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Summary

For most insects, size determines the call frequency.
This paper describes the acoustics of a small
brachypterous cricket (Rufocephalus sp.; body length
9.6 mm) producing a call with a carrier frequency of
approximately 3.2kHz from a subterranean burrow.
Crickets such as Gryllus campestrisare approximately
twice this length and produce a call frequency close to
5kHz. The burrow of Rufocephalusopensvia a small hole
with a diameter of 3.2mm. The neck of the hole at
approximately 1.4 mm depth opens to a vertical two-part
burrow with an upper vase-shaped chamber 16.1mm in
height with a diameter of 9.4mm. This top chamber
connectsvia a 6.4 mm high (diameter 5.2mm) neck to a
more irregular chamber approximately 18 mm high with a
width of approximately 11 mm. The walls of the top
chamber neck and of the upper part of the lower chamber
are smooth and appear to be sealed with saliva.

of 7.4. Natural-size model burrows resonated at similar
frequencies with similar Q values. One cricket, which had
previously called from its own burrow at 2.95kHz, sang at
3.27kHz from a burrow that resonated at the same
frequency.

Life-size model burrows driven by external sound
resonated at similar frequencies to the actual burrows;
models three times life size resonated at one-third of this
frequency. In all models, the sound pressure was more-or-
less constant throughout the top chamber but fell rapidly
in the neck of the burrow; the phase of the sound was
effectively constant in the top chamber and neck and fell
through approximately 180 ° in passing from the neck into
the lower chamber. A numerical model of the sound flow
from region to region gave essentially similar results.

A resonant electrical model fed from a high-impedance
source with discrete tone bursts at different frequencies

The song has a mean centre frequency of 3.2kHz and is showed similar amplitude and frequency modulation to

made up of variable-length trills of pulses of mean

the various types of song pulses that were observed. It is

duration 15.8 ms. Many song pulses had smooth envelopes suggested that the high purity of the songs results from

and their frequency did not vary by more than +40Hz
from the centre frequency, with a relative bandwidth

Q-3¢s of over 50. Other pulses showed considerable

amplitude and frequency modulation within the pulse.
When driven by external sound, burrows resonated at a
mean frequency of 3.5kHz with a mean quality factoiQ

close entrainment of the sound-producing mechanism of
the insect’s wings to the sharply resonant burrow.

Key words: acoustics, cricket, song, tuned burrow, frequency, song

purity, Rufocephalusp., communication, sound.

Introduction

Sound communication among animals is constrained bgroduction of signals at high frequencies, which can be
their size and, because insects tend to be small, there gm@duced more efficientlyersusat low frequencies, which
physical limits to both the power and frequency of the signatan travel further (Rémer, 1993).
they can produce (Bailey, 1991; Bennet-Clark, 1998). As a Insects have exploited three strategies to achieve effective
consequence, there is a close correlation between the sizesound transmission. First, concentrating the sound power
the sound-producing structure and the song frequency (Bennetithin a narrow frequency band improves the effective signal-
Clark, 1998). Because high frequencies are attenuated by ttenoise ratio and is achieved by the use of resonant sound-
environment at a greater rate than low frequencies and becaupgducing structures. The second requirement is for efficient
for the most part, insects gain by transmitting the signal overoupling or impedance matching between the sound-producing
the furthest distance, there is a constant trade-off between thguctures and the surrounding air. Finally, related to both
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sound power and increasing the insect’s effective size, insedt@quency of the song, with its almost pure tone, is produced
have exploited external structures that are larger thaby a very small cricket, thus challenging the notion that small
themselves (Forrest, 1982; Bennet-Clark, 1998). insects can produce only high-frequency calls. This example

The forewings of male crickets are specialised for soundf an insect that uses external means to enhance its calling
production: a plectrum on the posterior edge of one wingerformance represents, to the best of our knowledge, the first
engages with the teeth of a file on the underside of the opposiescription of a member of the Gryllidae using a complex
wing. Crickets sing by closing the forewings and therebytuned burrow for this purpose. We test the acoustics of such a
creating a series of catch-and-release actions between thgstem by natural experiment and also by developing both
plectrum and file, which in turn distorts specialised veins ofmodel burrows and model crickets. Finally, we draw
the wings (the harp), exciting their resonant vibration (Nockecomparisons between the subject of this paper, an undescribed
1971; for reviews, see Bennet-Clark, 1989; Bennet-Clarkspecies oRufocephalusand the acoustics of mole crickets.
1999b). Each wing-closure causes a series of excitations of
the harp resonators, which merge into a sustained coherent
vibration that is radiated as a sound pulse.

Because the resonant frequencies of the harp regions of the Insects
two wings are similar and sharply tuned, cricket songs are The cricket described in this paper is tentatively assigned to
musical and most songs are confined to a narrow frequentlye genusRufocephalu®tte and Alexander, 1983. The four
band corresponding closely to the resonant frequency of tHeufocephaluspecies described by Otte and Alexander (Otte
harps (Nocke, 1971). However, this rather simplisticallyand Alexander, 1983) occur several hundred kilometres north
suggests that crickets produce pure-tone calls, although thisaé our study site, extending from the Pilbara Ranges to the
seldom observed: in many crickets, the frequency of the sign&limberley Plateau in Western Australia. The song types of
decreases within each pulse (Leroy, 1966; Simmons arttiese four species are different from those described here, as
Ritchie, 1996); the effective resonant frequency appears t@re their carrier frequencies. It is almost certainly a new species
decrease throughout the closing stroke (Bennet-Clark, 1999hyithin the genus and, throughout this paper, we therefore refer
In this paper, we examine the extent to which a pure-ton® it asRufocephalusVoucher specimens are lodged with the
carrier frequency can be maintained by a calling insect. Australian National Insect Collection, Canberra.

Efficient impedance matching between a vibrating structure Male insects were collected from the Coalseam Nature
and the surrounding fluid medium depends on the effective si®eserve on the Irwin River north of Mingenew in Western
of the sound-producing structure. For example, the radius of Australia on three occasions in October and November 1999.
monopole source that radiates sound from only one side shoultsects were located by their song during the night and dug up
exceed one-sixth of the carrier frequency wavelength; if themmediately after song recordings had been made. The insects
source is a doublet, radiating sound from both sides, thmade their burrows in red alluvial sandstone clays where the
effective radius should exceed one-quarter wavelength (Olsotgp 20—30 mm hardens to a crust-like cap. Some burrows were
1957; Fletcher, 1992). Not surprisingly, where there has begrhotographed while the insect was calling, enabling a
strong selection on low-frequency pure-tone signals, insecteeasurement of the exposed length of their antennae. Insects
have evolved second-stage transduction devices thatere brought back live to Perth in separate specimen jars
effectively increase the size of the sound source. and were subsequently preserved in 70% ethanol. Body

Many insects that produce pure-tone sounds increase td@nmensions of preserved insects were measured to the nearest
power of the signal by coupling the sound-producing organ t6.1 mm using a graticule eyepiece in an Olympus binocular
a resonator (Forrest, 1982). These resonators can form partroicroscope.
the sound-producing structures themselves, but the insect may
also use external structures to enhance the signal further. Such Measurements of song parameters
devices may include leaves as baffles (Forrest, 1982) or the After the burrow opening had been located, recordings were
specially shaped burrows of mole crickets that are tuned to tmade from a distance of approximately 150mm. The
resonant frequency of the sound-producing wings (Bennetnicrophone was a Tandy tie-clip microphone (catalogue no.
Clark, 1970; Bennet-Clark, 1987; Daws et al., 1996). 133-1052) fastened to the end of a 400 mm long 7 mm diameter
cicadas, the primary resonators are small paired tymbals on thastic pipe; this was calibrated against a Bruel and Kjaer
side of the abdomen which, in many cicadas, drive a Helmholtnicrophone (type 4165) and Bruel and Kjaer sound level meter
resonator consisting of the abdominal air sac and ear drunitype 2209); its response was flat +2 dB between 1 and 20 kHz.
(Young, 1990; Bennet-Clark and Young, 1992). A feature oRecordings were made at 12dB below peak level into one
both the mole cricket and the cicada systems is that the secottthnnel of a Sony TCD-D8 digital audio tape recorder, with a
stage of impedance matching increases the effective size of thpecified and measured frequency response that was flat +1 dB
sound source to close to the optimum and, since it is tuned fimm 20Hz to 22kHz. Recordings were voice-cued with the
the carrier frequency of the song, tonal purity is maintained.date and serial number of the insect. Between 30 and 60s of

This paper describes a grylline system analogous to thaécording were made for each insect.
of the mole cricket (Gryllotalpidae). The remarkably low Sound level measurements were made in the field using a

Materials and methods
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Bruel and Kjaer (type 2231) sound level meter with integratingurface holes and other regions were measured optically in the
module (type BZ7100) and microphone (type 4155). BotHaboratory or from photographs taken in the field with a
mean sound pressure and peak sound pressure levels westerence scale. Further measurements were made directly
measured with a distance of 200 mm between the mouth of tfiem casts of burrows, which were dug up and then sectioned
burrow and the face of the microphone. in the laboratory.

Tape recordings were analysed either using Signal The porosity of different regions of the burrows was
(Engineering Design, Belmont, MA, USA) data-acquisitionassessed by painting the inside of the burrow with cellulose
and analysis software or using the sound-acquisition input gfaint and subsequent washing to remove soil particles. Surface
an Apple Macintosh Powerbook 3400C and Canary 1.2.loughness was measured from sections of the burrow cut after
sound-analysis software sampling at 44.1kilosampless embedding the parts of the burrow in epoxy resin.

Pulse duration was measured directly from oscillograms; the For acoustic tests, blocks of approximately the top
dominant frequency was measured by Fast Fourier TransforB0—100 mm of soil, each containing a burrow, were dug up and
(FFT), and cycle-by-cycle frequency was measured by zerdransported to the laboratory. Acoustic testing was carried out
crossing analysis. after placing the block of soil containing the burrow on a

Most FFT analyses using the Canary software were madg mm thick layer of cotton wool on top of a 100 mm thick
using a Hamming window and a 2048-point analysis windowayer of acoustic foam.
giving a filter bandwidth of 87Hz. Most recordings were
analysed without filtering, but in some cases where there was Tests with model burrows
intrusive wind noise, frequencies below 500Hz and above Natural-size models of the burrow cavity were carved from
12kHz were removed before signal analysis with the ‘filtepparaffin wax to dimensions taken from representative plaster
out’ tool in the Canary software; this filters by 30dB in 50 Hz,casts of the insects’ burrows; any rough carved marks were
regardless of the frequency. The harmonic content of differesimoothed with a warm soldering iron. The models were
parts of song pulses was observed by similar filtering-out ofarved so that the dimensions of the surface hole, upper and
the frequency band from 1 to 4.5kHz and comparing théower chambers and neck (see Fig. 1) were within £0.2mm
filtered pulse with the unfiltered one. The frequency spectra aff the dimensions of the plaster casts of burrows, but the
short sections of sound pulses were analysed by copying panbdels were made with a longer neck at the surface hole and
of the pulse and pasting it into the middle of a 0.5s duratioa long exit tunnel, giving a total length of 150 mm and
blank recording. To improve the resolution of the FFT analysisyithout the natural and occasional deformations that occurred
single song pulses were analysed by copying them into a 0.5sthe casts of the burrows. The wax models were cast in the
duration blank recording and making a 16 384-point analysissentre of a 30mm square block of plaster, so the wall
giving a filter bandwidth of 10.9 Hz. thickness of the cast exceeded 10 mm. After the cast had set,

Resolution of the cycle-by-cycle or instantaneous frequencif was dried and heated to melt out the wax. Holes 1.3 mm in
within the pulses was performed using ZeroCrossing Z@iameter were drilled through the walls of the cast into the
version 3 software written by K. N. Prestwich, which measuremodel cavity to allow the insertion of probe microphones;
the time of zero crossing of the wave form to a precision ofvhen not in use, these holes were plugged with wooden pegs.
approximately 0.5s by exploiting the interpolation between The sharp lip of the surface hole of the real burrow was
sample points provided by the Canary software. Tests witeimulated by grinding away any excess plaster left after the
3kHz sine-wave signals showed that the frequency ofasting process.
individual cycles was measured to less than +5Hz. Further The natural-size models were driven by an external sound
tests showed that the method can give anomalous results wigburce placed 40 mm from the top surface of the model, and
signals with any direct current component or where the signathneasurements were made at 5mm intervals along the length
to-noise ratio is poor: the analyses reported here were madéthe cavity as well as across the outside of the models at the
after using the software to filter out all signal componentplane of the surface hole (see Fig. 1). The strong resonances
below 500Hz and normally only with signals for which thedue to the 100-120 mm length of the cavity were damped by

signal-to-noise ratio exceeded 40dB. filling the lower half of the models with cotton wool; tests with
a probe microphone inserted into the cotton wool showed (i)
Burrows that the resonance seen in the upper part of the model did not

Casts of burrows were made in the field by pouring dentappear at the bottom end of the model and (ii) that the sound
plaster made up to a fluid consistency through the surface holas attenuated by over 40 dB relative to the peak pressures in
of the burrow. A 15mm high ring of plastic water pipe wasthe upper part of the models. Further, measurements in the
used to confine the plaster to the region of the mouth of thepper parts of the model with the bottom end of the model
burrow. The casts were dug up the next day, and adherent sedaled with modelling clay were the same as those with the end
was washed away. open.

Most dimensions of the washed plaster casts were measuredA model cricket body was made from a cylinder (10 mm
to the nearest 0.1 mm using Mitutoyo digital callipers. Actualong and 3mm in diameter) of modelling clay mounted on a
burrows in the soil were fragile, so the dimensions of thestraight length of 0.2 mm wire, which was inserted through the
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bottom end of the plaster model. Using a scale attached to theprobe microphone in a straight line normal to the plane of
wire, this was moved to measured positions along the lengthe diaphragm, 1 mm away from the edge of the earphone,
of the burrow. showed a nearly symmetricdtshaped distribution of sound
A series of model burrows approximately three timespressure on either side of the diaphragm with a null at the
natural size was made from 30mm internal diameter bplane of the diaphragm and a 180 ° phase shift either side of
45 mm internal length polyethylene film canisters, joined bythe null.
lengths of 14.5mm internal diameter polystyrene tubing. A Burrows and models were also driven externally by an
variety of surface holes was provided by washers in which thenmodified Sony earphone mounted on a 2 mm square support
hole had been chamfered to give a sharp edge. Holes 1.5moud at a range of 50 mm from the surface hole with the centre
in diameter were drilled along the length of the model for thef the diaphragm on the axis of the burrow.
insertion of probe microphones. A 3mm wide slot cut along Both sound sources were driven directly by a Hewlett
the length of the top chamber of the model allowed the sourfdackard 8111A pulse and function generator gated to produce
source to be moved along the chamber, where it was sealdiscrete tone bursts of complete sinusoidal cycles by pulses
in place with modelling clay. The modular constructiongenerated by a Neurolog pulse and delay-width generator. Both
allowed the dimensions of the models to be alteredsources were effectively aperiodic when driven by tone bursts
Termination in the models was provided by a 300 mm lengtbetween 0.8 and 5kHz; in other words, there were no
of 14 mm internal diameter plastic tubing filled with cottonsignificant resonances in the frequency band studied here and,
wool. Variable porosity was provided by rows of 1.5mmwhen the source was driven by a tone burst of 10 cycles, it
diameter holes in the walls of the model which could be sealgatoduced 10 cycles of sound.
with modelling clay.
The relative amplitudes and phases of the inputs and Probe microphones
responses of the models were measured directly from anMeasurements of the acoustics of burrows, casts and models
oscilloscope. Phase was measured in degrees, and phase Made made using a pair of probe microphones similar to those
relative to that at the datum was, for convenience, given described by Young and Bennet-Clark (Young and Bennet-
positive value. Clark, 1995) made from Realistic Electret tie-pin microphones
An electrical model of the burrow was made from a paralle{Tandy catalogue 33-1052) but with 18 mm long probe tubes
LCR (inductor, capacitor and resistor: Fig. 12C, inset) resonamtf 1.25mm external diameter and 0.8 mm internal diameter.
circuit in which a 20mH inductor was tuned by a UE5 The microphones were used in conjunction with a specially
capacitor to 2.9kHz and adjusted with a 20&hunt resistor constructed two-channel preamplifier and, overall, the
to a quality facto@ of 10. This was driveriaa 22 KQ resistor, responses were amplitude-matched to less than +0.5dB from
which provided a source of similar impedance to that of th@00Hz to 6kHz with a time difference of less thanusb
resonant circuit at its resonant frequency, from a Tektronix F@quivalent to +5° at 3kHz.
501A function generator gated to produce tone bursts by pulses
from a Digitimer DS9A stimulator, and measurements were Terminology
made of the response across the inductor. The frequency withinThe sharpness of tuning of resonances is quoted as the
the tone bursts was set to the nearest 10Hz using a Testlgality factor (orQ), given byTvloge(decrement) of the free
M2365 multimeter. decay of an oscillation. Th® value is also the ratio of the
resonance frequency of a system to the width of the response
Sound sources curve at 50% amplitude or at 3dB below the peak response
The wings of crickets are held above the body, so there {#orse, 1948).
sound leakage from the two sides around the edges of theThe relative bandwidth of frequency spectra is quoted as
wings. An appropriate model is a doublet source consistin@-3dg, given by the frequency at which amplitude is maximal
of a moving diaphragm open on both sides so that the antilivided by the bandwidth at 3dB below the maximum.
phase sound radiated from one side interacts with that from Two separate terms are used here because they concern
the other side. A high-quality Sony 15 mm diameter earphondifferent aspects of the sound signals we describe. The contexts
was removed from its housing and glued to a 2mm squaie which the use of different measurements @f are
support rod parallel to the plane of its diaphragm. The bacappropriate are discussed in Bennet-Clark (Bennet-Clark,
of the diaphragm radiates sound through small ports in th€999a).
earphone surround anti-phase with that radiated from the The frequency at which the acoustic response to a
front of the diaphragm. To balance the output from the twainusoidal drive is maximal is termed the resonant frequency,
sides of the diaphragm, a 12 mm diameter disc of adhesi&. The frequency of maximum power in a frequemeysus
tape was attached to occlude the central part of the front facelative power spectrum is termed the best or centre
of the earphone. The following tests confirmed that the sourdeequency,F.
acted as a suitable dipole or doublet source: first, the phaseln power spectra, the relative power is given in decibels (dB)
of the sound output at the front of the source differed by 180relative to the peak power: 10dB is a 10-fold change in power;
from that at the back; second, measurements made by movi@gdB is a 10-fold change in amplitude.
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Table 1.Body dimensions of makRufocephalus Table 2.Dimensions of casts of the burrows of male
Head width (mm) 3.02£0.23 (19) Rufocephalus
Antenna length (mm) 18.9+0.63 (4) Coefficient
Body length (mm) 9.60+0.89 (16) Dimensions  of variation
ig:ga::g Ygf;]h(znmmnz) 3;1%261%?1 ((11%)) Mean diameter of surface hole (mm)  3.19+0.20 (19) 0.063
Pronotum length (mm) 1.55£0.11 (19) Area of surface hole (m#n 9.92+0.63 (19)  0.070
Pronotum width (mm) 2.75+0.27 (19) Length of surface hole (mm) 1.4+0.55 (4) 0.39
Pronotum height (mm) 1.73+0.22 (19) Height of top chamber (mm) 16.1+3.30 (17) 0.205
Calculated bod | + Mean diameter of top chamber (mm)  9.37+0.89 (17) 0.095
y volume (nrfn 39.93£8.77 (19) Volume of top chamber (m# 697+192 (15)  0.275
Calculated height to tips of raised 7.15+0.50 (19) P ( _ (15) )
. Length of neck (mm) 6.43+2.13 (13) 0.33
wings (mm) Diameter of neck (mm) 5.15+0.49 (12) 0.095
Height of lower chamber (mm) 17.70+4.35 (11) 0.25

Values are meansso. (N).

The body volume was calculated as the product of body length
pronotum widthx pronotum height.

The height to the tips of the raised wings was calculated as tt
sum of 1.5x pronotum height plus forewing length.

Mean width of lower chamber (mm) 10.67+2.11 (11) 0.20
Volume of lower chamber (m# 11644798 (11) 0.69
Mean width of exit tunnel (mm) 6.8+1.70 (10) 0.25

Values are meansso. (N).

Results
Insects and burrows Hole at
. . sdl surface

Male Rufocephaluare small and lack hindwings, but the
forewings are well developed and oblong in shape. Dimensior Soil surfece —
measured from 19 individuals are given in Table 1. The
antennae are approximately twice as long as the body bt Walls of burrow Top
because the antennae were very fragile, we have only been a smooth and chamber
to present data from four insects. If disturbed, the male eitht sealed with
withdrew into its burrow or occluded the surface hole with its fhlss:‘é‘g"‘lg?]
broad frons. Males could be induced to emerge from the Neck
burrows by tickling their antennae with a fine grass stem
presumably, they were expecting to meet searching female
At the end of a bout of singing, the insect sealed the surfac
hole from within using what appeared to be a cement mac 10 mm L ower
from fine soil particles. chamber

Insects sang from within their burrows, which were often
situated on flat regions of bare or sparsely covered harden
red clay. The burrow is complex and has an extremel
consistent structure (Fig. 1). The surface hole opens into ¢
ovoid flask-like top chamber connect@d a narrower neck to Exit
a roughly ovoid lower chamber. An exit tunnel extends tunnel
downwards from the lower chamber often to 200-300mn
below the soil surface. The sharp-edged surface hole expar
into the top chamber at a depth of between 1 and 2mm; tt

diameter of _the Sl,Jrface hole is only slightly Iarger. than_thfll:ig. 1. Diagram of the singing burrow Blufocephalugo show the
width of the insect's head (Table 1, Table 2). The d'mens_'ondimensions and terminology used to describe the burrow. The
of the top chamber and neck of the burrow were less variabpgsition of the insect in the burrow was estimated from the length of
than those of the lower chamber (Table 2). The interior of thantennae that were seen projecting through the surface hole and the
top chamber, neck and top half of the lower chamber wermeasured dimensions of the insect (see Table 1, Table 2).
smoothed or plastered to a surface roughness of less th

0.2mm, compared with a roughness of more than 0.5mm ilower chamber appeared to link up with larger cavities or
the lower regions of the burrow. The smooth regions appearethambers made by termites.

to have been coated with some secretion, such as saliva, whicHt was not possible to see where the insects were situated
consolidated and sealed the surface (Fig. 1); cellulose painthile singing, but we are able to estimate the singing position
applied to these regions did not penetrate deeper than 0.2 mindirectly: while singing, the tips of the insect’'s antennae were
but penetrated to over 0.5 mm in the rougher unsmoothed loweisible extending from the surface hole. The length extending
regions of the burrow. In some burrows, the lower parts of theutside the burrow, measured from photographs, was
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A Table 3.Principal parameters of the song pulses of male
Rufocephalus
Range
Centre frequency;c (kHz) 3.18+0.24 (17) 2.85-3.64
Pulse period (ms) 47.4+7.5 (18) 35.5-64.9
B Pulse duration (ms) 15.8+2.21 (18) 10.28-18.55
Peak sound pressure at 200mm (dB) 84.4+2.3 (6) 79-88
" Values are meansso. (N).
Pulse period is defined as the time between the start of one pulse
and the start of the next.
; . : . . . Pulse duration is defined as the time between the start of the firs
2000 4000 cycle of the pulse and the end of the cycle at the end of the pulse i
which the amplitude had decayed to 0.1 of the peak amplitude o
C l l 20 dB below peak level.
A
0 ' 200 ' 400
’ l l
T 1
wﬁr\{m 10 ms

. | | . . F
0 10 20 g 0B
Time (ms) =
o}
Fig. 2. Song structure dRufocephalus(A,B) Oscillograms of 5s % -20 2H

sections of the song of two different insects with different trill 3
lengths to show the basic song structure. (C) Detail (500 ms duratio -3 _40 3H
of the second trill of the section of song shown in B. (D) Detail%
(20 ms duration) of the sixth pulse of the trill shown in C. o

-60
0 2 4 6 8 10 i
4.1+1.3mm (mean s.D., N=5). The mean length of the Freguency (kHz) Frequency (kHz)

antennae is 18.9mm (Table 1) so, using the dimensions of thie _ _ o

surface hole and top chamber, we estimate that the anterior Fig. 3. Consistent song pulses from a single indiviéugbcephalus

the insect's head was probably between 13 and 14 mm pelc(A) Oscillogram of a single song pulse; the next nine pulses in the
the soil surface and between 4 and 5mm above the burrctri” had closely similar envelopes and duration (cf. the pulses shown
neck, with the posterior half of the body extending into the

in Fig. 5A) (B) Frequencyersusrelative power spectrum of the
. I h in A, showi h fi 2H

neck and the wings extended across the lower end of the ghuIse Snown 1n A, Showing the best frequertey) énd second (2H)

chamber (Fig. 1).

and third (3H) harmonics. (C) Detail of the superimposed frequency
versusrelative power spectra of 10 consecutive pulses from the same
insect to show the small range kg and peak amplitude that was

Songs observed; the broken lines show the frequencies of the highest and
Insects sang in three periods, first for approximately 1 llowestFe.

starting approximately 30min after sunset, second fo

approximately 2 h starting just before midnight and third for

approximately 1 h starting 1 h before dawn. later pulses (Fig. 2), which usually did not vary in amplitude
The songs of more than 40 insects were recorded. Overally more than 1-2 dB. Different insects produced songs with

the songs had a remarkable bell-like purity. The song is mad#fferent pulse duration and pulse period, but each individual

up of a long-duration series of trills with a variable number otended to produce trills of similar pulses. Mean values of

pulses and variable intervals between the trills, ranging froroertain song parameters are shown in Table 3.

trills made up of from two to over 50 pulses, with intervals The songs of many insects showed smooth pulse

lasting from 0.4 s to over 1s (Fig. 2). Within each trill, the firstenvelopes (Fig. 3A) and more-or-less constant pulse

two or three pulses were approximately 2dB quieter than théurations. In such songs, the level of the second and third
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= 0
\E, 3.21 l‘ Maximum deviation +40 Hz ?1“, 4 "JWMM“WNMMWP—
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T 3.01 R
T 5
p ©
2.8 T y . : :
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Time (ms) x
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D 0 %
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g' g’ Time (m9
E = _i>" 0.C Fe D Fe
o s 2 Puke 2 Puke 9
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§ E 7§ -20
o 2H
. . . -10 Y 3H 2H
2 3H
2 4 6 3.00 3.06 310 3.15 2 .40
Frequency (kHz) Frequency (kHz) g
Fig. 4. (A) Oscillogram of a single song pulse Riifocephalus a;:‘ .60
(B) Cycle-by-cycle frequency within the pulse shown in A to show& 0 5 10 0 5 10
the deviation from the best frequen€y, plotted using zero-crossing Frequency (kHz) Frequency (kHz)

analysis; the varying frequency at the start of the pulse (show

between the vertical lines) can also be seen in Fig. 5, Fig. 6 arfig. 5. (A) Oscillograms of 10 consecutive song pulses of a single
Fig. 12. The varying frequency seen after 21 ms is partly due to noisindividual of Rufocephalugo show the variation. Analyses of the
in the recording. The horizontal dotted line shoMeswithin the pu|ses enclosed in boxes are shown in B-D. (B) |nstantaneous
pulse. (C) Broad-band frequenugrsusrelative power spectrum of  frequency within the unimodal pulse 2 and the trimodal pulse 9
the pulse shown in A. 2H, second harmonic. (D) Detail of théshown in A to compare the variation in frequency. The smooth
frequencyversusrelative power spectrum shown in B. The FFT enyelope of pulse 2 is accompanied by slow changes in the cycle-by-
bandwidth was set to 10.9Hz. The solid lines show the peak pOW(Cyc|e frequency, whereas the rapid changes in amp“tude of pu|Se 9
and Fc, and the dashed lines show th8dB level and-3dB  are accompanied by rapid changes in cycle-by-cycle frequency. For
bandwidth, which give a relative bandwidhzds of 55. pulse 9, parts of the analysis of the waveforms between the first and
second and the second and third sub-pulses, where there are very
harmonics was typically at least 30 dB below that of the bes?rge deviations in frequency (_shown by an asterisk), have peen
: . . eleted. (C) Frequenayersusrelative power spectrum of pulse 2 in
frequency, Fc (Fig. 3B, Fig. 4C).Fc showed some inter-

s A A. Note the narrow bandwidth of the best frequeRgyand of the
individual variation (Table 3), but tended to be constant tecond and third harmonics, 2H and 3H. (D) Frequevengus

less than +40Hz in successive pulses of the song of éelative power spectrum of pulse 9 in A. Note the multiple peaks
individual (Fig. 3C). The song pulses of most crickets shovaroundrc and around harmonics 2H and 3H due, in part, to the rapid
considerable frequency modulation (Leroy, 1966; Simmonirregular modulation in the trimodal pulse.

and Ritchie, 1996; Bennet-Clark, 1999b) but, in many of the

songs analysed here, particularly where the pulse envelo@® were measured from the song pulses of 10 other insects.
was smooth (e.g. Fig. 4A), the frequency varied by as littlén many pulses, the cycle-by-cycle frequency varied rapidly
as +40Hz for the major part of the pulse (Fig. 4B).at the start and at the end of the pulse. Similar phenomena
Frequency spectra of this type of song showed that the soage described below for the results of tests using an electrical
power was confined to a narrow frequency band: the exampiaodel.

shown in Fig. 4C,D has @-3dg of 55. Q-34s values of over Songs of other individuals were highly variable: some of the
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Fig. 6. (A) Oscillogram of a single song pulse Rtifocephalus
(B) Detail of the decay at the end of the pulse shown in A, with the
y-axis magnified five times, to show the exponential decay that i
seen in some song pulses and the quality faQomhich was
calculated from the rate of decay. (C) Cycle-by-cycle frequency g -40 i T T
within the pulse shown in A, plotted by zero-crossing analysis. Not: © 0 2 4 6 8 10

the rapid change in frequency at the start of the pulse (cf. Fig. 4 ar Frequency (kHz)

Fig. 12), that changes in frequency between 1 and 10ms are

associated with rapid changes in the pulse amplitude and the abriFig- 7. Oscillogram of a 200ms region of a songReffocephalus
increase in frequency during the exponential decay at the end of tThe short arrows below the trace show the quiet pulses that occur
pulse. The erratic cycle-by-cycle frequency that occurs during thPetween the loud song pulses of many recordings. The long arrow
noisy final decay of the pu|Se (after the dotted |ine) has been de|ete‘abOVe the trace indicates the pulse that is shown in detail in B and C.
(B) Oscillogram on expanded amplitude and time scales to show the
pulse indicated by the arrow in A in greater detail. (C) Frequency
versusrelative power spectrum of the pulse shown by the arrow in A.

pulses from within the same trill had smooth unimodal ! R
envelopes (e.g. pulses 2 and 10 in Fig. 5A), while others WGNThe best frequendyc of this pulse is similar to that of the loud song
= ) ' pulses (shown by the vertical dotted line) but, because the pulse is

bimodal or even trimod_al (Fi_g. 5A pulse 9). These variablebrief, the width of the spectral peak is broader.
pulses showed contrasting distributions of the cycle-by-cycl
frequency: when the envelope was smooth, the frequenc
tended to show a similar constancy to that in Fig. 4B or to varthe pulse, the amplitude of the second and third harmonics in
slowly with time, but the pulses with ragged envelopes showetthe sound fell by 10-15dB; this is consistent with the
rapid changes of frequency associated with the modulation dehaviour of a freely decaying resonant system.
the envelope (Fig. 5B). There was similar contrast in the In many recordings, one or two brief quiet sound pulses
frequencyversuspower spectra: those of the smooth pulseccurred during the interval between the normal song pulses
showed a single sharply tuned peak (Fig. 5C), whereas tl{€ig. 7A,B). The interval between these pulses was similar to
pulses with irregular envelopes showed both broader spectiiae duration of the normal song pulses. Fo®f these pulses
and a series of side-bands due to the rapid and irregulesas similar to that of the normal pulses but, because the pulses
amplitude modulation of the signal (Fig. 5D). were brief (Fig. 7B), the bandwidth of the frequen®rsus

The decay of amplitude at the end of the pulse in many caspswer spectra was far broader that those of the normal pulses
appeared to be nearly linear (Fig. 2D, Fig. 5A pulses 1, 2 an@f. Fig. 4C and Fig. 7C). These quiet pulses are probably
3), but in others the decay appeared to be exponential (ecaused during the wing opening movement; typically one or
Fig. 3A, Fig. 6B). In certain cases, the frequency during thitwo are seen before the first pulse in a trill and another after
exponential decay differed markedly from the frequency in théhe last pulse.
adjacent parts of the pulse (Fig. 6C). The m@dor the decay
of the pulses from 10 insects was 6.91+2.33 (meaD Acoustics of burrows and the effect of the burrow on the
maximum 11.0, minimum 4.1), which is similar to the insect’s song
measuredQ for the burrows (see below and Fig. 8) and Five burrows were used: of these, three included the whole
suggests that these exponential decay components are duetdhe lower chamber and part of the exit tunnel and the other
the resonance of the burrow. During the exponential decay ofvo were broken off approximately halfway down the lower

-20

relativeto peak(dB)
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Fig. 8. Acoustics of a burrow dRufocephalusOscillograms of an
11-cycle tone burst at 3.27 kHz used to drive the burrow (thick line
and the resonant response measured 5mm inside the burrow (tl 2.6 " " ,
line). The amplitude of the internal sound pressure is shown relativ 0 5 10 15 20
to that of the external driving sound (horizontal dotted line). The Time (ms)

quality factorQ of the resonance of the burrow, measured from the
loge(decrement) of the decay of the response, was 5.7.

Frequency (kHz)
w
o

— In its own burrow
—— In another burrow

chamber. The pressure and phase of the sound were meast
5mm inside the top chamber (see Fig. 1). All burrows showe
resonant properties: the megswas 3.48+0.18 kHz (mean *
s.D.,, N=5; range 3.22-3.67kHz) and the me&h was
7.44+2.56 (mean s.0., N=5; range 4.0-9.7). The resonant
response of one complete burrow (8/23Nov99) to a discrete 1
cycle tone burst at 3.27kHz is shown in Fig. 8. The sounfig. 9. Songs of the same cricket singing in its own burrow and after
pressure within the burrow builds up and decays exponentialltransfer to another burrow. (A) Oscillograms of single song pulses.
the Q of the decay of the response was 5.7. After the initiaUpper: singing in its own burrow. Lower: singing from the burrow
build-up of the response, the phase of the internal sound laused for the tests shown in Fig. 8. (B) Cycle-by-cycle frequency
by approximately 90° that of the driving sound measureithin song pulses produced either from the insect's own burrow
outside the burrow. Because the burrows were fragile, moi(continuous line traces and filled circles) or from the burrow shown
elaborate tests were not carried out. in Fig. 8 (dotted line traces and open circles). The analyses of the
Two insects for which both song recordings and completpUIses shown in A are showrj by circles ar_ld lines, and thc_)se of four
burrows were obtained showed a close correspondenpther pulses are shown by lines. The horizontal broken line shows

i . the measured resonant frequency of the burrow into which the
between the sonc and burrowFo: for the first, the songec cricket was transferred. (C) Frequen®rsusrelative power spectra

was 3.43kHz and the burroW, was 3.47kHz; for the (o the two song pulses shown in A. The vertical broken lines mark
second, the songc was 3.15kHz and the burro®o was  the best frequencid of the two spectra: in the insect’s own burrow
3.22kHz. (thick line) and after transfer to the burrow tested in Fig. 8 (thin
Another cricket which had previously been recorded in itdine).
own burrow was dug up (destroying its burrow) and transferre
to burrow 8/23Nov99, which was placed in a large bucket of Tests with model burrows
earth. This insect subsequently sang on three successiven total, five natural-size plaster model burrows were tested.
evenings following its re-location. In both burrows, the inseciAll showed resonant properties wiff, between 3.35 and
was able to produce song pulses with smooth envelop&s8kHz andQ values between 5.8 and 9.5, which are similar
(Fig. 9A). In its own burrow, th&¢ of the song was 2.95kHz, to the values measured for the natural burrows. The sound
but in burrow 8/23Nov99 thE. of its song was close to the pressure and sound phase for one model, relative to that of the
measuredF, of the burrow, 3.27 kHz (Fig. 9B,C), and the lack external sound drive, are shown in Fig. 10A. The sound
of overlap in the cycle-by-cycle frequency of the song pulsepressure rose approximately threefold and remained
in the two burrows suggests that the burrow is a majoapproximately constant within the top chamber, then fell
determinant of the song frequency. Unfortunately, because @fithin the length of the neck to a value similar to that outside
the lateness of the season and the extreme fragility of the dilye model in the lower chamber. The phase fell outside the
soil surrounding the burrows, we were unable to extend theseirface hole as the hole was approached then fetB@s
important experiments. within the top chamber; there was a further rapid phase lag of

Power relative to pek (dB)

Frequency (kHz)
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Fig. 10. Graphs of sound pressure and phase in two different models of the buRofecephalus(A) Response of a natural-size plaster cast

to an external sound source at its resonant frequen&.72 kHz. Upper: diagram of the model scaled to the distance axis of the graphs below,
showing the points at which measurements were made. Lower: the bottom horizontal scale shows distance in terms of the afakelengt
driving sound. Phase is referred to the sound outside the model: there is a 90° phase lag between the sound outsidedhbahodéhan

top chamber (cf. Fig. 8). (B) Response of a model approximately three times natural size driven by an internal doubletcmandt ey,

1.06 kHz. Upper: diagram of the model scaled to the distance axis of the graphs and showing the position of the doulkiet soomiceiogy

for the regions of the burrow follows that used in Fig. 1. Lower: sound pressure and phase data obtained either with Hudesopfecgopen
symbols) or with the hole closed (filled symbols). The bottom horizontal scale shows distance in terms of the wavelemlyihirg $@ind.

Phase is referred to that at the surface hole of the model.

approximately 135° in the length of the neck followed by aa doublet source. The model shown in Fig. 10B ha#caof
further slower phase lag in the lower chamber and exit tunnel.06 kHz and &) of 9.9. The sound pressure and phase of the
From these measurements, it appears that the top chamber adsnd are shown in Fig. 10B, with the ‘surface hole’ both open
as a unit and that rapid phase and amplitude changes occuiaatl closed. With the hole open, the sound pressure and phase
both ends. The sound pressure and phase changes that occuamedapproximately constant throughout the major part of the
outside the model close to the surface hole are probably due‘top chamber’, but the sound pressure drops in the length of
near-field effects that are likely to occur in the vicinity of athe neck. Within the ‘lower chamber’, the sound pressure rises
cavity of this type. but the phase falls through approximately 180 °. When plotted
The effect of moving a model cricket along the length of theagainst the sound wavelength, the behaviour within this model
model burrow is shown in Fig. 11. When the model was movedlosely parallels that within the natural-size plaster model
from the top chamber into the neck, the resonant frequency fedhown in Fig. 10A; with the plaster model, driven externally,
and then rose again as the model was moved into the lowttrere is a 90° phase lag between the outside and immediate
chamber. The insect appears to sing with the tip of its abdomémside of the model. With the ‘surface hole’ closed, the sound
within the neck of the burrow (see above). This experimenpressure within all regions of the film canister model when
shows that the resonant frequency of the model burrow idriven at 1.06kHz was greatly reduced; the phase, in this
sensitive to the effective diameter of the neck and that theonfiguration, changed through 180° either side of the plane
insect may be able to tune the burrow by +0.1 kHz by movingf the doublet source, but there was a similar phase lag of
2.5mm up or down the burrow. approximately 180° between the neck and the end of the
Further tests used models approximately three times naturédwer chamber’. With the surface hole open or closed, the
size made from film canisters, which were driven internally byphase of the sound was inverted if the polarity of the doublet
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? 36 2.9kHz, separated by a gap of half a cycle duration
°é Head (Fig. 12D), the pulse envelope of the output showed an
2 TI\T 34 i interruption and there was a decrease in the cycle-by-cycle
% S5 frequency for several cycles after the time of interruption but
S w32 otherwise, throughout both tone bursts and the decay, the
o 30 output frequency was close to that of the input (Fig. 12F).
@ ) 10 20 30 However, following the interruption, the amplitude of the
Distance ofnodel cricket dong model burrow (mm) output fell more rapidly than at the end of the second tone

burst; the second exponential build-up, following the

f/_\i\_/—— interruption, was similar to the build-up at the start of the first

’glo tone burst; the final decay was slower and exponential
¥ -— (Fig. 12D). The effects on the amplitude of the output

= W depended on whether the interruption to the input caused the
@ second tone burst to start in-phase or anti-phase with the
ao Top chamber Nedk Lower chamber

existing response of the model: gaps of 0.5, 1.5, etc. cycles
Fig. 11. The effect on the resonant frequeriy,of a plaster model had the largest effects.
burrow of moving a model cricket along the length of the model When the electrical model was driven with 3.2kHz tone
burrow. The graph shows resonant frequevessusdistance of the bursts of 40 cycles, the amplitude of the response initially
‘head’ (left) end of the model cricket from the surface hole. Theose rapidly, then decreased (Fig. 12B), then rose slightly
vertical arrows show the approximate position of the head of after 5ms to a steady value until 12ms, after which the
singing cricket in a natural burrow (cf. Fig. 1), and the diagramamplitude decayed exponentially. The cycle-by-cycle
s_hov_vs the_ model cricket app_roximately in the position adopted by fltequency rose over the first 3ms from approximately
singing cricket. T.he moqel C“Cke.t was moved ‘filong the length of thg o5 k7" to over 3.2kHz before decreasing to a steady
model burrow using a piece of wire, as shown in the diagram. 3.2KkHz for the remainder of the driven part of the pulse
(Fig. 12C). Throughout the exponential decay at the end of
source was reversed by rotating it through 180° in the plantme pulse, the frequency was approximately the 2.9kHz to
of the diaphragm. which the model was tuned (Fig. 12C). When driven at
The Fo and Q of the film canister model were affected by 2.6 kHz, the envelope showed a similar bulge at the beginning
the diameter of the surface hole, varying from Bnof  of the pulse, but the cycle-by-cycle frequency showed a
1.35kHz andQ of 7.2 with an 18 mm diameter surface hole mirror image of that when the frequency of the input was
through anFq of 1.06kHz and maximun® of 9.9 with a  higher than thé&, of the model. These wave forms resemble
10 mm diameter hole to dfy of 1.01kHz andQ of 6 with a  the irregular unimodal envelopes seen in, for example,
6 mm diameter hole. With a hole 4 mm in diameter or smallerFig. 3A, Fig. 5 pulse 10 or Fig. 6A.
the resonance weakened and became hard to measure. Whehhe electrical model was also driven by 3.2kHz 20-cycle
the porosity of the top chamber was increased by progressiveiyne bursts separated by brief intervals. Fig. 12E shows the
unsealing 1.5mm diameter holes previously drilled along iténput and output of the model to a pair of tone bursts separated
length,Fo increased an@ decreased,; this effect was reversedby half a cycle of the driving frequency. The output at the start
by re-sealing the holes. Increasing the porosity of the lowesf the first tone burst resembles that to the 40-cycle tone burst
chamber had only a small effect on the acoustics of the toFrig. 12A) but, after the gap between the first and second tone
chamber. burst, there is an abrupt decrease in amplitude and in
These models show similar resonant properties to those iequency, followed by a build-up in amplitude and change in
the burrow and also show thag scales inversely with burrow frequency similar to those at the start of the first tone burst.
size. The models also show tiatand the sharpness of tuning The decay of the output at the end of the second tone burst
depend of the dimensions of the surface hole as well as on thesembles that of the 40-cycle tone burst. The wave forms and

porosity of the walls of the top chamber. changes in frequency seen when this resonant system is driven
_ _ by a series of short, interrupted tone bursts at different
Tests with an electrical model frequencies resemble those of some of the song pulses shown

The electrical model, which was tuned to 2.9kHz wi a in Fig. 5.

of 10 (Fig. 12C inset), was driven with tone bursts at either With lower source impedances with a 3.2kHz input, the
2.9 and 3.2kHz (Fig. 12A). With 2.9kHz tone bursts of 40amplitude changes at the start and end of the output occurred
cycles, the pulse envelope of the output built up exponentiallgnore rapidly and were smaller than those shown in Fig. 12,
to a sustained maximum and then decayed exponentialpnd the cycle-by-cycle frequency reached that of the input
(Fig. 12A): the envelope was similar to those shown in Fig. 3nore rapidly; in contrast, with higher source impedances, the
or Fig. 5 pulse 2, and the frequency measured within the pulgemplitude changes occurred more slowly, were larger in
and during the decay remained at that of the input £5Hamplitude and the cycle-by-cycle frequency reached that of the
(Fig. 12C). When the model was driven by two tone bursts d@hput less rapidly.
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Fig. 12. Response of a parallel resor A D
circuit tuned to 2.9kHz with a quali 29 kHz 29 kHz

Half-wavelength
factor Q of 10 (the circuit is shown in tt 40 cydedrive 20+20 cydedrive Ve waveergih gap

inset to C) when driven by tone bursts Input Input
A, B, D and E, the measured amplitude ]!WWNUWUWWNWWNWWMMN’

the input varies by less than +5% and

cycle-by-cycle frequency of the ing Output Output
varies by less than +10Hz during the t

bursts. For the symbols used in C an %ZkHz EZ KHz

see F. (A) Oscillograms of the wavefor 40 cvde drive 20420 cvde drive Half-wavelength gap
of the drive (Input) and response (Outg Y Inout Y e Input
to a 40-cycle tone burst at 2.9kt ‘W)\WWWWWMWW’@U WWWWWNWWMWWWWWW‘
(B) Oscillograms of the waveforms of t Output
drive (Input) and response (Output) ti Output

40-cycle tone burst at 3.2kHz. (C) Gra WMNWMUWMWWWWMWWN@M JWWNWWMMNWWW\MWN&OW
of the cycle-by-cycle frequency of t C Decay F Decay
inputs to (open symbols) and the outy 32| 32| _ " S

from (filled symbols) the resonant circ

shown in the inset at the two inf ) "
frequencies, 2.9 and 3.2kHz. For L 54| X 55l i
3.2kHz drive, note that the amplitude ¢ . 22kQ  0.15pF 2

frequency of the response vary during % O = s 1 |k - A 29 KHzin
initial 4ms of the drive and that duringt 2., ,1| 2 ” = % 24 e 2.9 kHZ OU
exponential undriven decay at the « @ - T o T —o— 3.2kHzin
of the response the frequency falls v 1 20 kQ 20 mH —e— 3.2 kHz out
29kHz. (D) Oscillograms of tt 20 - - . 20 . . .
waveforms of the drive (Input) a 0 5 10 15 "0 5 10 15
response (Output) to a sequence Time (M9 Time (M9

two 20-cycle tone bursts at 2.9kHz.

(E) Oscillograms of the waveforms of the drive (Input) and response (Output) to a sequence of two 20-cycle tone bursts lat 3.2k E,

the gap between the two tone bursts was half a wavelendtR) Graphs of the cycle-by-cycle frequency of the inputs to (open symbols) and
the outputs from (filled symbols) the resonant circuit shown in the inset to C at the two input frequencies. For the 26 kideedtine rapid

fall in amplitude of the response after the gap between the two tone bursts; for most of the response, the frequencsinsileloseihat of

the drive. For the 3.2kHz drive, note that the amplitude and frequency of the response vary during the initial 4 ms oftige alyaia after

the gap between the two tone bursts; during the exponential undriven decay at the end of the response, the frequehey2falldiin to
which the resonant circuit is tuned.

Discussion of the mouth of the burrow from which the sound is radiated
Impedance matching to the surrounding air (Bennet-Clark, 1995; Bennet-Clark, 1998). The present study
Male Rufocephalusare approximately half the total body describes for the first time a comparable situation in burrow-
length of crickets such &ryllus campestrisndTeleogryllus  calling crickets (Gryllidae, Gryllinae).
oceanicus and their sound-producing forewings are Consideration of the impedance matching between sound
approximately one-third the length and half the width of thossources and the surrounding air (see, for example, Olson, 1957,
of males of these speci&espite the relatively small body and Fletcher, 1992) shows that the 3.2mm diameter hole from
wing size, the song has a dominant frequency of approximatelyhich the song oRufocephaluss radiated is a far smaller
3.2kHz compared with those of the larger campestrisnd  source than that which would provide optimal impedance
T. oceanicusboth of which are close to 5kHRufocephalus matching of the 3.2kHz song to the air. For optimum
produces a lower frequency song from substantially smallémpedance matching, the source diameter should exceed one-
structures than the larger species. third of the sound wavelength. For the approximately 3kHz
Crickets calling from the ground or from exposed foliagesong ofRufocephalusthe wavelength), is close to 100 mm,
typically have calls with theif~c between 4 and 8kHz which requires a burrow with a mouth diameter of
(Dumortier, 1963; Leroy, 1966), while tiie of mole crickets  approximately 35 mm. However, if the insect were to sing in
is between 1.6 and 3.5kHz (Bennet-Clark, 1970). So a generthle open air, the wings would act as a dipole or doublet source
feature of burrow-calling insects is that physical factors thawith a diameter of approximately 5mm, or Q\Q5with a
normally constrain song frequency to vary with body size arspecific acoustic resistance approximateiy@# times that of
relaxed. The reason for this is that the acoustic transformatiair. By singing from within the burrow and radiating sound
that occurs in the burrow allows small sound-producingrom the surface hole, the source becomes a monopole with a
structures to be coupleda the burrow to the far larger area specific acoustic resistancexI®2 times that of air. The
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A Clark, 1987) or the abdominal resonator of cicadas (Bennet-
Clark and Young, 1992).
1 In contrast to the tuned lo®- singing burrow of mole
(= Doublet I— 5mm  10mm Exit tunnel i
3.3mm £ +V= souce crickets (Bennet-Clark, 1987; Daws et al., 1996), that of

hole | ‘ ‘ Rufocephaluss far more sharply tuned, typically withCaof

Top chambe Neck Lowerchamber over 7. This is achieved by radiating a relatively small

proportion of the sound energy in the burrgia the small

surface hole, in contrast to the far larger burrows (and hence
far larger resonant mass) of mole crickets, which radiate sound
from surface holes that approach the optimal size for
impedance matching with the surrounding air (Bennet-Clark,
1995). Mole crickets are large robust insects that weigh
between 10 and 50 times as muchRagocephalusnd are,
hence, capable of transducing a commensurately greater
mechanical power into sound. Also, by virtue of their far
greater size, mole crickets are able to build large burrows with
surface hole dimensions approaching that of the sound
wavelength, which would be extremely energy-demanding for
an insect as small &ufocephalus
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180 A numerical model of the burrow

0 o1 02 03 04 A theoretical model is helpful in understanding the observed
Distarce from sufface hole (wavelergths) tonal purity of the insects’ songs and the resonant properties
of the burrow. For this purpose, we adopt the simplest model

81 C possible and require that it have no adjustable parameters.

- The geometry of the real cricket burrow is complex, so the
6 theoretical model is constructed using the dimensions of the
. real burrows but with simplified geometry, as shown in
4 Fig. 13A (and resembling that in Fig. 10B). The form of the
theory provides simple scaling. Its results are unchanged if all
dimensions are altered by a factérand the frequency is
0 . - changed by a factor K this accords with the measurements
2.2 2.6 3.0 34 38 42 for two different sizes of physical model, as reported above.

Frequercy (kHz) The theory to be formulated is essentially one-dimensional,

by which it is implied that all parameters are averaged over the

Fig. 13. Dimensions and performance of a numerical model of thgrgss section of the appropriate part of the burrow, so that they

burrow. (A) Scale diagram of the model to show the position of th%lepend only upon a single parameter, the distance from the
small doublet source in the top chamber and the planes qf, o mouth. Given these constraints, the major difficulty is

discontinuity @, B, C, D) used to calculate the acoustics of the ) . .
model. The dimensions of the model are based on those of actl}glen the modelling of the cricket sound source. In reality, there

burrows (see Table 2). (B) Graphs of sound pressure (solid line) aMﬁ'” be.a Comp'?x flow O_f air around the VIbratlng wings, and
phase (broken line) against distance from the surface hole for trfdetailed solution of this aerodynamic prObl‘?m is far beyond
model shown in A at a resonant frequeligyof 3.25kHz. Distance the demands of the present study. Instead, it is assumed that
along the burrow is expressed in millimetres (upper scale) or in ternif€ cricket behaves as a simple dipole source, generating an
of the sound wavelength (lower scale). Phase is given relative to thascillating pressure step, and hence an acoustic voluméJflow

at the plane of the dipole source. These data can be compared wittong the axis of the burrow, and presenting no obstacle to

those obtained with the physical models shown in Fig. 10. (C) Grapbther flow. The limitations of this model will be discussed
of the relative radiated sound pressure from the surface hole agaimsg|ow.

frequency for the model shown in Ro is 3.25kHz with a quality  The acoustic pressure waves generated by the wings of the
factorQ of 7, which are closely similar to values measured for actu

) al:ricket are partially reflected at each discontinuity in the
burrows, physical models and of the best frequdfcyf the song burrow, so tEat inyaddition to the initial flow allowimce
(Table 3). ’ ’ ’

must be made for two counter-propagating acoustic flows in

each burrow chamber. If the amplitude and phase of each of
burrow thus provides a 100-fold improvement in the couplinghese flows are initially taken as independent variables, then
between the insect and the air, permitting far louder and motee model contains 12 such variables, four for each chamber
efficient sound production; similar advantages have beeaof the burrow. On each of the four planksB, C andD of
proposed for the singing burrows of mole crickets (BennetFig. 13A, however, there are equations relating these variables.

Relative radiated sound powersound pressure relative to peressure
o
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At A the connection is through the impedance of the surface Song frequency and song purity
hole, atD through the impedance of the exit tunnel, assumed As has been indicated, the songsReffocephalusare, for
to be infinitely long, while aB and C there are continuity their size, unusually low in frequency, while the loudness
conditions on both acoustic pressure and acoustic flow. Th{§able 3) compares, size-for-size, favourably with that of the
makes 12 equations in all, when both amplitude and phadar largerG. campestriswhich is approximately 95dB at the
are taken into account, which is a sufficient number tsame distance (from data in Bennet-Clark, 1970). In many
determine all the variables. The loss of energy as sourgkamples, the songs were also unusually constant in frequency,
passes through the surface hole is actually very small, armbth within and between pulses, wifhadg of greater than 30
most acoustic energy is dissipated as losses to the rough wadlsd with harmonics at levels of less than 3% of the amplitude
and as propagation into the non-reflecting lower large ex#tFo. In RufocephalustheQ of the burrow is greater than that
tunnel. reported for mole crickets (Bennet-Clark, 1987). Because of
The results of the calculations show good agreement witthis high Q, the burrow will be most easily driven at its
experiment in most respects. Fig. 13B shows the calculategsonant frequency. And, as a consequence, theChagid the
variation of acoustic pressure along the burrow and thelose coupling between the insect and the burrow will tend to
calculated variation of acoustic phase for a cricket-sourcentrain the frequency of catch-and-release of the plectrum-and-
position in the middle of the top chamber; these results can lfile mechanism to that of the burrow; the system acts as a
compared with those shown in Fig. 10. Of more interest is theesonator with its frequency set by the burrow. Such a system
calculated acoustic output from the mouth of the burrow as appears to maintain the song frequency and coherence, as can
function of frequency, as shown in Fig. 13C. There is a sharpe seen in Fig. 3 and Fig. 4. Indeed, if the coupling between
resonance at 3.25kHz, which is near the measured sotige insect and the burrow is tight and the difference between
frequencies, suggesting that the cricket must adapt its somige natural frequency of the insect's wings and Rhef its
frequency to the burrow in which it is singing (or, of course burrow is small, there may be no alternative. This appears to
the other way round). Changing the diameter and wall thicknesgve been the case with the burrow exchange experiment
of the surface hole can vary the frequency of the resonance. Tsleown in Fig. 9.
Q of the resonance depends upon the value assumed for the walHowever, several of the songs we measured contained
absorption. However, even with the rather large wall dampingulses with gaps, and showed both frequency and amplitude
coefficient of 10, which has been assumed in these calculatiomapdulation. From the measurements made with the electrical
the resonance is still quite sharp, wit@&f approximately 7, model shown in Fig. 12, pulses of this type may result from a
which again agrees with the measu@dvalues for real frequency mismatch between the insect and its burrow that
burrows. A further calculation shows that the acoustic outputauses an erratic cycle of catch-and-release of the plectrum
from the burrow is not greatly affected by the length of theagainst the file. The results with the electrical model (Fig. 12)
lower chambeCD. The calculation further shows a minimum suggest that the file-and-plectrum mechanism may act in two
in the output power for a lower chamber length ofdifferent ways during the production of the pulse.
approximately 7mm, but only a small increase in output for First, the cycle of catch-and-release of the file teeth may
both longer and shorter chambers. This insensitivity accordsecome entrained to tig of the burrow. In this case, the pulse
with the observed variability in the length of the lower chambeenvelope will be comparatively smooth and the cycle-by-cycle
(Table 2). If acoustics were the only function of the burrow, ondrequency will be fairly constant. The sound pulses shown in
might have expected the insect to opt for a very short lowdFig. 4A,B are examples of this phenomenon and are associated
chamber in the interests of economy, but the extended burromith the very highQ-zgg for this type of song pulse. However,
may provide the insect with access to water in a very drthe initial process of entrainment at the start of the pulse may be
environment or may be used as an oviposition site for mateattcompanied by rapid amplitude modulation of the waveform
females. of the pulse. This amplitude modulation may rise rapidly and
Calculations suggest that the optimal singing position ofhen fall (see Fig. 3, Fig. 4A, Fig. 12A) and be accompanied by
the cricket would be close to one end or the other of the tojpequency modulation. This is shown in the first 2 ms of the pulse
chamber, which agrees well with our observations on wheria Fig. 4 or the first 4 ms of that in Fig. 12A. What is not clear
the insect sings (see Fig. 1); the variation in output is quites whether the insect’s wings are being entrained t&4loé the
large. However, the model source adopted here was that obarrow or the burrow is being driven by the cycle-by-cycle
very small dipole oscillating with a rather large amplitude, frequency determined by the file-and-plectrum mechanism of
whereas the source provided by the cricket's wings may bie wings. The latter would explain the sudden jump in
better approximated by a much larger source oscillating witfrequency that occurs at the end of pulses of the type shown in
small amplitude. It is not simple to introduce this refinemenfig. 6, where the amplitude decays exponentially at a nearly
into the numerical model, but an argument on generatonstant but different frequency from that in the preceding part
physical grounds suggests that an increase in source siagkthe pulse and with a lower harmonic content.
will move the optimum singing position progressively The second alternative is that the file-and-plectrum
towards the middle of the chamber, where the acoustic flomechanism does not become entrained or does not remain
is smallest. entrained to the~, of the burrow. This was modelled in
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Fig. 12B, which shows that even a brief irregularity in theUSA, who discussed the design of the program with H.C.B.-
cycle-by-cycle input to a resonant load can result in rapic. and gave it freely to us. Grateful thanks to Leah Beesley
amplitude and frequency modulation of the output, particularlyvho made many of the measurements of the insects, songs
when the frequency of the input differs from thgof the load. and burrows, to Tom Stewart who made sections of the
An initial lack of entrainment would explain the brevity of the burrows, to Dale Robertson for loan of apparatus and to Leigh
first sub-pulse of pulse 9 in Fig. 5, which occurs at a differenBimmons for helpful discussions.
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