

I present this work in three Chapters and one Appendix, each consisting of a 

manuscript submitted for publication in a peer-reviewed journal.  Chapter Two is a 

behavioural study of female reply strategy in Caedicia sp. 10, and demonstrates the 

ability of a female to adjust the timing of her reply depending on the intended number 

of clicks in her response to a single male call.  Chapter Three describes eavesdropping 

(vide McGregor 1993), a form of satellite male behaviour, where a silent male 

recognises a duet between a calling male and female, and moves towards the female.  

The paper presented in Chapter Four, describes an experimental tool that has been 

developed to study duetting animals.  The technique uses a combination of hardware 

and custom-designed software, and allows a researcher to ‘answer’ the call of a live 

male with a synthetic response, mimicking the response of a live female.  The final 

section of the thesis has been included as Appendix One, as I believe it to concentrate 

more on related issues to this thesis rather than the body of the thesis itself.  Appendix 

One is a paper authored by Professor Winston Bailey and myself, and describes a 

meta-analysis of the duets of a range of duetting insects, including several key 

phaneropterines.  It has been included in the thesis as a noteworthy piece of research I 

have undertaken, and as it is not in the body of the thesis it has not been directly 

referred to in the opening and concluding remarks. 
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Summary 

 

Duetting is common between the sexes of phaneropterine bushcrickets 

(Phaneropterinae: Tettigoniidae: Orthoptera).  In this paper we describe the complex 

duet of an undescribed Australian species within the genus Caedicia.  The male’s call 

cosists of three parts of which the final part contains information of species’ identity 

and most reliably elicits the female’s response.  The timing of her reply most usually 

occurs within a period of about 1 s after the male has completed his signal but may also 

start during the male’s call.  Females reply with brief clicks ranging from one to over 

ten, adjusting this reply number to changes in male call length and intensity.  By using 

computer-synthesised calls, we discovered that the female times her reply both from 

cues within the male call, when she starts the reply before its conclusion, and from the 

end of the call, in the case where the reply follows the male call.  As the number of 

clicks in the reply increases so the interval between clicks decreases; the female fits her 

entire reply within a critical time window following the male’s call.  Females also 

appear to adjust the number of replies in relation to male call intensities, with lower 

call intensity triggering more clicks.  Thus, searching males may call more quietly in 

order to induce females to provide more replies and so gain more acoustic information 

for effective phonotaxis. 

 

 

Introduction 

 

The simplest definition of a duet is a dialogue of two voices and, for most animals, the 

duet is marked by signals with a fixed temporal relationship to each other (Greenfield 

2002; Bailey in press).  Both chorusing among males (Greenfield et al. 1997) and 

duetting between the sexes (Robinson 1990) are common features of bushcricket 

(katydid) communication and duetting is almost universal among one subfamily, the 

Phaneropterinae (Tettigoniidae: Orthoptera) (Robinson 1990).  In a typical 

phaneropterine duet, the male calls and the female replies to this call with a series of 

clicks and most often, the male then searches for the replying female (Spooner 1968b).  

However, which sex takes on the searching role may change and often, where males do 

not reach a female, the female may both reply and search for the male call (Spooner 

1968b, 1995; Bailey & Field 2000). 
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The acoustic signal normally contains three essential pieces of information: the identity 

of the caller, its location, and the distance between caller and listener.  For bushcrickets 

the species’ identity is encoded in the temporal structure of the call (Bailey 1991), but 

for many phaneropterines the male’s signal is extremely short, consisting of barely 

more than one or more syllables of less than 1 ms.  The female reply is rapid and 

equally brief, often with latencies less than 25 ms (Robinson et al. 1986; Zimmermann 

et al. 1989; Robinson 1990; Dobler et al. 1994a).  In these cases, where there is 

minimal information with respect to the amplitude modulation of the signal, 

recognition by the searching male is achieved solely by the delay of the female reply, 

and the specificity of this delay may be constrained by a few milliseconds (Robinson et 

al. 1986; Heller & Helversen 1986; Zimmermann et al. 1989).  If the female calls 

outside the species’ time window, the male may fail to commence searching and ignore 

the female (Zimmermann et al. 1989; Helversen et al. 2001). 

 

By comparison, other phaneropterine duets consist of long complex male calls, with 

the female producing a reply of varying length (Spooner 1968b; Shaw et al. 1990; 

Bailey & Field 2000).  In these cases the male has the capacity to provide information 

on both species’ identity and female preferred traits, such as size or the ability to 

provide a nuptial gift.  The nuptial gift of bushcrickets is a spermatophore consisting of 

a substantial protein-rich spermatophylax attached to the sperm ampulla (Gwynne 

1986).  If, for this or any other reason, females choose among males using the song, 

then call length or complexity has the potential to determine the direction of female 

preference (Tuckerman et al. 1993).  In these cases the number of replies made by the 

female may be indicative of a preference between males, and in some species the 

length of reply may provide the male with a guide as to the female’s readiness to mate 

(Galliart & Shaw 1996). 

 

Here we examine three aspects of duetting in an undescribed species of Australian 

bushcricket within the phaneropterine genus Caedicia.  This species has evolved a duet 

in which males provide a long and complex call and the female replies to elements in 

the call with a variable number of clicks.  Our first question concerned female reply 

strategy.  If, as in Scudderia cauvicauda, call length is an important cue for female 
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preference (Tuckerman et al. 1993), then length should be correlated with the number 

of female replies.  In this context, we also examined whether the intensity of the male 

call influenced the female reply as intensity may indicate a preferred larger or closer 

male.  Finally, in Caedicia, as with most phaneropterines, the female replies to the 

male call falls within a species’ specific time window and so we investigated the cues 

within the male call used by the female to time the reply.  When females produce 

multiple clicks, what mechanisms are available to maintain this train of clicks within 

the critical time window?  She may either start her reply at a fixed time relative to the 

male call allowing the multiple clicks to extend beyond the time window, or she can 

start her reply early.  In this way most of her calls should fall within the critical time 

window necessary for male recognition.  But such a strategy is complex in that the 

starting point of her reply will be determined both by her motivation and by different 

cues within the male’s call. 

 

 

Material and Methods 

 

The insect - Caedicia species 12 

 

The genus Caedicia is a common macropterous phaneropterine occurring across arid 

Australia particularly where there is spring flowering Acacia and eucalypt scrub in 

temporary run-offs or along semi-permanent waterways.  The taxonomy of the 

Australian Phaneropterinae is incomplete, and for this reason, we give the species used 

in this study a numeric attribution - Caedicia sp. 12.  We are aware of at least two 

other species of Caedicia with very similar morphology in Western Australia, but with 

different call patterns.  However, although designating this species as Caedicia sp. 12 

in this paper, for convenience and ease of reading we refer to the species simply as 

Caedicia.  Voucher material is housed at the Australian National Insect collection 

(ANIC) and at the University of Western Australia. 

 

Juveniles and adults were collected from the Gasgoyne and Murchison regions of 

Western Australia (Kennedy Ranges and Greenough River) during spring (July-
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November 2000), and housed in a temperature-controlled insectary with a reversed 

light/temperature cycle (2100-0900 light, 25°C; 0900-2100 dark, 20°C). Juveniles were 

kept together in large cages, but males and females were acoustically isolated once 

they had emerged as adults. 

 

Recording, call synthesis and female reply 

 

Field captured males were recorded within an anechoic room held at 20 ± 1o C via a 

Bruel and Kjaer 1/2" 4133 microphone connected to a B & K 2209 sound level meter 

as a pre-amplifier.  The signal was digitised on a computer running Signal© 3.1 

(Engineering Design) with a sampling rate of 250 kHz.  Using the editing function of 

Signal, we excised and saved a single example each of a short and long syllable (see 

results for call description).  To construct synthetic calls we simply pasted a series of 

the two sample syllables together to create calls with different combinations of the two 

syllable types.  We made the intensity of each component equal, giving an even sound 

envelope to the entire call (Figure 1b).  All subsequent call manipulation and delivery 

was controlled by the Signal software environment. 

 

We established the critical elements of the male call that evoked the female reply, first 

by removing parts B and C from the call, and then part C leaving parts A and B.  To 

this end all females were tested once in an open arena where we recorded female 

replies to each randomly assigned modified call.  Female Caedicia do not respond to 

part A alone (N = 13).  The inclusion of part C would appear important as females 

timed their reply either to elements within this section of the call or to its conclusion.  

Thus, removing Part C but retaining parts A and B increased the variation of reply 

latency by an order of magnitude (Variance ratio test: F5,9 =12.13, P < 0.05).  The 

critical cue for timing had been removed and so, as we were only interested in the 

timing of the female reply, we combined B and C as the model song.  

 

Reference to the male call follows commonly used terms in that a syllable is one wing 

movement, and a chirp refers to clearly delineated groups of syllables.  We use the 
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term click, rather than syllable, to describe each element of the female reply as this 

sound is not made by homologous structures to the male tegmina (Robinson 1990). 

 

Females usually reply within a defined period following the male call and this critical 

latency of reply is referred to as the reply time window (Zimmermann et al. 1989; 

Robinson 1990).  The male uses this latency to recognise and locate the responding 

female.  For Caedicia the reply time window was measured from the end of part C.  As 

between-female variation in the number of clicks produced in reply to the male call 

was much greater than the within-female variation (due to treatments within an 

experiment), it was necessary to determine the level of experimental variation that 

would otherwise be hidden by between-female variation.  To this end we used a non-

parametric equivalent of a one-way repeated measure ANOVA, the Friedman Test 

(Zar, 1984, p. 228) to test for the effect of temporal pattern on female response. 

 

Experiment 1: Temporal variation 

 

In order to manipulate call length we created six call types with differing numbers of 

short and long syllables.  Treatments involved changing the lengths of parts B and C 

from mean values to two and four standard deviations above and below the mean 

(Table 1).  
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Table 1.  Variation in parameters of synthesised calls used in experiments testing 

temporal variation on female response. 

 

Treatment Number 

of short 

syllables 

Range of 

variation 

Number of 

long 

syllables 

Range of 

variation 

Duration (ms) 

1 8 - 2 SD 9 Mean 1856 

2 30 +2 SD 9 Mean 3154 

3 19 Mean 4 - 2SD 1736 

4 19 Mean 14 + 2SD 3274 

5 19 Mean 9 Mean 2505 

6 19 Mean 19 + 4SD 4043 

 

 

Each caged female was introduced to the anechoic room 15 minutes before the trial.  

We presented 24 calls to the female with 12 s between each presentation.  The speaker 

was placed 1.5 m from the female, with stimulus intensity of 81 dB SPL (Re. 20 µPa) 

measured at the position of the female, which was close to natural sound levels at this 

distance.  In order to obviate errors in measuring Sound Pressure Levels (SPL) of very 

short signals, we calibrated the call against a pure tone of equivalent peak-to-peak 

level.  All recordings and measurements of SPL used a Bruel and Kjaer 4133 ½" 

microphone.  Calls were played via a Genexxa © 12-1971 amplifier through 

piezoelectric speakers held 15 cm from a carpeted floor.  Analysis of natural and 

broadcast calls showed close frequency matching.  

 

The six treatments were presented four times within a trial, with the order of all 24 

calls randomised.  If the female was unresponsive after two minutes, the trial was 

abandoned.  All trials were recorded for temporal data analysis on audiotape (Sony 

Walkman WM-D6C) using two electret microphones with one channel recording the 
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stimulus and the other the female response.  Tapes were subsequently analysed using 

Signal, which allowed rapid assessment of temporal details of call and reply.  

 

Experiment 2: Intensity variation 

 

A call with mean values of 19 short syllables and 9 long syllables in parts B and C was 

synthesised from the standard call (Figure 1b).  Intensity was controlled in a stepwise 

manner using Signal software.  We created three treatments that mimicked a male at 

half and twice a distance represented by a speaker at 81 dB SPL measured from the 

female (see above). To achieve this we presented synthesised calls at 75 dB (- 6dB) 

and 87 dB SPL (+ 6dB).  As indicated above, call intensity of 81 dB represents a male 

at approximately 1.5 m from the female.  An effective doubling or halving of distance 

between caller and receiver was achieved by presenting signals at these two levels; 

sound attenuates through spherical spreading from a source by approximately 6 dB per 

doubling of distance. 

 

As with the first experiment each caged female was acclimatised to the anechoic room 

for at least 15 minutes.  We then presented the female with 24 repeated calls at the 

same intensity separated by 12 s.  This series of 24 calls was repeated over a range of 

three intensities selected in random order with a between-presentation interval of five 

minutes.  As with the experiments on temporal variation we recorded the response of 

the female onto cassette tape and subsequently analysed temporal data.  

 

As indicated in the results section, there was a confounding influence of high between 

female-variation in the number of clicks produced in reply to the male call.  To 

overcome this interaction we standardised scores of the number of clicks for each 

female before further analysis and so countered any between-female effect.  That is, 

the distribution of scores for each female was transformed (Zar 1984, p. 83) to a 

distribution with a mean of zero and a standard deviation of one.  Thus, a score of 1 

indicates a number of clicks one standard deviation above the mean for any individual, 

while a score of -1 would result from a number of clicks one standard deviation below 
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the mean of that individual. Using this method, scores become comparable among 

females. 

 

 

Results 

 

Call description - the duet 

 

Males commonly call from the outer branches of trees or bushes, and we describe the 

call as having three sections, parts A, B and C (Figure 1a).  The call is often complex, 

highly variable and with extreme ranges of intensity throughout.  We found that males 

may extend portions of the call and leave other sections out, and in addition may add 

extremely short syllables to the end of the call.  Such additional sounds are often in 

response to the presence of other males or, as a response to neighbouring duetting 

pairs. 

 

Part A of the call is a series of short chirps made up of syllables, where one chirp is 

shown in Figure 1a.  As indicated above part A is often absent from the call and 

females rarely respond to these short chirps compared to a consistent response to parts 

B and C.  Within these section of the song, syllables may be classified into two types 

by duration, ‘short’ and ‘long’.  Short syllables (mean ± SD = 15.54 ± 2.36 ms, N = 7 

males, 20 calls from each male) are most common and characterise part B, while long 

syllables (mean ± SD = 54.65 ± SD 6.76 ms, N = 7, 20 calls from each male) are 

characteristic of part C.  The entire call (B + C) has a mean duration of 1150.5 ± 156.5 

ms (± SD: N = 15).  The section of the call we refer to as part B comprises a mean of 

19.16 ± 5.49 (± SD: N = 15) short syllables, while part C consists of a mean of 8.96 ± 

2.47 (± SD: N = 15) long syllables.  The duration of these components also varies with 

the short syllable section (Part B) lasting 664 ± 173.9 (± SD: N = 15) and the long 

syllable section (Part C) 492.5 ± 92.3 ms (± SD: N = 15).  The coefficient of variation 

(CV) of the length of each section of the call is 23% for short syllables and 19% for 

long syllables.  Call frequency is broadband between 10 and 25 kHz with the main 
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power close to 15 kHz.  However, while not considering the role of frequency in this 

study we ensured that equipment recording and delivering the calls included this 

frequency range (see below). 

 

Over 95% of female responses occur during or after part C and consist of one or more 

brief clicks that may start during part C or from the end of the male call; the reply can 

last up to 1 s.  In both experiments, the number of clicks produced by different females 

was highly variable, regardless of treatment (Experiment 1, one-way ANOVA: F6, 391 = 

60.99, P < 0.0005.  Experiment 2, one-way ANOVA: F6, 497 = 213.81, P < 0.0005).  

That is, different females had tendencies to produce different numbers of clicks in 

response to the same stimulus.  Little information was available to suggest the cause of 

this variation although we may speculate on factors such as age, nutritional status and 

mating history. 
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Figure 1(a,b).  A: The male-female duet showing a male natural call (above) with a 

female three-click reply (below).  Note the extreme variation in the amplitude of the 

male call.  B: Synthesised call of constant amplitude with three call-elements, two 

sections of part A, 19 syllables of part B and 9 syllables of part C.  All traces share the 

200 ms time marker.  

 

Experiment 1 - Male call length and female reply 

 

Varying call length by changing the duration of both part B and C revealed that 

females preferred call lengths that were close to the species’ mean (treatment 5, Table 

1).  Female response (measured as rank sum) was greatest for mean values of 19 short 

syllables and 9 long syllables, and this was significantly greater than any other 

treatments (Friedman test statistic = 16.935, a = 6, b = 17, P < 0.005).  
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We wished to establish if call length was related to male size and hence could be used 

by females to assess calling males.  To this end we tested for a relationship between 

natural call length and prothoracic length.  While Tuckerman et al. (1993) showed a 

significant correlation between call length and the size of the prothorax in Scudderia 

curvicauda, the relationship was weak for Caedicia (total number of syllables: R2 = 

0.203, F1,12 = 3.055, P = 0.106; number of short syllables: R2 = 0.212, F1,12 = 3.226, P 

= 0.098; number of long syllables: R2 = 0.029, F1,12 = 0.559, P = 0.559).  And, given 

both a weak relationship between, on the one hand, body size and call length, and also 

a preference for the mean song structure, it was little surprise to find no relationship 

between female reply and total male call length.  

 

Experiment 2 - Call intensity and the number of female replies 

 

Three intensity treatments (75 dB, 81 dB and 87 dB SPL) were presented with a 

between-treatment interval of 5 minutes.  However, the most obvious effect on the 

number of female replies was not treatment but presentation order. Figure 2a represents 

the response of 7 females across presentation order.  Because of the high but consistent 

variation between females, data were analysed by repeated-measures ANOVA.  This 

test showed a significant effect of presentation order on female click number (F (2,12)= 

12.30, P < 0.005).  The number of clicks produced by each female decreased with each 

treatment regardless of signal intensity; earlier presentations triggered a higher number 

of clicks.  The confounding effects of order and variation in female response were 

removed in a two-step process.  Data from each female were grouped and standardised.  

These standardised data were then pooled to extract a cross-female effect of order and 

each value was then converted to a residual from this order effect.  There was a 

significant and negative influence of intensity on standardised click score (one-way 

ANOVA: F2,18 = 7.24, P < 0.005; Figure 2b). 
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Figure 2 (a,b).  A: The effect of the order of stimulus presentation on the number of 

replies given by 8 female Caedicia.  Each symbol represents the mean value (N = 24) 

from each female with each presentation.  While individual females were consistent in 

the magnitude of the number of replies all reduced the number of replies during the 

course of the experiment (see text).  B: The effects of stimulus intensity on mean female 

click number (± SD) presented as residuals of standardized click number.  
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The female reply window 

 

As indicated above, females replied to the male call with a varying number of clicks.  

In the experiment in which male call intensity was varied while call duration was held 

constant, the call’s intensity had no effect on the timing of the reply independent of any 

effects of click number.  For this reason, we were justified in pooling all data from all 

tests.  Figure 1a illustrates a typical female in which the three-click reply is produced 

some 60 ms after the conclusion of part C of the call. 

 

When females increased the number of clicks they started replying earlier with respect 

to the start of the synthesised male call.  Figure 3a shows all data for one female, while 

Figure 3b shows the mean timing of the first and last clicks (N = 7).  The slope of 

changes in timing, for both upper and lower limits of the call in Figure 3b, are linear 

(upper: y = 1264.12+44.35x, F1,36 = 44.22, P < 0.0005, lower: y = 1252.58-57.02x , 

F1,36 = 143.00, P< 0.0005).   

 

We wished to know if the slopes, both positive and negative were similar.  To this end 

values of the upper limit were negative-transformed, thus allowing analysis of 

covariance to test for slope homogeneity.  This test showed that the slope of the 

negative-transformed data (mirror image of last clicks) did not differ significantly from 

the slope of that taken from the first clicks (F1, 73= 0.78, P = 0.382).  That is, the lines 

defining the upper and lower limits are mirror images, and so indicate the position and 

duration of the response window. 

 

The duration of the reply window had an approximate maximum of 1 s with its mid-

point close to 220-230ms after the end of the male call.  Moreover, as multiple replies 

starting within the male call were common, the reply window clearly invaded the male 

signal and in these cases the timing of the first click could not be from the end of the 

call. 
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Figure 3(a,b).  A: The timing of female # 50’s replies from the start of the male call 

showing how the female maintains an increasing number of replies (clicks) within a 

window at the conclusion of the male call.  The symbols and associated legend indicate 

the timing of the first (diamond) to eighth click (horizontal mark) of each set of clicks.  

B: The reply window of Caedicia.  The mean (± SD) timing of the first and last clicks of 

seven females (solid circles) to the end of the synthesised call shown as a horizontal line, 

and the end of part B as a broken line.  Open circles represent data from one female only. 

 

 26



 

If we assume that, as in other phaneropterines, the time window is critical for the male 

reply (vide Zimmermann et al. 1989) and hence the maintenance of the duet, we asked 

the question, do females optimise this reply window when they produce multiple 

clicks?  Figure 4 shows that as the number of female replies increased so the interval 

between each click decreased (one-way ANOVA: F6,25 = 4.10, P < 0.01).  

 

 
Figure 4.  The reply interval of Caedicia.  The mean interval (± SD) between successive 

clicks is shown to decrease as the number of replies increases from 2 to 11. Replies 8 to 

11 are from one female. 

 

 

Timing of female reply 

 

We established that the vast majority of female replies are to the male’s long syllables 

– that is, long syllables are the critical stimulus for female response (see supporting 

data in Material and Methods above).  In order for the female to maintain her replies 

within an appropriate reply window there must be a process by which she times her 

reply from specific acoustic features within the male song.  To establish that females in 

fact used cues in this section of the song we used data from Experiment 1, which 
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examined the effect of variation in the temporal aspects of the male call on female 

behaviour.  We found that females changed reply latency with the changing duration of 

part C. 

 

Figures 5(a-d) show the shifting or cascading relationship between the timing of the 

first click of the reply of each series, and to the duration of part C of the signal.  While 

each data set (graph) represents a given number of clicks produced by the female, the 

data suggest that the female may use more than one cue to determine the timing of the 

reply.  Thus, when part C is short, the reply occurs within a relatively confined window 

following the end of the male call.  However, as the length of part C increased the 

female began its reply while the male was still calling.  There appeared to be a constant 

delay from the start of part C. 

 

Such timing tactics are also dependent on the number of clicks produced by the female.  

The more clicks in a female’s reply the more likely she is to time her reply from the 

start of part C rather than from the end of the male’s song.  And so in order to keep her 

click series within the reply window, the female must choose to time her response from 

a cue within the song (presumably the long syllables in part C) or from the end of the 

song. 

 

We modeled the timing of a female response as dependent on two critical variables, 

duration of part C and number of clicks to be produced (Figure 6).  While data 

supporting this model are limited, there is nevertheless a pattern that with any given 

number of clicks, there is a shifting probability that the reply would be timed from the 

end of the call. As click number increased, the function moved to the left and females 

were more likely to begin their reply within the male call. The exception was when 

part C is very short. 
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Figure 5(a-d).  Timing of the female reply (from the start of part C) in Caedicia with 

changing duration of part C.  Plots a-d represent females producing one (a) through four 

(d) clicks. Diagonal lines represent the position of the end of the song.  
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Figure 6.  Influence of varying the length of part C of the call of Caedicia on the starting 

time of the female reply.  Changing probability of the first click in a one (diamonds), two 

(squares), three (triangles) and four (crosses) click reply being timed from the end of part 

C of the male call with increased call length.  

 

 

Discussion 

 

Call type and female preference 

 

Discussions of reply strategies within the duetting Orthoptera have focused on species’ 

identity and mate location (Hartley & Robinson 1976; Helversen et al. 2001).  Recent 

studies, have however suggested that variation in female reply within a duet could 

reflect female call preference (Tuckerman et al. 1993; Galliart & Shaw 1996) or even 

searching strategy (Spooner 1995; Helversen et al. 2001). When estimating male call 

preference the experimental design can take advantage of the simplicity of the duetting 

system, with a female varying her reply based on traits in the male call.  Reply rate and 

reply number (clicks) then have the potential to be indicators of male call preference.  
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For example, Scudderia curvicauda males call with a long series of syllables for about 

1 s with the female responding with multiple clicks some 700 – 900 ms later (Spooner 

1968b).  The number of female replies appears correlated with male body mass in S. 

curvicauda, which is a trait likely to influence female fitness (Tuckerman et al. 1993).  

 

While female Caedicia adjust their reply to variation in male call length, we could find 

no reliable association between reply length and possible fitness indicators such as 

body size or mass.  Rather, females were more influenced by the species’ character of 

the call than absolute length; they produced more replies to the population means of 

both parts B and C.  Females rarely responded to part A alone, and so we presumed 

that this introductory section of the call serves to either advertise the call’s main 

element to the female, or perhaps has a role in male-male competition.  

 

Female reply window 

 

Several studies have demonstrated the presence of a temporal reply window following 

the male call (Robinson et al. 1986; Zimmermann et al. 1989).  In many 

phaneropterines, the female reply is a series of one or more brief clicks, which is a 

format that allows little scope for conveyance of species’ identity.  However, because 

females respond during a defined window, the male can interpret the low-information 

clicks as those from a conspecific.  We found that female Caedicia confine their replies 

to the centre of the window wherever possible.  A single click falls on average some 

200 ms after the male call and replies with greater numbers of clicks are clustered 

around this central point.  We suggest that this maximises her chance of having the 

clicks appear in an individual male’s critical time window; he will notice each click 

and therefore locate the female.  Further, as a female increases the number of clicks in 

a reply, she decreases the time between each click so optimising the male’s attention. 

 

An interesting consequence of this behaviour is the tendency for the female to begin 

replying before the male has stopped calling.  It is as yet unknown whether a male will 

recognise female clicks that overlap with his own call, but Shaw et al. (1990) describe 

the response of female Amblycorypha parvipennis as occurring during the song.  They 
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found that 96% of female responses occurred during the pause between syllables; 

females of this species time their responses to this brief period of silence.  In contrast, 

when Caedicia females respond during the male's song, they do not exploit a period of 

silence.  However, if hearing in bushcrickets is similar to crickets (Grylloidea) then 

males may well be able to hear a female call while calling.  Poulet and Hedwig (2001) 

have recently demonstrated a central nervous system corollary discharge that reduces 

the neural response to self-generated sounds and so protects the cricket's auditory 

system from self-induced desensitisation.  Further investigation into the phonotactic 

response of the male to the female may answer this question and reveal whether 

replying during the male song is in fact a useful strategy, or is merely a by-product of 

producing greater than average number of clicks. 

 

Male song cues for female reply 

 

We show that female Caedicia can use a range of cues within the male song for timing 

her reply and these may be the end of the song and/or elements within the part C.  

From our experiments it would appear that females require at least 200 ms of part C of 

the song to reply.  In most phaneropterines the reply begins only at the end of a call, 

and sometimes after the male has produced a distinct trigger pulse (Heller 1990; Bailey 

& Field 2000; Stumpner & Meyer 2001).  Interestingly, in the short calling Poecilimon 

ornatus (< 50 ms), Heller et al. (1997a) found that increasing the number of syllables 

in the male call, which effectively increased call length, resulted in the female timing 

her reply from the start, rather than the end of the male call.  However, although 

instructive in this context, the authors used extreme values of male call length that 

were unlikely to occur in nature.  Despite this reservation, the observation appears 

consistent with Caedicia in that female reply is dependent on at least two decisions: 

how many clicks will form the reply and whether to use the start or the end of part C as 

a cue.  Clearly, these decisions are related in that the rate of click production will be 

dependent on the timing of the reply; earlier timed calls of longer duration will have a 

shorter interval between clicks.  We suggest that the length of reply, and thus whether 

the start (first 200 ms) or the end of part C is used as a cue, may be dependent on 
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female motivation.  Also it is possible that the propensity to call may combine with 

information from the male call, and so determine the number of clicks she produces.  

 

Greenfield et al. (1997) model the call interaction of alternating and synchronising 

acoustic insects as a shifting threshold of an oscillator.  In that model the oscillator has 

a fixed periodicity, or response function, and once set completes its cycle until it is 

reset.  In their model the acoustically responding insect of an alternating pair of males 

is affected by the timing of one of the partner's call; the oscillator is re-set once one 

male hears the next alternating call of its neighbour.  Such a model is perhaps useful in 

explaining the events we describe in this paper.  

 

 

Figure 7.  Long and short reply strategies of female Caedicia (traces 2 and 3) to a male 

call (trace 1) consisting of two parts B and C.  Females producing a reply of 6 clicks 

have a low threshold at Y (high motivation) rising after recognising elements of part C 
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of the male call (at X).  These females call at the start of the species' specific reply 

window (shaded).  Females with high threshold (low motivation) fail to call at the 

conclusion of part C and, following a brief silent interval, produce 1 or 2 clicks which 

are timed from the conclusion of the call.  Click rate of trace 3 is faster than the rate for 

trace 2. 

 

We suggest a similar model describing the duet interaction of Caedicia (Figure 7), 

where in this case the reply process is triggered by the recognition of one or two long 

syllables at the start of part C.  If low motivated females fail to reach a sufficient 

threshold to trigger a reply, indicated as a rising function in Figure 7, she may then 

reset the oscillator at the conclusion of the call; her reply will then be timed from this 

point.  However, in the case of motivated females threshold may be achieved within 

part C, she may start responding within the male call.   

 

While a set and re-set-model might be one explanation, and in many ways similar to 

that for alternating insects described by Greenfield et al. (1997), a simpler hypothesis 

is one that involves a continuous change of state between low and high motivation.  

Indeed, Figure 3b suggests a smooth transition between 2-click and 8-click replies; 

there is no stepped function that would support a re-set model.  As with the re-set 

model a female that has low motivation (upper trace of the figure x - z) may require the 

completion of part C of the call before replying, and for such a female, hearing part C 

of the call may suppress the reply.  And so in order to optimise the critical time 

window of the male, and so induces male phonotaxis, the female’s brief reply is timed 

from the end of the call.  We show how suppression by part C continues until some 

100 ms after the conclusion of the male call (Figure 7 lower traces within the shaded 

portion following the male call).  But the situation may be different for highly 

motivated females (Figure 7 upper trace x - y), where the female overcomes the 

suppression by part C once she recognises elements in part C; the threshold for reply 

now occurs during this section of the call.  Again in order to optimise the male’s time 

window she not only produces more clicks but at a faster rate; the interval between 

clicks decreases and she effectively forces her reply within the window.  Such a call 

should not only indicate a female’s willingness to mate but would also provide clearer 

information on which the male might orient. 
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Call intensity 

 

The experiment in which call intensity was varied mimicked the duetting pair calling at 

different distances.  The fact that females respond with fewer clicks to a louder signal 

suggests that intensity may have a role in a perception of distance between pairs and in 

this way be linked to the “motivational” state described above.  One simple 

explanation is that closer males require less information for female location and also 

there are fewer cues available to an intruding satellite male.  While intensity is 

considered an unreliable, dynamic species’ character (Gerhardt 1991), nevertheless, 

larger and/or closer animals produce louder calls, and so, contrary to the findings of 

Tuckerman et al. (1993), where larger males evoked more female replies, louder calls 

of Caedicia produce fewer female replies.  

 

Can males manipulate their duetting partner?  In terms of the model suggested in 

Figure 7 one hypothesis might be that the louder the male’s call is perceived by the 

female the greater the suppression, and with greater suppression so click number will 

be reduced.  Reports of duetting phaneropterines indicate that once a male hears a 

female the male reduces call intensity.  For example, Spooner (1968b, 1995) describes 

how male Inscudderia strigata and S. curvicauda decrease call intensity once the 

female replies.  Given our results the reduction of male call intensity in these American 

species may be adaptive in two ways.  First, a quieter call may reduce the chance of 

take over by rival males, or second, a quieter call may be a male tactic that forces the 

female to increase the number of her replies, thereby providing more information for 

mate location.  We suggest a possible trade-off in call intensity between attracting 

other females and maintaining an existing pair bond.  In this way once a pair bond has 

been established the male may reduce its call intensity and, as a consequence, the 

female may “assume” she is duetting with a more distant male and so increases both 

call length and rate.  In turn this allows the male to locate the potential mate more 

readily, effectively keeping the “attention” of the female in the manner suggested for 

bird duets (Smith 1994). 
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Significantly, presentation order had the most profound effect; the number of female 

clicks decreased (Figure 3a) so masking the effects of intensity.  Retaining and 

responding to preceding calls within the duet system is perhaps more common than has 

been observed within a wider range of insects.  Although not explicit, call memory of 

this nature was first indicated by Busnel et al. (1956) where ephippigerine females 

continued to track the intermittent call of the male, readjusting its track only when the 

male's next bout of calling was heard.  In complex habitats and with intermittent male 

call patterns retaining information in respect to individual recognition and location 

becomes an essential component of mate searching.  Without this females, or male 

phaneropterines, would be resetting their search paths to every new sound. 

 

Interestingly, recalling a past sensory event has been demonstrated in duetting fireflies.  

Souček and Carlson (1987) model the flash duetting of Photuris versicolor where 

females initially flash to their conspecifics until mated and then act as femmes fatales, 

mimicking the flashes of other species.  These authors found that response latency of 

the female was a function of stimulus interval and the stimulus-response relationship 

created what they called a “dialogue”.  Such dialogues took place during courtship 

involving conspecifics, while deceptive mimicry or predatory patrolling occurred 

between heterospecifics.  Important in this context was not only a change in response 

function, from conspecific to heterospecific, but also retention of information from 

preceding flashes.  
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Abstract 

 

We investigated the potential for a novel alternative male tactic in Caedicia, an 

Australian genus of duetting phaneropterine bushcrickets (Orthoptera: Tettigoniidae: 

Phaneropterinae).  Males listen to and track females as they reply to the calls of other 

males, using both the male call and the female reply to initiate their own searching 

behaviour.  We describe this behaviour as eavesdropping.  Calling males produce a 

high intensity chirp following their calling song, which has no apparent effect on 

female responsiveness.  We test the possibility that this loud chirp acts to defend the 

temporary pair bond, established between the calling male and the duetting female, by 

preventing other males from hearing the female reply.  We suggest means by which the 

calling male may be able to hear the female reply whilst producing the masking chirp.  

This behaviour may be considered a form of pre-copulatory acoustic mate guarding. 

 

 

Introduction 

 

Signalling behaviour in the subfamily Phaneropterinae (Orthoptera: Tettigoniidae) 

commonly takes the form of a male-female duet (Robinson 1990).  Males call 

spontaneously, and females announce their availability and willingness to mate by 

producing a number of short clicks within a prescribed time window following the 

male call (Heller & Helversen 1986; Zimmermann et al. 1989).  This duet produces a 

short-lived pair bond, during which the pair will attempt to locate each other before 

mating.  Typically the male searches for the female, although in several species the 

female searches for the male or the searching duties may be shared (Robinson 1990; 

Zhantiev & Korsunovskaya 1990). 

 

Alternative mating tactics (see review: Gross 1996) are common among insects and the 

relative success of these tactics may lead to the evolution of defensive, or mate 

guarding, behaviour (Thornhill & Alcock 1983).  Alternative male tactics can be 

determined by differences in male size and the tactics employed by each morph can 

include a large fighting class, and a smaller sneaker or satellite class (Alcock 1997; 

Emlen 1997).  Males may adopt such strategies by choosing between two tactics such 

as calling and defending a territory, or remaining silent nearby a calling male and 
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intercepting the searching female.  Examples of such satellite strategies exist among 

anurans (Arak 1988), and the orthopteran families Gryllidae (Cade 1979; Rowell & 

Cade 1993) and Acrididae (Otte 1972; Greenfield & Shelly 1985).  In these examples, 

a male may switch tactics due to a change in his own condition, or as a response to 

external variables, such as the density of calling males.  

 

While the silent male tactics of crickets and frogs merely require the satellite to wait by 

a calling male and intercept the searching female, Otte (1972) describes silent male 

Syrbula (Orthoptera; Acrididae) locating females as they make an acoustic response to 

the calls of signalling males.  This behaviour can best be described as eavesdropping, 

which is defined by Doutrelant and McGregor (2000) as ‘…a receiver extracting 

information from an interaction in which it is taking no part’ (see also McGregor 

1993).  As this is a behavioural response to the complete acoustic interaction between 

the sexes, we would expect such behaviour to be common among duetting 

bushcrickets.  Populations of the phaneropterine genus Caedicia, which is the subject 

of this paper, form loose aggregations, where the majority of calling males is confined 

to an area less than one hectare.  If a male were to track females answering other males 

within this aggregation and were successful in acquiring a mate, then we would expect 

that calling males should develop defensive tactics that prevent takeover by satellites.  

Defensive signalling tactics, equivalent to mate guarding, have to our knowledge not 

been described for acoustic insects and frogs. 

 

Calling is costly for a male in terms of time, metabolic resources and exposure to 

predation (non-duetting species: Bailey et al. 1993; Bailey 1995; Bailey & 

Haythornthwaite 1998; duetting species: Heller 1992).  For duetting species, the 

investment in the formation of a temporary pair bond may be lost if a replying female 

is taken over by an eavesdropping male.  By contrast in more conventional (non-

duetting) acoustic mating systems, inter-male competition is more often resolved by 

acoustic asymmetry – females may prefer louder or longer calls (Bailey 1991), and 

male calling may be inhibited by the calls of larger, dominant males (Greenfield 1997).  

In this study, we initially observed calling males producing a volley of sound at 

approximately the same time as the female reply.  We hypothesised that males may use 

this ‘putative mask’ as a defence of their temporary pair bond by preventing other 

males from hearing a female reply. 
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While both background noise and heterospecific song have been found to affect female 

discrimination of song in bushcrickets (Bailey & Morris 1986; Römer et al. 1989) and 

frogs (Schwartz & Wells 1983; Wollerman 1999), no studies have considered the 

deliberate production of sound with an intent to mask the call of a conspecific.  We 

suggest that in the context of a duet, a broadband sound, delivered at sufficient 

intensity could mask the female response from conspecific males.  In this paper we 

first examine the effectiveness of satellite or eavesdropping behaviour by males.  That 

is, we test the reaction of a male to an established duet.  Second, we test the 

effectiveness of auditory masking as a tactic to prevent an eavesdropping male from 

hearing and responding to the female reply, while retaining the calling male’s ability to 

hear the female. 

 

 

Methods 

 

The insect 

 

The genus Caedicia is a common winged phaneropterine tettigoniid occurring in 

medium to high densities across arid Australia, particularly where there is spring 

flowering Acacia and eucalypt scrub in temporary run-offs, or along semi-permanent 

waterways.  The taxonomy of the Australian Phaneropterinae is incomplete and for this 

reason, we give the species used in this study a numeric attribution - Caedicia sp. 12.  

We are aware of at least two other species of Caedicia with very similar morphologies 

in Western Australia, but with different call patterns.  Material was collected from 

areas surrounding Carnarvon, Western Australia (24º53' S; 113º39' E).  Although 

designating this species as Caedicia sp. 12 in this paper, for convenience and ease of 

reading we refer to the species as Caedicia.  Voucher material has been housed at the 

Australian National Insect Collection (ANIC) and at the University of Western 

Australia. 

 

Adults and juveniles were collected during July and August 2001.  Upon return to the 

University of Western Australia, adults were transferred to individual plastic holding 
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containers, and males and females were stored separately in acoustic isolation.  

Juveniles were stored together in wire mesh cages, and were removed and placed into 

individual containers after eclosion.  All housing and experimentation was performed 

under a reverse light cycle and at controlled temperatures (0900 - 2100 dark, 20ºC; 

2100 - 0900 light, 25ºC).  All individuals were provided with water, ground pollen, 

fresh Acacia leaves, and, when available, fresh Acacia flowers.   

 

Determination of call structure and synthesis of playback calls 

 

All recordings and experiments were performed in an anechoic room.  Males were 

placed individually in the room and several minutes of song were recorded onto a Sony 

MZ-R900 Minidisc Walkman.  The Minidisc system, with a sampling rate of 44,100 

Hz, provides adequate fidelity for the temporal analysis of the song.  A total of 11 

males were recorded in this fashion.  A series of 20 calls from each male were then 

taken for further analysis.  Calls were analysed by Signal v3.12 (Engineering Design) 

running on a Pentium-90 PC.  Once the generic call structure was determined, Signal 

was programmed to count and measure the components of the call.  The description 

and key measurements of the call are described below.  All measurements are 

presented as mean ± SD. 

 

In order to accommodate the high frequency characteristics of the call suitable for 

playback, a series of calls from one male was digitised directly into Signal at a 

sampling rate of 250 kHz via a Brüel & Kjaer ½" 4133 microphone through a Brüel & 

Kjaer Type 2209 Sound Level Meter functioning as a preamplifier.  Using the editing 

function of Signal, one typical short syllable (duration 29.0 ms) and one typical long 

syllable (duration 139.5 ms) were excised from the high sample rate recordings (see 

Figure 1).  These two syllables were used as building blocks to produce synthetic calls 

for playback experiments. 
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Measuring the female response 

 

For the purposes of these experiments a male call of 1700 ms duration was constructed 

in Signal from 16 short and five long syllables.  A female was introduced to the 

anechoic room in a small mesh cage and left undisturbed for 15 minutes.  The 

synthesised signal was then played through a leaf tweeter (EAS - 10TH400A) placed 

1.5 m from the female with sound levels controlled in 1 dB steps through a Hewlett 

Packard passive attenuator.  The attenuator was used to adjust peak intensity of the 

signal to 81 dB SPL (re: 20 µPa) at the point of the female, calibrated against a pure 

tone at the same peak-peak intensity.  The song was played 20 times to the female, 

with an 8 s delay between each presentation.  Small electret microphones were placed 

close to both the speaker and the responding female so the call and female reply could 

be recorded onto two tracks of a Minidisc.  This procedure was repeated with 16 

females.  The number and timing of female clicks were measured within the Signal 

environment. 

 

Duet playback and male phonotaxis 

 

All phonotactic experiments used an arena made of fine wire mesh marked with 

concentric circles at 30 and 60 cm from the centre. The arena was held 30 cm above a 

carpeted floor in an anechoic room held at 20º C.  Calls were broadcast through 

speakers held 10 cm above the level of the arena and approximately 65 cm from its 

centre.  Unless otherwise specified, all calls were maintained at 81 dB SPL (peak-peak) 

measured from the centre of the arena.  The putative mask, when it was part of the 

trial, was separately adjusted to 1.5 times the peak-peak amplitude of the female reply, 

as measured 15 cm from the female speaker.  When two speakers were used in a trial, 

they were positioned pointing to the centre of the arena and so separated by an angle of 

90º.  The tracks played through the left and right speakers were alternated between 

trials.  An observer sat nearby the arena, at a position directly opposite the point 

between the two speakers.  A dim red light was held directly above the centre of the 

arena. 

 

Males in all experiments were released from a small plastic vial, suspended in the 

centre and beneath the arena floor so that when the male emerged it was on the surface 
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of the arena.  The male was left for at least 15 minutes within this container before the 

lid was removed to begin the trial.  Playback treatments were played continuously with 

a 10 s delay between each presentation, and all trials ended when the male crossed the 

perimeter 60 cm line, or if the male had not moved from the holding vial after two 

minutes.  The circular arena was divided into 16 sections of 22.5º each and the key 

measurement was the section of circle in which the male crossed the 60 cm line.  A 

male was deemed to have located a speaker if he crossed the 60 cm line within the 45º 

arc surrounding the speaker.  However, we define phonotaxis more broadly than this 

and include male searching behaviour, which is typified by the male making distinct 

turning movements, a start-stop movement and the constant movement of the antennae.  

Males not responding to the stimulus either do not move or if they do move simply 

walk in a single direction with little movement of the antennae.  

 

Our initial experiment exposed males to three treatments to evaluate eavesdropping 

behaviour.  The first treatment utilised two speakers broadcasting a synthetic male call 

followed by a synthetic female one-click reply, thus mimicking a duet.  The second 

treatment added a putative mask to the male song in such a way that the mask 

coincided with the female reply.  The third treatment used only one speaker, and 

broadcast the female click alone.  This tested if a male would respond to a click that 

did not follow a male song.  

 

Once the potential for eavesdropping was established, along with the potential 

effectiveness of masking, we proceeded to study the effects of both timing and relative 

intensity of the putative mask on male behaviour.  In testing the temporal qualities of 

the putative mask, we first investigated the male phonotactic response time window, 

which is the period of time following the male call during which a male (in this case an 

eavesdropping male) will recognise a female response, as measured by phonotaxis.  

We thus use male phonotaxis throughout this paper as a measurement of 

eavesdropping.  We used a two-speaker playback with a male song without a putative 

mask, followed by a single female click.  The time between the end of the song and the 

click was varied from 50 ms before the end of the male call to 600 ms after the call. 

 

We then examined the effect of the timing of the female click relative to the putative 

mask on male phonotaxis. For this experiment the female reply was adjusted between 
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50 ms before the putative mask to positions coincident with one of the syllables within 

the mask, and then within the silent interval between masking syllables.  

 

Finally, the intensity of the putative mask, relative to the female reply, was tested in 

order to ascertain its potential effectiveness in a natural situation, where sound 

intensities decrease over distance.  Rather than adjusting the putative mask to 1.5 times 

the intensity of the click, as in previous experiments, its intensity relative to the female 

click became the experimental variable.  Treatments presented putative masks that 

occurred simultaneously to clicks, and varied from 0 dB to 10.5 dB below the intensity 

of the click, as measured in the centre of the arena. 

 

Call frequency  

 

If the female click contains sufficient power in frequencies not overlapped by the 

putative mask, then the click could be discriminated by a selective filtering process.  

We therefore performed a frequency analysis of a single male call, a putative mask, 

and a female reply using Signal (frequency resolution 1.3 Hz; time resolution 743 ms; 

FFT size 32,768; Hanning window).  From the spectra produced, we compared the 

frequency bandwidth of the three calls at 20 dB below peak power.  

 

 

Results 

 

Male call 

 

Caedicia males call with a stereotyped series of syllables where each syllable is 

produced by a single closure of the wings.  The call starts with a series of short 

syllables, averaging 28.9 ± 4.9 ms in length.  Without any break in the continuity of the 

chirp, the male finishes the call with a number of longer duration syllables, having an 

average length of 138.1 ± 21.8 ms.  The section of short syllables contains an average 

15.8 ± 3.2 syllables, and has a total duration of 911.4 ± 213.6 ms.   There are on 

average 5.0 ± 0.6 long syllables, with a total duration of 758.2 ± 141.1 ms.  The entire 

call has an average duration of 1689.1 ± 203.6 ms.  Each call measurement is the grand 
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mean taken from recordings of 11 males.  The male call, together with female reply, is 

shown in Figure 1. 

 

Occasionally, calling males produce a series of one to three chirps from approximately 

200 ms to 500 ms following their own call.  This is not a necessary part of the male 

call to evoke a female response, and we suggest that this burst of sound is an attempt to 

mask the response of a female from other males in the vicinity of the duet.  We 

therefore refer to this burst of sound as the putative mask throughout this paper. 

 

Female response 

 

The most common female response to the synthesised call was a single click; the 

greatest number of clicks recorded in response to a single male call was ten.  Clicks 

were found to occur most frequently approximately 150 ms after the end of the male 

song.  However, if a female replied with a large number of clicks, the reply often 

extended until 750 ms following the male call.  Figure 1 shows a representative male 

call concluding with a putative mask, and on a second track a typical female response 

of two clicks.  A histogram of the timing of the pooled sample of female replies is 

shown in Figure 3. 
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Figure 1.  A typical male-female duet showing, on the upper trace, a male call followed by 

a louder chirp, which we hypothesise to act as a mask.  The lower trace shows a female 

reply of two clicks. 

 

At 20 dB below the peak energy level, the frequency range of the mask is 7.6 kHz to 

22.1 kHz, which is similar to that of the male call (7.9 kHz to 21.2 kHz).  Both of these 

ranges are much wider and completely enclose the frequency bandwidth of the female 

click, which covers 10.4 kHz to 15.9 kHz.  This overlap strengthens the case that the 

final chirp may act as a mask.   

 

Male phonotaxis 

 

When we presented males with two speakers playing a synthesised male call from one 

speaker, followed by a female reply from the other, males were observed making 

obvious searching movements towards the responding female.  The gestalt of this 

behaviour was obvious, with stop-start movements, turning behaviour and a constant 

rotation of the long antennae.  A disinterested male would either fail to move or simply 

walk off the arena with no turning behaviour and with little movement of the antennae.   
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The searching males located the speaker broadcasting the female reply in 10 of the 25 

trials (Table 1).  In a further 12 trials, the males left the container and moved about the 

arena, failing to locate the speaker broadcasting the female reply.  Males failed to leave 

the container in only 3 trials.  The distribution of the points on the 60 cm circle at 

which the males crossed the perimeter is shown in Figure 2.  By comparison, when the 

synthetic male signal contained a mask simultaneous to the female response, males 

remained in the vial in all trials.  Similarly, males failed to commence phonotaxis when 

presented with an isolated female click.  The notion that in two treatments no males 

moved from their containers reinforces the fact that movement observed in the first 

treatment was phonotactic rather than random locomotion.  

 
Table 1.  Comparison of phonotactic behaviour of males exposed to three auditory 

treatments: a call and reply with no mask, a call and reply with the reply masked, and a 

female click alone.  No male moved to the speaker in the presence of the mask and none 

moved to the female click alone. 

 Stationary Unsuccessful track Successful track 

No mask 3 12 10 

Mask 23 0 0 

Click only 12 0 0 

 

The movement of the males in the first treatment (call and reply with no mask) across 

the arena is depicted in Figure 2.  The direction of male phonotaxes are drawn as if the 

male call was on the left and the female call on the right; when the reverse was the 

case, we took the mirror image of the male’s destination for this and subsequent 

analysis.  Males in the other two treatments did not move, and so these data required 

no further analysis.  We used the Rayleigh test (Zar, 1984, p.442) to analyse the 

directionality of male phonotaxis.  The mean angle was calculated to be 56 degrees 

from the line passing between the two speakers, pointing towards the female speaker 

(see Figure 2).  The vector length r, a measure of dispersal around the mean angle, was 

0.412.  Rayleigh’s z statistic confirmed that this directionality was significant (z = 3.75; 

P < 0.05).  The direction and length of this vector is shown in Figure 2. 
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Figure 2.  Histogram showing the points where males (N = 22) crossed the perimeter of 

the arena.  The circular arena has been divided into 16 sections of 22.5º each for this 

purpose.  The arrow inside the circle shows the mean phonotaxis vector (α = 56°, r = 

0.413).  The arrows outside the circle show the positions of the speakers broadcasting male 

and female calls. 

 

One consequence of these results was that phonotaxis, whether males reached the 

female speaker or not, was clearly a response to the male-female duet.    Hence, in all 

later experiments, our measure of eavesdropping behaviour was the number of males 

leaving the holding vial as a proportion of the total number of males in the trial.  In all 

experiments, approximately half of those males moving across the arena located the 

female speaker.  We conclude from this that other males were indeed tracking the 

replying female, but were unable to locate the speaker within the 60 cm radius of the 

arena. 
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Eavesdropping and the timing of female reply and the mask 

 

We tested the effect of the latency of the female click from the male song on the 

behaviour of the eavesdropping male, when no mask was present.  Figure 3 shows the 

proportion of males that tracked the female reply, as the latency of the reply from the 

male call changed.  This is superimposed onto a histogram of the timing of all female 

clicks, which was determined from our recordings of the responses of 16 females.  

Thus, the histogram represents a pooling of all replies from all 16 females.  Our data 

show a response window of approximately 500 ms following the male song, in which a 

click will be recognised as coming from a conspecific female, as measured by 

phonotaxis.  We suggest that a click during this time window will not only be 

recognised by the singing male, but also by nearby males. 
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Figure 3.  The male phonotaxis response window (dashed lines and crosses), measured as 

the probability that a male will move towards a female answering another male’s call (left 

y-axis), as the latency of the reply changes.  This is superimposed over a histogram (solid 

line, right y-axis) that shows the latency of all female clicks in response to the synthesised 

call. 

 

The effect of the timing of female clicks before and during the mask is shown in Figure 

4.  If the click occurred within 50 ms of the mask, then the eavesdropping male was 

considered to have not recognised the click.  As the time between the click and the 

onset of the mask decreased, the chance of recognition by a male also decreased.  

Important within this context is that the eavesdropping male failed to recognise a click 

within the mask, whether it occurred during a syllable or during a period of silence 

between syllables. 
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Figure 4.  The effect of presentation of the click before and within the mask.  The upper 

graph shows the proportion of males recognising the duet, as measured by phonotaxis, as 

the female click occurs before and during the mask.  The start of the mask (upper trace) is 

represented as time zero on the x-axis.  The upper trace is an extract of the lower 

waveform, and shares a time scale with the x-axis of the graph. 

 

Eavesdropping and the relative intensity of reply and mask 

 

Finally, we examined the effect of relative intensities of the mask and female click.  

The mask maintained a significant effect on tracking by the eavesdropping male, even 

when the mask had an intensity 8 dB below the intensity of the female click (Figure 5).  

Given that males have been observed to increase the intensity of their mask relative to 

other parts of the call, it is feasible that a mask may affect eavesdropping males for 

several metres around the male, potentially affecting all males within hearing range of 

the duet. 
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Figure 5.  The effect of the relative intensities of the female click and mask on male 

recognition of the female click.  Recognition is measured as the proportion of males 

performing phonotaxis (tracking). 

 

 

Discussion 

 

Eavesdropping behaviour 

 

The concept of eavesdropping, the response of the receiver to an interaction between 

other individuals, was introduced by McGregor (1993).  Several examples of 

eavesdropping have since been described, most recently in the form of female 

assessment of mate quality from male-male aggressive encounters in fish (Doutrelant 

& McGregor 2000).  We have described in this paper a form of eavesdropping in 

which a male will assess the location and willingness to mate of a female by her 

acoustic response to the call of another conspecific male.  Of a total of 25 males, 22 

exhibited some degree of phonotaxis.  As indicated above, the experimental male 

called occasionally during the trials and obviously all of his calls were unanswered, 

unless they coincided with the synthetic male call.  Thus, males may choose the 
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eavesdropping tactic when they are unable to evoke a response from females, perhaps 

in situations of high male density. 

 

Duet recognition by the satellite male 

 
The female response time window helps to explain the recognition process of the 

eavesdropping male.  We assume that the short 10-15 ms click of the female carries 

very little information, and so a male must use the timing of the female response 

relative to the male call for species identification.  The maintenance of the female reply 

within a species-specific window and the confining of the male’s attention to a similar 

period following the male call has been recognised numerous times in duetting 

phaneropterines (Heller & Helversen 1986; Robinson et al. 1986; Zimmermann et al. 

1989; Dobler et al. 1994a; Helversen & Wendler 2000; Helversen et al. 2001; 

Stumpner & Meyer 2001).  However, we believe that this is the first time that a non-

calling male has been shown to use the latency of the female reply from a conspecific 

call as a cue to locate the female. 

 

Caedicia are found in remarkably high densities of several adult males and females in 

a single bush.  It is likely that any male within such a calling aggregation is within 

hearing distance of a number of calling males and replying females.  Hence, males may 

adopt a number of strategies within an aggregation.  A male may listen for other duets 

and adopt eavesdropping behaviour and/or take a calling role, duetting with a 

reponding female.  It is unknown whether there is a limit to the number of duets a male 

could monitor, although the level of background noise in such an aggregation may 

limit the hearing range of a male.  Römer and Krusch (2000) point out in their study of 

chorusing Tettigonia viridissima that calls from one side of the insect 2 - 3 dB above a 

call from the opposite side are sufficiently loud to neurally suppress the quieter call.  In 

effect, the insect only hears the louder call.  In a study of frogs, Wollerman (1999) 

calculated that a female in an aggregation of calling frogs could only discern the sound 

of the closest calling male.  These results suggest that the degree to which 

eavesdropping males may be able to monitor duets may be severely limited by 

surrounding noise. 
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Male defensive masking 

 

Once we had established eavesdropping as a feasible alternative male behaviour, we 

investigated a possible use of noise for the calling male to defend against 

eavesdropping.  Thornhill and Alcock (1983) discuss processes of “concealment of 

potential mates from competitors” as a form of pre-copulatory mate guarding.  Such 

behaviours are adaptive, because they enhance the male’s chance of finding a mate and 

may also reduce post-copulatory sperm competition by reducing the number of males 

that each female may mate with (Simmons 2001).  We suggest that the masking chirp 

produced by male Caedicia is such a defensive mechanism. 

 

The comparison of eavesdropping behaviour between masked and unmasked calls is 

overwhelming in support of the mask hypothesis.  Of 23 trials, not one male attempted 

to start searching behaviour when a loud mask covered the female response.  This 

result satisfies one condition of the masking hypothesis; the mask is potentially 

functional.  We further investigated the effects of the mask, determining that there was 

also a potential masking effect up to 50 ms before the start of the mask, and that 

eavesdropping males did not appear to detect a click placed in a gap between the 

syllables of the mask. 

 

The effectiveness of the mask in deterring eavesdropping males represents a key 

finding of this paper.  Bailey and Morris (1986) showed that random noise could affect 

signal discrimination in a bushcricket if it was within 2 dB of signal intensity.  

Similarly, Wollerman (1999) found that female frogs could not discern a conspecific 

male call if the signal-to-noise ratio was 1.5 dB or below.  However, our results show 

that the mask has a 50% effect when some 8 to 9 dB below the signal.  One 

explanation for such a magnified effect is the extremely short duration and narrow 

frequency band of the female click.  Our measurements of the frequency spectra of the 

male call, the male mask, and the female reply show that the mask overlaps the entire 

frequency spectrum of the female click.  Interestingly, there are significant spectral 

differences between the calls of male and female Ancistrura nigrovittata (Dobler et al. 

1994b), which are reflected in the tuning of the ears.  

 

 54



 

In all our masking experiments, only one female click was played in response to each 

synthetic male call.  This is the most common female response we observed; however, 

females regularly reply with more clicks.  Ronacher et al. (2000) showed that the 

grasshopper Chorthippus biguttulus is far more tolerant of the presence of noise when 

responding to long rather than short signals.  This lead us to speculate that if a female 

Caedicia were to produce more clicks in her reply, then her reply may become more 

detectable by an eavesdropping male and such a strategy might facilitate greater choice 

between males.  In this way a female producing more clicks could be noticed through a 

masking call of one male and as a consequence more males may approach her, leaving 

the female to choose the mate likely to provide the most benefit.   Spooner (1968a) was 

able to collect male phaneropterines by mimicking the clicks of females by a finger 

click.  In contrast male Caedicia fail to move to the clicks of females presented alone, 

however it is not clear if such movements are related to levels of motivation and that 

within a group of duetting Caedicia males may not move to responding females.  The 

experiments described here did not test this hypothesis. 

 

One of the more important issues left unresolved is whether the calling male can hear a 

female response within his own mask.  We have demonstrated that an eavesdropping 

male will not attempt to locate female clicks within a mask, whether the click is 

coincident with a syllable or not (see Figure 4).  If the calling male cannot hear a 

female response through his own mask, then there is clearly no benefit in producing the 

mask for the purposes we propose.  We speculate, drawing from examples in the 

current literature, that calling males may recognise female clicks that arrive during the 

short silence (c. 30 ms) between their own production of syllables of the mask. 

 

Two recent studies of tettigoniids suggest that calling males can hear extraneous 

sounds in pauses between syllable production.  Faure and Hoy (2000) demonstrate that 

male Neoconocephalus ensiger will react defensively to the sound of predatory bats 

when the sound arrived during a pause between, but not during, syllable production.  

Shaw et al. (1990), in a study of the duetting Amblycorypha parvipennis, show how the 

female responds with a short click to the male during the male call, consistently timing 

the reply between male syllables.  This result suggests that the male would not detect 

the female reply if it were to overlap his own call, but would hear the female if her 

reply occurred during the c.100 ms interval between syllables.   
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Given the behaviour described in this paper, there appears to be sufficient evidence to 

support our hypothesis that a calling male will protect his temporary pair bond by 

producing an acoustic mask.  This is only a viable strategy if the calling male is, at 

least some of the time, able to hear the replying female.  If the female reply appears 

shortly before, or during the silence between syllables of the mask, then the calling 

male may hear the female while an eavesdropping male will not.  Thus a cost of 

producing a mask will be that any clicks occurring simultaneously to the male's own 

stridulation may remain unheard.  This cost must be traded off with the cost of losing a 

mate to an eavesdropping satellite male. 

 

 

Acknowledgments 

 

We thank Dale Roberts and Leigh Simmons for discussion on earlier drafts of this 

paper.  We also extend our thanks to an anonymous reviewer whose comments greatly 

enhanced this paper.  TJH was supported by a postgraduate scholarship from the 

University of Western Australia. 

 

 

 56



 

 

 

Chapter Four 

 

An automatic acoustic response system for behavioural 

studies of duetting insects 

 

 

 

Thomas J. Hammond1, Winston J. Bailey1 & Geoffrey R. Hammond2

1: School of Animal Biology 

2: School of Psychology 

University of Western Australia 

35 Stirling Hwy 

Crawley 

Western Australia 6009 

 

 

 

 
Manuscript accepted by Bioacoustics, July 2002 



 

Abstract 

 

We present a novel technique for interactive playback of response calls in duetting 

insects.  Many insects, in particular the subfamily Phaneropterinae (Tettigoniidae: 

Orthoptera) achieve mate pairing through a duet, whereby the female produces a short 

reply following the male call.  Our technique allows the researcher to mimic the female 

acoustic behaviour, by recognising the male call and producing a female reply within a 

relevant time frame.  Once the generic temporal structure of the male call is known, the 

researcher may define one or more parts of the male call to be used as triggers for the 

production of the synthetic response.  Sufficient flexibility exists in the system to be 

used for any species with temporally-structured duet calls. 

 

 

Introduction 

 

The use of playback experiments has long been prevalent in studying the acoustic 

behaviour of animals.  Typical playback experiments involve the manipulation of a 

recorded or synthesised signal, which is played through a speaker to a live 

experimental animal (Gerhardt 1992; Gerhardt 1995).   Such experiments have been 

performed across diverse taxa such as mammals, birds, fish, frogs and insects 

(Balcombe & McCracken 1992; Kyriacou et al. 1992; McGregor & Westby 1992; 

Sugiura 1993; Tuckerman et al. 1993; Greenfield & Minkley 1994; Price 1994; Barlow 

& Jones 1997; Gray 1997; Lugli 1997; Benedix & Narins 1999; Cucco & Malacarne 

1999; Sayigh et al. 1999; Mougeot & Bretagnolle 2000; Riebel & Slater 2000; 

Schwartz et al. 2000; Semple 2001).  The response of the experimental animal, which 

may be behavioural or physiological, is recorded and through variation of the synthetic 

call we may be able to assess possible functions of different call characters.  The 

playback of synthesised calls derived from live recordings is a common experiment 

applied to frogs and acoustic insects.  By adjusting the parameters of the synthesised 

calls, experimenters can assess such factors as female preference for call characters, or 

species-specific elements of the call (e.g. Gerhardt 1991; Tuckerman et al. 1993; Gray 

1997). 
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Acoustic advertisement calls are used by many groups of animals to achieve mate 

pairing (Hoy 1989). Frogs and insects often form dense aggregations or choruses 

where males will continuously call to attract females (Greenfield 1994; Wollerman 

1999).  The vast majority of acoustic insects are within the order Orthoptera, which 

includes the commonly recognised grasshoppers (family Acrididae), crickets 

(Gryllidae), and bushcrickets or katydids (Tettigoniidae: Bailey 1991).  In the 

subfamily Phaneropterinae (Tettigoniidae: Orthoptera), the usual system of mate 

pairing is by a duet (Robinson 1990).  This is in contrast to the more typical approach 

to mate finding in acoustic insects and frogs, whereby silent females will select and 

approach a stationary calling male.  The method described in this paper uses the 

phaneropterine duet as a model. 

 

In a typical phaneropterine duet the male produces a call which may vary in length 

between species, from several milliseconds to several seconds (Hartley & Robinson 

1976; Bailey & Field 2000).  The female, upon recognising the male call, replies with 

several short clicks which fall within a species-specific time window, during which the 

male will be attentive to her response (Zimmermann et al. 1989).  In such a duetting 

system, playback experiments have been performed by synthesising male calls and 

recording the female phonoresponse (e.g. Tuckerman et al. 1993; Bailey & Field 

2000).  In a duetting system both the male and female produce and respond to sound, 

so answers to many behavioural and physiological questions rely on measuring how 

the male may react to a female replying to his call.  In such an experiment, the 

production of the female response must be dependent on the production of the male 

call, and there must be processes of recognition and timing to produce the female reply 

within the necessary time window. 

 

Several researchers have produced analog electronic systems to trigger a response 

playback by simply recognising the production of sound by the male.  Such systems 

have been used for the phaneropterine species Leptophyes punctatissima (Robinson 

1980; Robinson et al. 1986), Poecilimon ornatus (Heller & Helversen 1986; Helversen 

et al. 2001), Poecilimon thoracicus (Heller & Helversen 1986) and Poecilimon affinis 

(Helversen & Wendler 2000).  These studies all describe a female response being 

triggered after the detection of any sound production by the male.  For all these 

species, with the exception of P. affinis, the male call is a single pulse lasting 
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approximately 10 ms.  Poecilimon. affinis, however, has a male call lasting around 250 

ms, although the final 10-15 ms have a much greater sound intensity.  The intensity 

level required to trigger the response system used by Helversen and Wendler (2000) 

was, in this case, set to trigger at the final, high-intensity part of the call.  Schwartz 

(1994) describes the application of a similar interactive system in frogs – presumably 

also detecting the production of sound, rather than specific temporal sound patterns. 

 

Methodologies that can trigger an artificial female response to the call of a duetting 

male phaneropterine have thus been in place for over 20 years.  However, these 

processes appear to be limited to simple male calls with short and predictable duration.  

Such a system may not be practicable in studies of other phaneropterines, or indeed 

other duetting insects, which may have longer or more complex calls.  Species with 

longer calls tend to have a greater complexity to the call; calls may have several 

distinct components and increased variability.  As calls become more variable, the 

onset of sound cannot be used to trigger a response, as the end of the call cannot be 

predicted with the necessary accuracy. 

 

In a duetting phaneropterine, as in any communication system, the male call must 

contain sufficient information for the female to recognise the call as coming from a 

conspecific.  Furthermore, the call must contain some cue to allow the female to time 

her response so that it may be recognised by the male.  Such information is typically 

coded as patterns of sound onset and offset in the call (Pollack 1988; Dobler et al. 

1994a; Bailey & Field 2000; Tauber & Pener 2000; Stumpner & Meyer 2001).  

Bushcricket calls tend to be broadband in frequency, without the frequency-modulated 

structure that typifies the calls of other animals such as birds or primates (Pollack 

2000).  The basic unit of call structure in bushcrickets is the syllable, which is the 

audible result of one movement of the forewings, drawing a plectrum on one wing 

across a toothed file on the other wing.  The call structure may include several 

syllables, each of which may vary in the number of tooth impacts and duration.  Thus 

several studies (Dobler et al. 1994a; Galliart & Shaw 1996; Bailey & Field 2000; 

Tauber & Pener 2000) have described the typical male call of a species and the 

components within the call necessary to elicit female response.  One notable call 

component is the ‘trigger’, being an isolated short pulse of sound concluding the call of 

some phaneropterines (Heller 1990; Dobler et al. 1994a; Bailey & Field 2000; 
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Stumpner & Meyer 2001).  Females of a species with a trigger pulse in the male call 

will generally be alerted to the presence of the male by the early part of the call, and 

subsequently listen for and time their response from the concluding trigger. 

 

In this paper we describe a real-time system that will recognise the calls of male 

phaneropterine bushcrickets, and present a synthetic female reply after a pre-

determined latency.  The basis of recognition is periods of noise and silence – defined 

by sound intensity being above or below a set threshold.  The system uses two 

computers, one running an algorithm constructed under LabVIEW v6.0 (National 

Instruments), the other running Signal v3.12 (Engineering Design).  The LabVIEW 

algorithm performs the call detection and releases an electronic trigger once the call 

concludes.  Signal can then detect the trigger and play back a female reply.   

 

We include, as example, a description of our use of this system on two Western 

Australian phaneropterines, Caedicia sp. 12 and Elephantodeta nobilis.  The duets of 

both species form part of an ongoing study of duet behaviour.  The male calls of these 

species have a relatively long duration, with distinctive patterns of signal onset and 

offset, typical of a duetting system that this technology may be applied to. 

 

 

Methodology 

 

Here we present a description of the combined hardware and software that we have 

used to play female replies to Caedicia.  The critical component of the system is the 

software that has been designed to recognise call elements, and this will be explained 

in detail.  The rest of the system is generally interchangeable with similar hardware.  

We commence this section with a descriptive overview of the entire system, as it was 

set up when we ran experiments to reply to the call of male Caedicia. 

 

It is important to note that prior to the use of this system, a study must be performed to 

ascertain the temporal characters of the male call and female reply.  There must be 

some understanding of the structure of a typical male call and the variation that may 

occur within the call.  The timing and the typical format of the female reply must also 

be measured from live animals.  Finally, by performing playback experiments with 
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altered forms of the male call, the researcher may find out the parts of the male call 

necessary for female reply, and the acceptable variation in these characters.  This 

information is critical if the system is to accurately mimic a female responding the 

calling male. 

 

 
Figure 1.  An overview of the response system showing the transfer of information from 

the live male, through the recognition device running under LabVIEW, the trigger sent to 

the computer running Signal, and the final playback of the female response to the male. 

 

Overview of the entire system 

 

The experimental male was placed inside an anechoic room.  Depending on the 

purpose of the experiment, the male could be held within a cage, or left free to move 

across the experimental arena.  A Brüel & Kjaer ½" Type 4133 microphone was 

positioned to monitor the call of the male.  If the male was left to roam across the 
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arena, the microphone was suspended a short distance above the arena, positioned to 

detect the call of the male from all points on the arena.  The signal from the 

microphone was passed through a B & K Type 2209 Sound Level Meter acting as a 

preamplifier, and was digitised by an ADC-11 datalogger (Pico Technologies, 

maximum sampling rate 15 kHz) connected to the parallel port of a Pentium-III PC 

running at 500 MHz.  A custom-written program running within LabVIEW (National 

Instruments) read the input from the ADC-11, which recognises the pulse structure of 

the call.  This recognition program is described in detail later.  Once a call was 

recognised, the program sent a high-going pulse from the digital output of the ADC-11, 

which was converted into a very short low-going pulse by a 74LS123 integrated 

circuit, which also is described in more detail later.  The low-going pulse is recognised 

as a trigger by Signal, which then played back an artificial female reply upon receipt of 

the trigger.  The reply was played through a leaf tweeter via a 100 W amplifier and an 

attenuator, which was used to adjust the intensity of the playback. 

 

This setup uses a digital output to trigger Signal to produce the reply call.  It may be 

possible to incorporate playback within the LabVIEW environment.  However, we 

chose to use a triggered Signal output because we have regularly used Signal to 

produce and play high-fidelity artificial stimuli, and Signal has an easily programmable 

interface to adjust and control timing, intensity or other playback parameters.  Signal 

relies on a very short low-going pulse for triggering, which was difficult to produce 

directly from LabVIEW.  To convert the trigger into a format recognisable by Signal, 

we used a 74LS123 retriggerable monostable multivibrator integrated circuit, which, 

when connected to appropriate electronic components (see Figure 2), releases a low-

going pulse of approximately 600 ns duration upon input of a high-going edge.  The 

74LS123 requires a 5 V power source, which we have drawn from the joystick port of 

the computer running LabVIEW.  The wiring of the chip is shown in detail in Figure 2. 
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Figure 2.  The wiring of the 74LS123 integrated circuit to convert a high-going edge 

(output from LabVIEW) into a short low-going pulse to trigger playback from Signal. 

 

The recognition system 

 

Recognition of the call is performed by a custom-designed program running in 

LabVIEW, a programming system with a graphical interface.  Input of the analog 

signal and output of the digital trigger is via an ADC-11 datalogger, connected to the 

parallel port.  The ADC-11 converts positive values (range 0 to +2.5 V) of the analog 

signal from the microphone into a 10 bit digital signal, at a maximum sampling rate of 

15 kHz.  This digital signal is accessed by custom-designed software and is the basis 

for male call recognition.  The ADC-11 also has one digital output channel, which we 

have utilised to trigger playback through Signal. 
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As data are sampled from the ADC-11, a running average is calculated in real time to 

smooth the signal.  Each averaged point is then compared to an intensity threshold, 

which is adjusted to an appropriate level to discriminate between the biologically 

relevant signal and background acoustic and electronic noise.  The number of 

consecutive points, either above or below the threshold, is counted.  If this count 

reaches a minimum setpoint then a flag is switched from false to true.  If the maximum 

setpoint is exceeded then the flag is returned to false.  Once each criterion is met the 

next criterion in a series is considered.  If all criteria are met, then the program has 

recognised a call, and a digital trigger is sent out.  Thus call recognition is based on the 

program receiving, in a given order, a series of sounds alternated with silence, each 

within a given duration range.  

 

Example response to the calls of Caedicia sp. 12 and Elephantodeta nobilis

 

Figure 3 shows the process of call recognition in two phaneropterine bushcrickets, 

Caedicia sp. 12 (A) and Elephantodeta nobilis (B).  The comparison of the averaged 

amplitude envelope with the amplitude threshold produces a binary pattern of sound 

and silence – resembling a barcode – upon which recognition is based. 

 

In Caedicia, recognition is dependent on two factors: the appearance of long syllables, 

and the silence at the end of the call.  The call of male Caedicia consists of several 

short leading chirps, which contain short syllables only.  The females respond shortly 

after the longer chirp which finishes with syllables of a longer (at least 80 ms) 

duration.  The response program is set to detect two criteria; at least one syllable of a 

long (>80 ms) duration, and a period of silence of at least 60 ms, which characterises 

the end of the call. 

 

Five criteria are necessary to recognise the call of E. nobilis.  The main body of the call 

is a series of repeated syllables; the male indicates the end of the call with two 

triggering elements (a pre-trigger followed by a trigger, see Bailey & Field 2000).  

Thus, the elements of recognition are a typical syllable from the body of the call, a 

short pause of silence, a brief pre-trigger chirp, followed by another slightly longer 
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pause, and finally a trigger click.  As the call of E. nobilis always ends with a trigger, 

there is no need to register a final period of silence to recognise the end of the call. 

 

 
Figure 3.  Examples of the process of recognition of the calls of Caedicia sp. 12 (A) and 

Elephantodeta nobilis (B).  In each example, the top trace represents the waveform of a 

typical call, the second trace shows the smoothed amplitude envelope (solid line) 

superimposed by the amplitude threshold (dashed line).  The final trace shows the periods 

of sound and silence discriminated by the amplitude threshold, and the particular series of 

criteria that are necessary for selection (indicated by *). 
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Application of the system 

 

We have developed this system for the immediate purpose of testing the effect of 

variations in female response on male behaviour in the genus Caedicia.  Our 

experiments have varied the timing and number of clicks produced in reply to the male 

call.  In studies of a similar duetting bushcricket, Scudderia curvicauda, the number of 

female clicks has been interpreted as an indicator of female preference or willingness 

to mate (Tuckerman et al. 1993).  A recent study by Bailey and Hammond (2003b) 

found that as female Caedicia varied the number of clicks produced in response to a 

male call, they concomitantly adjusted both the initial timing and the rate of delivery of 

clicks.  Results such as these inevitably raise questions regarding how males respond to 

such changes in female behaviour.  For several decades, standard playback systems 

have measured the effects of variations in male calling patterns on female behaviour in 

a variety of taxonomic groups.  In the duetting insects, we now have an adaptable 

system that allows us to evaluate female response behaviour – rather than merely 

recording the female’s response, we can investigate the proximate effects of their 

behaviour. 

 

Beyond the immediate application to a male-female duet, we expect that the call-

recognition system will be useful in many other acoustic studies.  Acoustic satellite 

behaviour (Bailey & Field 2000) has been described in E. nobilis, where a non-calling 

male may insert a number of clicks prior to the calling male’s final trigger.  This 

behaviour has the effect of confusing the female, and the female may orient to the 

satellite male in up to 10% of instances.  Accordingly, we could use the response 

system to mimic a satellite male to further investigate this tactic in E. nobilis, and 

possibly other species.  In chorusing insects (Greenfield 1994; Greenfield et al. 1997) 

and frogs (Schwartz 1987a; Klump & Gerhardt 1992), males adjust the timing of their 

calls based on the calling of other males.  This may result in alternation or synchrony 

of calls.  Again, further studies of such male-male acoustic interactions could utilise 

the interactive system to recognise the call of a male, and then play a competing male 

call at an appropriate time.  Beyond call interactions, call recognition could be used to 

 67



 

count the number of calls produced over a period of time, or to assist in recording of 

sporadically-calling species. 

 

We also expect that this system may be applicable to a variety of arthropod duetting 

systems that rely on temporal patterns for signal coding.  The duets of birds and 

mammals are highly variable and rely on complex frequency modulation for species 

and individual recognition.  Given that our system has little scope for detecting 

frequency changes, we cannot expect it to discriminate frequency-modulated calls 

without substantial modification.  A recent review of duetting insects (Bailey & 

Hammond 2003a) identified 48 arthropod species that duet via airborne sound or 

substrate vibration.  The system could be adapted to function in duets using media 

other than airborne sound.  For example, an accelerometer, as used by Schüch and 

Barth (1985) to measure the leaf-borne vibrations of a spider, could be used as an input 

device to detect duets that use substrate vibration rather than sound.  Indeed, even 

light-borne duets, such as those of bioluminescent fireflies could be detected and 

mimicked by a modified version of the response system.  

 

The response program is available to be downloaded from the internet site 

http://www.zoology.uwa.edu.au/students/thammond.  Both an executable file and the 

original LabVIEW VI are accessible, along with a readme.txt file outlining use of the 

software. 
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Chapter Five 

 

General Conclusion 

 



 

The purpose of this research was to investigate mating behaviour associated with the 

duetting system of phaneropterine bushcrickets.  Through a series of experiments, I 

have described a variety of different behaviours that are executed by both males and 

females.  The foremost objective of the research was to test the function of alternative 

behaviours, and variation in behaviour, in maximising individual reproductive success.  

I initially hypothesised that individuals choose behavioural strategies based on their 

own physiological condition and environmental factors.  Intrinsic physiological 

condition can include factors such as size or energy reserves, and may result from 

genetic or environmental factors, such as a lack of food.  External environmental 

factors may include not only food availibility, but the presence and quality of 

competing conspecifics and the density of available mates.  I investigated variations of 

behaviour in both males and females. 

 

The focus of Chapter Two is variation in female reply strategy.  A series of 

behavioural experiments were performed on female Caedicia sp. 10.  Preliminary 

observations had shown significant variation between and within females in the 

number of clicks produced in reply to a male call, typically varying from one click to 

over ten clicks.  The aim of the experiments was to determine if there were any cues 

within the male call that affected the number of clicks produced by the female.  A 

secondary aim was to determine if and how females vary the timing of their reply, as 

the number of clicks changes.  Synthesised male calls were played to females and 

female acoustic response behaviour was recorded.  Several researchers (Hartley & 

Robinson 1976; Robinson 1980; Robinson et al. 1986; Zimmermann et al. 1989; 

Tauber & Pener 2000; Helversen et al. 2001) have demonstrated the presence of a 

temporal female response window – a strict window of time following the male call 

during which a female will respond to that particular call; a male will not react to a 

female who responds outside of this time window.  The research presented here 

investigates new aspects of female reply strategy. 

 

These experiments showed that females did not alter their click number in response to 

temporal cues in the male call, but did, however, produce fewer clicks in response to 

relatively louder calls.  It was found that as females vary the number of clicks in their 

reply, from one to over ten, they also alter the timing of the start of their response to 

maximally contain the entire reply within the temporal response window.  Thus, a 
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female producing a single click will time her reply such that it appears in 

approximately the centre of the response window.  A female producing a longer reply 

will begin her response earlier, so that most of her clicks are centred with respect to the 

response window.  This effect may be so pronounced that, in the case of an excessively 

long reply, a female will begin her response during the male call.  A subsequent 

experiment demonstrated that females use one of two cues to time their response, 

depending on the number of clicks they intend to produce as a reply.  Most commonly, 

females time their response from the end of the call.  However, when either the male 

call is excessively long, or the number of clicks the female intends to produce is high, 

then the female may time her response from a cue within the male call.  Thus females 

adjust the process of male call recognition and the timing of their response as their 

intended reply strategy changes. 

 

Chapter Three addresses the subject of male behaviour, and describes another method 

by which calling Caedicia sp. 12 males may protect their investment in securing a 

mate.  The study focuses on eavesdropping, a concept introduced by McGregor (1993), 

and more recently worded as ‘…a receiver extracting information from an interaction 

in which it is taking no part’ (Doutrelant & McGregor 2000).  In this context, it is 

shown that males recognise a duet between another male and a female, and move 

towards the replying female; thus eavesdropping on another male’s duet, presumably 

with the intent of mating with the female.  Further, calling males are observed to 

produce a burst of sound a short time after their call. 

 

Two-speaker playback experiments demonstrate that the final burst of sound may be an 

acoustic mask, intended to prevent other males from eavesdropping by effectively 

masking the sound of the female response.  For the sound to be effective as a mask, it 

must prevent competing males from hearing the female response, while allowing the 

calling male to hear the female.  Experimental evidence is not presented to support the 

argument that a calling male may hear a female reply through his own mask.  

However, examples of the literature are cited that support the posibility that a calling 

male may hear female replies if they occur in the brief silence between syllables, and 

our experiments prove that an eavesdropping male cannot hear a female reply in this 

period of silence.  Thus Chapter Three uses the duetting phaneropterine system to 

describe a previously unknown form of satellite behaviour and a similarly unknown 
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form of eavesdropping, as described by McGregor (1993).  Presumably, selective 

pressures for calling males to defend their pair bond with a replying female have led to 

the evolution of the auditory mask, a form of mate guarding. 

 

The final part of this thesis, Chapter Four, describes a novel system that has been 

developed for future use in playback experiments with duetting phaneropterines and, 

potentially, other duetting animals.  This was developed with the intent of applying the 

technology to further study the duetting system of Caedicia spp. and similar 

phaneropterines.  The system can be used to play a synthetic female acoustic response 

to a calling male at a relevant time interval.  The main part of the system is a program 

constructed within LabVIEW, a graphical software development system.  A 

microphone placed near the calling male inputs the sound, via an analog to digital 

converter, into a computer.  The recognition program then reads the incoming signal 

and can be set to recognise certain temporal patterns, which are typical of a species’ 

call.  Thus if the temporal structure of a male call is known, then this system can be 

programmed to recognise the call based on the patterns of onset and offset of sound, 

with a time resolution of less than ten milliseconds.  When the program has recognised 

a call, and the necessary cues for timing, an electrical pulse is sent to a second 

computer, running Signal, a sound recording and playback software package.  Signal 

will then play back a previously recorded female response to the calling male, whose 

behaviour can then be monitored.   

 

This mechanism has been designed for immediate use in the study of duetting 

phaneropterines.  It allows the researcher to adjust characteristics of the female 

response, and measure the resultant effects on male acoustic behaviour or phonotaxis.  

Through use of this new tool, we plan to expand current understanding of the role of 

the female response, and male detection of the female response, in phaneropterine 

duetting.  There is no clear evidence to suggest the role of variation in the number of 

clicks a female may produce.  This may function in communicating a female’s 

willingness to mate to a male.  If a role-reversed (see Gwynne & Simmons 1990; 

Heller et al. 1997a) mating system is present, the number of female clicks may 

function to outcompete other females responding to a single male.  Potentially, the 

acoustic response system could be utilised for a broad array of experimental 

applications.  Just as basic acoustic playback experiments are common with a wide 

 72



 

application (Gerhardt 1992), this new development could be used for many situations 

where a timed response to an auditory cue is required. 

 

 

Conclusion 

 

Key findings of this thesis include a new perspective on the control of the timing of 

female responses, a previously unknown form of alternative male behaviour that fits a 

previous definition of eavesdropping, and a process by which males may defend an 

attracted female from intruding satellite males.  I have also developed a novel 

methodology which may be used in further experiments on Caedicia or related 

phaneropterines, or indeed may be developed further and applied to any other duetting 

animal.  Through my description of acoustic communication within the genus 

Caedicia, I have attempted to find evolutionary explanations for my observations and 

findings.   

 

Thus this thesis, involving the behaviour of an undescribed Australian genus, is a study 

in evolution, demonstrating that within the context of phaneropterine duetting, forces 

of natural and sexual selection drive the evolution of a variety of different forms of 

behaviour.  In the arid and unpredictable environment inhabited by these insects, there 

may be great variation in the quality of males attempting to attract mates.  Thus, there 

have evolved methods, ‘satellite behaviour’, by which males may reproduce in spite of 

a potentially poor phenotype.  In turn, behaviours exist in the population which protect 

the investment of higher-quality males by countering or diminishing the effects of 

satellite behaviour.  Females are also shown to vary their phonoresponse behaviour, 

possibly in response to internal body state or environmental conditions.  Thus a suite of 

behaviours exist for males and females, each a variation on the basic ‘male calls – 

female replies’ model.  Individuals may utilise the available behaviours based on their 

own condition, relative to the rest of the population, in order to maximise their 

reproductive success. 
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Abstract 

 

A meta-analysis of the duetting patterns of insect taxa that signal by bioluminescence, 

substrate vibration, or sound was used to test the prediction that call length by the 

initiating male influences the latency of reply of the female.  There was a significant 

and positive relationship between these two measures.  Although tests on the entire 

data set did not consider phylogeny, when all members of one sub-family of 

bushcricket, the Phaneropterinae, were isolated there was a significant and positive 

relationship between call length and reply latency.  Two explanations are suggested.  

First, the female must wait for the conclusion of a long and potentially variable 

message; there is uncertainty as to when the call has finished before she can reply. 

Second, is the requirement of the female to process information; a longer male call, 

with more information requires more processing than a brief call.  The authors suggest 

that long reply latencies may be vulnerable to intrusion by competing mates.  One 

defensive tactic of potential female partners is to insert a trigger pulse that indicates to 

the female when the long and complex call has concluded.  This behaviour may be 

considered as acoustic mate guarding and one example is given of this behaviour. 

 

 

Introduction 

 

Acoustic duets are common among birds (Farabaugh 1982) and mammals (Haimoff 

1986), rarer among frogs (Tobias et al. 1998), and the behaviour has evolved a number 

of times across a range of arthropod taxa including spiders (e.g. Schuch & Barth 1985).  

Within the Insecta, duetting may include the visual signalling of fireflies (Lloyd 1975; 

Carlson & Copeland 1985), the substrate vibration of stoneflies (Stewart et al. 1995) 

and water striders (Henry 1979), and the acoustic signalling of grasshoppers 

(Helversen et al. 2001), bushcrickets (Robinson 1990), and plant bugs (de Winter & 

Rollenhagen 1990).  The term duetting is more commonly used for birds, where the 

behaviour is restricted to males and females that either sing simultaneously or in rapid 

alternation, and in many cases, as with insects, the coordination of male and female 

songs is remarkably precise (Thorpe 1963; Grimes 1965; Farabaugh 1982; Arrowood 

1988; Levin 1996).  The precision with which many duets are formed has led to the 

widely accepted hypothesis, particularly among avian duetting species that the duet 
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functions in joint territorial defence and/or in maintaining a pair bond (Thorpe 1963; 

Wickler 1980). 

 

Commonly among insects, and particularly grasshoppers, crickets and bushcrickets the 

calls of non-duetting insects are made by males, and consist of repeated syllables or 

phrases, which the silent female may use to locate its mate (Bailey 1991; Gerhardt & 

Huber 2002).  By comparison, for duetting species a male’s signal is followed by a 

discrete female reply (Robinson 1990), and it is the predictable association of each part 

of the couplet that forms a duet.  Equally precise acoustic interactions occur among 

alternating and synchronising males (Greenfield 1994), but these interactions are 

usually not considered a duet.  The couplets of a duet may be separated by relatively 

longer periods of silence but in some species a near continuous male call may have a 

female replying in step with the intervals between the repeated syllables (e.g. the 

bushcricket or katydid Amblycorypha parvipennis: Shaw et al. 1990).  Here, the duet is 

more complex, but is still characterised by repeated and stereotyped couplets. 

 

For species where the duet is separated by a period of silence, the length of the male’s 

initiating signal can be long, lasting several seconds (Spooner 1968b; Tuckerman et al. 

1993; Bailey & Field 2000) or brief, created by a few short clicks (Robinson et al. 

1986; Heller 1990).  In almost all species the female reply is short but may be repeated 

as a series of clicks forming a phrase (e.g. Tuckerman et al. 1993) before the male 

initiates the next couplet.  The time between the end of the male's call and the reply of 

the female is considered as the latency of reply in this paper.  Reply latencies can be 

extremely short in some species of bushcricket; often approaching the physiological 

limits of reaction time (15 - 20 ms: Robinson et al. 1986), while in other species 

latencies can exceed 0.5 s (Spooner 1968b; Heller 1990). In species with extremely 

short latencies males may use the latency of reply as a means of estimating the distance 

to the female (sound takes time to travel from the initiator to the duetting partner and 

then to return) and so only initiate searching when the interval indicates an 

appropriately close female (Zimmerman et al. 1989; Robinson 1990). 
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Where female choice plays a significant role in the mating system, it is predicted that 

selection should operate on male signal length and complexity; females then have an 

opportunity to express between-male preference. Tuckerman et al. (1993) 

demonstrated the potential for female choice in Scudderia curvicauda, where the 

length of the male signal indicated body mass, and so potentially the size of the nuptial 

gift formed of a proteinaceous mass surrounding the sperm ampulla, the 

spermatophylax.  Under such conditions increased costs of calling and the production 

of nuptial gifts may lead to changes of searching roles, with females rather than males 

doing the searching (Heller 1992; Bailey & Field 2000).  As with non-duetting species 

males may now compete to attract choosy females and, where there is a conflict 

between information content (signal length and complexity) with inherent increases in 

metabolic cost of calling and risks of predation, males should vary both in their ability 

to produce a suitable nuptial gift (bushcrickets and katydids) and also to in the length 

of their call.  For many species of bushcricket calling and the production of a nutrient-

rich spermatophore is a conflict, with calling delayed after mating as the male develops 

a second spermatophore (Davies & Dadour 1989). 

 

Hence, in any population differences in male ‘quality’ such as size or recent mating 

history should be reflected in patterns or length of calling.  And, where some males are 

unable to effectively compete with other males, alternative male tactics could evolve 

that avoid costs of calling.  For many acoustic insects alternative male tactics include 

silent satellite behaviour, where the alternate male waits by a calling male for the 

approaching female (Rowell & Cade 1993).  For duetting species, where call length is 

used to advertise male quality, any delay in the female reply may allow other males to 

distract the female by inserting their own, much shorter signal in the time between the 

end of the initiating male call and the female reply.  The replying and searching female 

would be unaware as to which male she is responding to, and, in species such as 

Elephantodeta nobilis, the satellite male appears to be successful at least some of the 

time (Bailey & Field 2000).  We therefore predict that in such species the initiating 

male should evolve tactics that reduce the chance of satellite take-over and this 

behaviour may constitute a form of mate guarding (Thornhill & Alcock 1983). 
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By conducting a meta-analysis of duetting by bioluminescence and acoustic-vibrational 

signals in a range of insects, we test the simple prediction that where selection on male 

signal length, perhaps through sexual selection, results in an increase in the length of 

the male call, the female reply latency will increase.  The a priori prediction is that 

there will be a trade-off between call length and reply latency.  Further, where reply 

latencies are long, we search for evidence of males using acoustic tactics that 

effectively reduce reply latency and we therefore presume call vulnerability.  We 

identify one tactic as the inclusion of a trigger pulse at the end of a long and variable 

call. 

 

 

Methods 

 

We define reply latency as the time between the conclusion of the male call and the 

start of the female reply.  We analysed 50 species (51 cases, with one species adopting 

two call strategies) from the literature and from our own unpublished data (Table 1).  

Where pictorial examples in the literature are our only source of data we have 

measured call length and reply latencies from the published figure, and where a range 

of call lengths and latencies are provided (there are few papers with sufficient data to 

estimate variance) we have taken mean values.  In one case, Montezumina modesta 

(Spooner 1968b) there are clearly two types of male call, and so we have included both 

calls and female replies.  

 

First, we examined the relationship between call duty cycle and reply latency, as if 

duty cycle and latency co-varied the simplest explanation of any observed relationship 

based on call length may simply be duty cycle (Bradbury & Vehrencamp 1998).  For 

example, the prediction could be considered that as duty cycle decreases so reply 

latency similarly shortens in order for the reply to occur before the following signal.  

We test this prediction using a subset of data from 26 cases where there is sufficient 

published information for us to calculate duty cycle (most authors focus on the 

initiating signal and the reply and not the repeated couplet).  Duty cycle is a ratio 

between signal duration and signal period - effectively how long the call is on air for 
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any period of calling.  But for most duets, the call and reply is interspersed with long 

periods of silence, there is no periodicity, and so in these cases the term duty cycle 

would appear inappropriate.  

 

We refer to additional brief call components following the male call as a trigger (see 

Bailey & Field 2001; Stumpner & Meyer 2001; Figure 1).  The trigger is invariably a 

clear single syllable or click at the conclusion of the call, which the female may use to 

time her reply.  Some authors have identified these elements (e.g. Heller 1990; Heller 

et al. 1997b), while others merely include the final part as part of their call description.  

We consider that in species where the male provides an extremely short call the trigger 

is in effect the call, these species were excluded from our analysis of trigger species as 

their inclusion could be considered equivocal.  However, in longer calling species this 

brief signal is invariably distinct from the main section of the call (see Figures 1 b and 

d).  
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Figure 1.  The influence of a trigger pulse on female reply latency.  (a) (b) Duetting in 

two undescribed species of Australian bushcrickets within the genus Caedicia 

(Phaneropterinae). (a) Caedicia sp. 10 where the male (upper trace) produces a long call 

with no trigger with a latency of female reply (lower trace) close to 190 ms, (b) Caedicia 

sp. 11 where the male introduces a trigger at the conclusion of a complex call allowing 

the female to reply with a latency of 70 ms.  The vertical line serves as a reference for 

the end of each male call - both traces have the same time-base.  (c) The call of a male 

phaneropterine Isophya leonorae without a trigger pulse and (d) Poecilimon sanctipauli 

showing a long call followed by a trigger with the female producing a reply with a short 

latency.  (c and d redrawn after Heller 1990)  

 

Given the comparative nature of our analysis it was necessary to consider phylogeny 

(Figure 2).  Duetting has clearly evolved a number of times across arthropod taxa 

including spiders (e.g. Schuch & Barth 1985) and we make no attempt to trace the 

origins of duetting at this level.  However, there was a stronger case for effects of 

phylogeny on our analysis within certain bushcricket (Tettigoniidae) taxa, and 

particularly as one data set comes from 17 species within 8 genera of Phaneropterinae.  

Eleven of these species are from 4 genera within the Barbitistini.  Although there are 
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numerous recordings of male calling within the Phaneropterinae (see the 

comprehensive study of Heller 1988) we have, to our knowledge, exhausted the 

evidence from published recordings describing duets.  As we indicate, most of the 

described cases come from the Barbitistini, with other genera covering 3 different 

nodes of the phylogeny.  Given this uneven spread we consider there are insufficient 

data from a sufficient range of taxa for a satisfactory comparative analysis of 

independent contrasts (see comments by Harvey & Pagel 1991, and Harvey & 

Rambaut 2000).  However, as a simple solution we take a recent, though incomplete, 

phylogeny of the Tettigoniidae provided by Naskrecki (2000) and plot on this 

phylogeny those taxa included by Naskrecki where we have evidence that males 

include a trigger pulse following their long call (Figure 2). The traits used by 

Naskrecki are independent from the acoustic cues used in this study.  For ease of 

reading we leave out of this phylogeny the names of non-duetting taxa, as these are not 

relevant to our case - the blank ends of the tree indicate the presence of single genera. 

The production of a trigger has clearly evolved (gained or lost) at least three times 

within the Barbitistini, and again at least twice within the entire Phaneropterinae.  

Given our limited data this must represent a gross under-estimate.  We then plotted the 

log-ratio of call length and reply latency as a continuous variable on this phylogeny in 

the manner illustrated by Garland et al. (1999).  The assumption we made was that if 

taxa were contributing significantly to either male call type or female reply latency 

then there would be evidence of clumping between ratio values and rank.  Even though 

each node may be turned through 180o, the gross structure of the phylogeny should 

remain as a useful point of reference.  There was no obvious relationship, which again 

suggests that phylogeny has little to do with the timing of reply latencies. 

 

Given these assumptions, we then plotted the log of male call length and log female 

reply interval from all taxa using visual, substrate and acoustic duetting systems.  We 

pay some regard to broad taxonomic groupings in that the first plot is for all data, the 

second for species within the Tettigoniidae, and then for the Phaneropterinae only.  As 

indicated above, we identified those species where males employ a trigger pulse as 

described above and, because the trigger is expected to influence the reply latency 

rather than the length of the signals, we removed these data from our regression 

analyses.   

 81



 

`  

Figure 2.  A phylogeny of the Phaneropterinae (Tettigoniidae) based on Naskrecki 

(2000) with genera included in this review inserted.  The occurrence of duetting is 

undoubtedly universal amongst the Phaneropterinae (Spooner 1968b) while the presence 

of a trigger following the initiating call is infrequent.  The symbol T indicates the 

occurrence of genera where males utilize a trigger pulse.  Trigger pulses have evolved 

more than once in the Phaneropterinae. 
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Results 

 

In all cases there was a significant and positive relationship between log call length and 

log reply latency (all species: R2 = 0.355, F1,49 = 26.926, P < 0.00001; non-tettigoniid 

species: R2 = 0.476, F1,13 = 11.805, P < 0.005; tettigoniid species: R2 = 0.163, F1,34 = 

6.630, P < 0.02; phaneropterine species: R2 = 0.156, F1,31 = 0.156, P < 0.05).  There 

was no relationship between male call duty cycle and female reply latency (R2 = 0.04, 

F1,24 = 0.963, P = 0.336). 

 

Our data from tettigoniid species with an identified trigger element in the male call 

tend to lie below the overall regression (Figure 3).  We calculated the residual, beneath 

the regression for tettigoniid species, for each data point from a triggering species.  The 

mean (± SD) of the residual values is –0.294 ± 0.353, which was calculated to be 

significantly below zero (one-sample t-test; t = -2.628, df = 9, P < 0.05).  Thus we 

conclude that species utilising a trigger pulse strategy have consistently shorter reply 

latencies. 

 

We illustrate changes in reply latency first from our own unpublished data in a species 

with a long call but no trigger (Caedicia sp. 10; Figure 1a) and a sister species 

(Caedicia sp. 11; Figure 1b), where the male adds a discrete trigger so reducing female 

reply latency.  A second example comes from two species of duetting European 

phaneropterines.  First, a male Isophya leonorae without a trigger results in an longer 

female reply latency (Figure 1c).  By contrast, a male Poecilimon sanctipauli that 

produces a trigger after a long call results in a female reply with a short latency (Figure 

1d; Heller 1990).  Our unpublished observations with Caedicia species 10 and 11 

confirm that the final element of the call acts as a critical trigger for the female.  By 

experimentally altering the position of the trigger in a computer-simulated playback the 

female maintained the reply latency as the position of the trigger varied in respect of 

the main call. 
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Figure 3.  Relationship between male call length and duet interval for non-tettigoniid 

species (crosses) and all tettigoniid species (circles – open and full). Both axes are 

plotted on a logarithmic scale.  Filled circles represent those species of tettigoniid that 

have a post signal trigger.  The solid represents the regression of all species. 

 

 

Discussion 

 

We show for the first time a universal phenomenon among duetting insects, of a 

relationship between male call length and the latency to respond by duetting females - 

female reply latency increases with male call length.  Based on the data available, we 

could find no relationship between duty cycle and reply latency and therefore reject the 

alternative hypothesis that reply latency is a consequence of duty cycle.  Although 

specific call latencies are adaptive, both in recognition and the maintenance of pair 

bonds, we suggest that this cross-species phenomenon is, in part, an epiphenomenon.  

We provide two simple explanations.  First, the female must wait for the conclusion of 

a male call of uncertain length before replying; there is a level of uncertainty.  Second, 
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is that the female may require time to process the content of an often complex and 

variable signal before replying (Dobler et al. 1994a).   

 

Acoustic advertising signals usually contain sufficient information for one sex to 

identify and locate a potential mate, and for these reasons the signals are often long and 

complex; the signal contains sufficient information for females (or males) to make a 

decision on mate preference.  And so the length and complexity of the male's signal 

within a duet will be balanced by benefits and costs (Heller 1992), and, as with non-

duetting species, while long bouts of calling may increase the chance of mating, 

increased call length within a duet may also increase risks of predation (Cade 1975; 

Heller 1992).  For this reason selection to reduce call length may come from costs to 

both sexes of calling and searching.  For example, where the initiating male signal, as 

part of a duet contains very little information, the onus to make a correct identification 

will be on the female.  Remarkably, where male signals are short females are often 

indiscriminate (Robinson et al. 1986; Heller et al. 1997b; Tauber & Pener 2000), 

replying to almost any sound that resembles a click.  However, males will only search 

for females that reply within a discrete interval following their call (Zimmermann et al. 

1989) and so the onus of identity in these cases rests with the searching male rather 

than the replying female.  Presumably, at such short reply latency there is little time for 

processing information by the female (Robinson 1980; Robinson et al. 1986). 

 

The only cue available to the female indicating the conclusion of a call will be a period 

of silence, and, where the signal is a series of repeated syllable or chirps, the female-

perceived end of the signal will be the absence of at least one repeated element.  For 

repeated call elements the female must start processing her reply from a time set by the 

average interval between syllables or chirps; in effect she listens for another syllable, if 

it is not there then she replies.  This delay will increase both the latency and variation 

in the latency of the reply. 

 

By contrast, if the female is making an assessment of the male call in terms of length 

or complexity, an increased latency might be a consequence of her processing 

information.  In these cases her reply may be determined by either her own 
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physiological condition, such as her readiness to mate, and/or a threshold set by the 

expected signal duration, which is a species' character (Dobler et al. 1994a).  For 

example, the female may only reply if the male call contains certain critical features, or 

is of a minimum length.  But where a signal is repeated by the male, and only 

occasionally answered by the female (e.g. Pterophylla camellifolia, Amblycoryphya 

parvipennis; Shaw et al. 1990), females may assess the male call over several bouts of 

calling.  She may then time her reply within species’ specific limits to signify to the 

searching male that a pair bond has been established.  

 

The extreme illustrates this point.  In short-calling species such as Leptophyes 

punctatissima the female replies with a short latency and there is very little variation in 

both male call length and female reply (Robinson et al. 1986; Zimmermann et al. 

1989).  In species with an extremely long and variable call, such as Scudderia 

curvicauda (Spooner 1968b; Tuckerman et al. 1993) latencies are similarly long and, 

we predict that in these species males will be vulnerable to take over by satellites.  If 

increased reply latency is vulnerable to satellite intrusion, and we provide one case of 

this (Bailey & Field 2000), then we would predict the evolution of signaling tactics that 

reduce the chance of satellite take over.  The production of a trigger may be one such 

tactic.  Our rather limited data show that long-calling species that have a trigger pulse 

show significantly reduced reply latency compared with non-trigger species with 

comparable call lengths.   

 

While the function of the trigger may be mate guarding, support for such a hypothesis 

is at best tenuous, based on one example (Bailey & Field 2000).  However, examples 

of takeover in insect duetting species may be more common than reported in the 

literature and there are examples of visually signaling satellite males among fireflies 

(Lloyd 1979; Carlson & Copeland 1985).  This paper may alert workers to such a 

possibility. 

 

Does the relationship between call length and reply latency apply to all duetting 

systems?  We have examined both bird and primate literature (26 cases) in an attempt 

to apply this hypothesis more generally.  Duetting systems of both these groups are 
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extremely complex, varying within species and often within individual pairs.  Further, 

the duet is rarely a single call element followed by a discrete response, such as is found 

in fireflies and acoustic insects.  More usually the duet is a complex of sounds often 

learned and developed uniquely by the pair.  Further, the duet is rarely a device used 

solely for courtship, and subsequent mating is dependent on a much greater range of 

signals and circumstances.  Although, as indicated above there is some evidence for 

take over among shrikes (Sonnenschein & Reyer 1983), there appears no compelling a 

priori reason to suggest that initiating call length among birds (but see Smith 1994) or 

primates may have any relationship with the evolution of “acoustic” duet-take over as 

we suggest for insects.  
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Table 1.  Call descriptions, call length and reply intervals of duetting arthropods using light, substrate vibration and acoustic signals. 
 

 
Taxon     

      
    

     
     

 
     

 

 
     

 

  

 

 

 
     

Species Medium Description Male call
length (ms) 

Reply 
latency (ms) 

 

Reference 
 

   
Chrysopidae Chrysopa carnea Substrate Drumming 3910 1380 Henry 1979
Chrysopidae Chrysopa rufalbris Substrate

 
Drumming
 

10280 3960 Henry 1979
    

Cicadellidae Balclutha incisa Substrate
 

Drumming
 

200 136 Nuhardiyati 1998
    

Cicadidae Cicadetta quadricincta Acoustic 
 

Single syllable 
 

100 76 Gwynne 1987 
    

Corixidae Palmacorixa nana Acoustic
 

Syllables
 

8000 3000 Aiken 1982
    

Lampyridae Photinus collustrans Light 1 flash 300 270 Lloyd 1979 
Lampyridae Photinus greeni Light 2 flashes 1250 750 Buck & Case 1986 
Lampyridae Photinus mcdermotti Light 2 flashes 2300 1500 Carlson & Copeland 1985 
Lampyridae Photinus pyralis Light 1 flash 

 
500 2000 Lloyd 1979 

    
Perlidae Beloneuria georgiana Substrate Drumming 885 215 Maketon & Stewart 1988 
Perlidae Eccoptura xantheus Substrate Drumming 188 823 Maketon & Stewart 1988 
Perlidae Hansonoperla appalachia Substrate Drumming 940 141 Maketon & Stewart 1988 
Perlidae Paragretina media Substrate 

 
Drumming 
 

915 108 Maketon & Stewart 1988 
    

Acrididae Bullacris membracoides Acoustic 
 

Syllables 
 

2500 788 van Staaden & Römer 1997 
    

Gryllacrididae Ametrus sp. Substrate 
 

Drumming 
 

420 700 Field & Bailey 1997 
    

Ephippigerinae Steropleurus nobrei Acoustic Syllables 400 75 Hartley 1993



 

Taxon Species Medium Description Male call 
length (ms) 

Reply 
latency (ms) 

Reference 
 

     
     

 

    

   
    
     

    

     

 

Ephippigerinae Steropleurus stali Acoustic Syllables 310 200 Hartley 1993
Ephippigerinae Uromenus stalii Acoustic

 
Syllables
 

420 250 Heller 1990
    

Phaneropterinae Acrometopa servillea Acoustic Syllables + trigger 850 180 Heller 1990 
Phaneropterinae Amblycorypha floridana Acoustic Ticks + syllables 

 
500 138 Spooner 1968b 

Phaneropterinae Amblycorypha oblongifolia Acoustic Syllables 200 208 Spooner 1968b
Phaneropterinae Amblycorypha parvipennis Acoustic Single syllable 80 40 Shaw et al. 1990 
Phaneropterinae Ancistrura nigrovittata Acoustic Syllables + trigger 631 25 Dobler et al. 1994a 
Phaneropterinae Barbitistes constrictus Acoustic Syllables + trigger 1651 40 Stumpner & Meyer 2001 
Phaneropterinae Barbitistes ocskayi Acoustic Syllables + trigger 497 40 Stumpner & Meyer 2001 
Phaneropterinae Barbitistes serricauda Acoustic Syllables + trigger 829 40 Stumpner & Meyer 2001 
Phaneropterinae Barbitistes yersini Acoustic Syllables + trigger 204 40 Stumpner & Meyer 2001 
Phaneropterinae Caedicia sp. 10 Acoustic Syllables 1150 192 Bailey & Hammond (pers. comm.) 
Phaneropterinae Caedicia sp. 11 Acoustic Clicks + trigger 1171 77 Bailey & Hammond (pers. comm.) 
Phaneropterinae Caedicia sp. 12 Acoustic Syllables 1689 238 Bailey & Hammond (pers. comm.) 
Phaneropterinae Elephantodeta nobilis Acoustic Syllables + trigger 4000 500 Bailey & Field 2000 
Phaneropterinae Holochlora nigrotympana Acoustic Single syllable 

 
20 1000 Heller et al. 1997b 

 Phaneropterinae Inscudderia strigata Acoustic Syllables 78 97 Spooner 1968b
 Phaneropterinae Isophya hospodar Acoustic Syllables 10 20 Heller 1990

Phaneropterinae Isophya kraussii Acoustic Syllables 250 80 Heller 1990
Phaneropterinae Isophya leonorae Acoustic Syllables 145 300 Heller & Helversen 1986 

 Phaneropterinae Isophya modestior Acoustic Syllables 320 100 Heller 1990
Phaneropterinae Leptophyes punctatissima Acoustic Series of clicks 10 23 Zimmermann et al. 1989 
Phaneropterinae Metaplastes ornatus Acoustic Single click 10 25 Heller 1990 
Phaneropterinae Montezumina modesta Acoustic Short syllable 19 41 Spooner 1968b 
Phaneropterinae Montezumina modesta Acoustic Long syllable 30 30 Spooner 1968b
Phaneropterinae Phaneroptera nana Acoustic 

 
Series of clicks 
 

125 60 Tauber & Pener 2000 
    

Phaneropterinae Poecilimon affinis Acoustic Single syllable 275 65 Heller 1990 
Phaneropterinae Poecilimon hamatus Acoustic Single click 10 25 Heller 1990 
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Taxon Species Medium Description Male call 
length (ms) 

Reply 
latency (ms) 

Reference 
 

Phaneropterinae Poecilimon laevissimus Acoustic Single click 8 30 Heller & Helversen 1986 
Phaneropterinae Poecilimon ornatus Acoustic Single click 10 90 Helversen et al. 2001 
Phaneropterinae Poecilimon sanctipauli Acoustic Syllables + trigger 300 25 Heller & Helversen 1986 
Phaneropterinae Polysarcus denticaudus Acoustic Syllables + trigger 2150 75 Heller 1990 
Phaneropterinae Scudderia curvicauda Acoustic Syllables 800 835 Tuckerman et al. 1993 
Phaneropterinae Stictophaula ocellata Acoustic Series of clicks 325 215 Heller et al. 1997b 
Phaneropterinae Turpilia rostrata Acoustic Single syllable 30 76 Spooner 1968b 
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