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Summary

The type 1 echeme of the song of the small European
cicada Tympanistalna gastricaconsists of a pair of loud
IN—OUT pulses followed by a train of soft IN-OUT pulses.
In all nine insects investigated, the right and left tymbals
buckled inwards and outwards alternately, but the echeme
started with the buckling of the right tymbal. Both the
inward and the outward buckling movements produced
single discrete sound pulses.

The loud IN pulses were produced with the tymbal
tensor muscle relaxed. They were approximately 10dB
louder than the loud OUT pulses and than the soft IN and
OUT pulses. The period between the right loud IN and
OUT pulses (3.75£0.31 ms) (mean £D.) was significantly
shorter than between the left loud IN and OUT pulses
(4.09+£0.28 ms). The period between the loud IN and OUT
pulses was significantly shorter than the period between the
soft IN and OUT pulses, which was similar on both sides
(mean for the right tymbal 5.54+0.20 ms, mean for the left
tymbal 5.30+£0.51 ms).

Measured at the tymbal, the power spectrum of the right
loud IN pulses showed major components between 4 and
8kHz as well as around 11.7 kHz. That of the left loud IN
pulse had approximately 10dB less power at 4kHz and
similar power at 7-8kHz, with a further louder peak at
around 10.8kHz. The loud OUT pulses and all subsequent
IN and OUT soft pulses showed very little power at 4 and
8kHz, but all showed a spectral peak at approximately
13kHz. The soft OUT pulses had similar pulse envelopes
to the preceding IN pulses, which they closely mirrored.

Measured at the fourth abdominal sternite, only the
right loud IN pulse produced peak power at 4kHz. The
transfer function between the tymbal sound and that at
sternite 4 was maximal at 4 kHz for the right loud IN pulse
and showed a peak at this frequency for both loud and soft
IN and OUT pulses. The 4kHz components of all pulses,
and particularly that of the right loud IN pulse, which has
the loudest 4kHz component, excited sympathetic sound
radiation from the abdominal sternite region.

Measured at the tympanal opercula, both loud IN pulses
produced peaks at 7-8 kHz of similar power. The transfer
functions between the tymbal sound and that at the
tympanal opercula showed peaks of power at this
frequency range for both loud and soft IN and OUT pulses,
suggesting that this component excites sympathetic
radiation via the tympana.

Components of the sound pulses produced by one
tymbal are also transmitted via the contralateral tymbal.
The pulses transmitted during both loud IN pulses had
ragged envelopes, but the soft IN pulses and all OUT
pulses were transmitted as clean coherent pulses with
slow build-up and slow decay, suggesting that the
ipsilateral tymbal excited a sympathetic resonance in the
contralateral one.

The tymbals of T. gastricahave two unusual features. At
the dorsal end of rib 2, there is a horizontal bar that
extends anteriorly over rib 3 and posteriorly over rib 1 to
the dorsal end of the tymbal plate. This bar appears to
couple the three ribs so that they buckle in unison. The
resilin sheet at the ventral ends of ribs 1, 2 and 3 was
significantly wider, dorso-ventrally, in the right tymbal
than in the left in eight insects that were measured (mean
right-to-left ratio, 1.37).

The asymmetry between the right and left loud IN pulses
correlates with the morphological asymmetry of the
tymbals. The complexities of the song iil. gastricaappear
to result from the preferential excitation of sound radiation
from the abdomen surface or via the tympana by
components of the distinct pulses produced by the
asymmetrical tymbals and from the tymbals themselves.

Moribund or fatigued insects were successively unable to
produce the right loud pulse and then the left loud pulse.
The complex song may in this way act as an honest signal
of male fitness.

Key words: cicada, Tympanistalna gastrica,sound radiation,
asymmetry, complex songs, tymbal.
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Introduction are, from measurements with probe microphones, radiated
The calling songs of male cicadas are species-specific, withainly from, respectively, the ventral and lateral parts of the
a wide variety of sound patterns. In some species the songs atglomen owia the tympana. Damping the sound radiation
tonally pure, with a relatively simple modulation pattern, whilefrom these regions of the abdomen dramatically reduces the
in others the songs have more or less complex, but stdlound radiation at these frequencies (Fonseca and Popov,
stereotyped, patterns with rapid amplitude and/or frequency994).
modulation (e.g. Pringle, 1954; Popov, 1990; Fonseca, 1991). Since Fonseca and Popov (1994) have shown that the sound
Such contrasts may be seen by comparing the songs of theoduction ofT. gastricadoes not fit the model of cicada sound
Australian cicadaCyclochila australasiaewith those of the production proposed by Bennet-Clark and Young (1992) and
Portuguese cicadBympanistalna gastrica. because earlier work with. gastricadoes not explain the very
In C. australasiagthe sound power in the song is centreddifferent character of the various components of the song, we
in a narrow band at 4.3kHz, with components at othehave re-examined the role of the different elements of the
frequencies at least 30dB quieter (or at less than 1/1000th séund-radiating system to try to relate them to the different
the power) and the song has a simple and constant modulatioomponents of the song. We also attempt to explain the
pattern at 230 pulses’s(Young, 1990). The primary sound- differences between the complex songlofyastricaand the
producing mechanism is the paired tymbals, which buckle téar simpler song o€. australasiae
produce one or several clicks (this is a general feature of cicada
sound production, see Pringle, 1954), but the sound in this
species is largely radiated through the thin acoustically Materials and methods
transparent tympana. The large internal sound pressuresMales of Tympanistalna gastricéStal were collected at
produced by the inward buckling of the tymbals excite aAlbarraque, near Lisbon, Portugal, in July 1995. Insects were
Helmholtz-type resonance in the abdominal air sac, openirgubsequently kept on twigs Qfuercus cocciferan net bags
via the tympana, to produce the pure-tone song of this specias 5-10°C. Out of 11 insects kept thus, only one insect died
(Bennet-Clark and Young, 1992; Young and Bennet-Clarkduring the subsequent 10 days and another individual did not
1995). In addition, the outward buckling of the tymbal of thissing normally when used for experimental waorkgastricais
species is almost silent, partly because it produces soundsaasmall cicada: the body length of the males from the vertex to
approximately 6kHz, which are not well radiated by thethe tip of the abdomen is 15.3+0.6 mm (measint, N=8).
abdominal air sac resonator (Young and Bennet-Clark, 1995)
and also because the energy released by the outward buckling Physiological preparations
of the tymbal is far less than that released during the noisy Animals were prepared for experiments by removing both
inward buckling (Bennet-Clark, 1997). pairs of wings and all the legs at the coxo-trochanteral
The song ofT. gastricais more complex (Fonseca, 1994, articulation. Insects were attached by insect wax on the pro-
1996; Fonseca and Popov, 1994). The type 1 echemes of tied mesonotum to a 3mm brass rod and were then held during
calling song (Fonseca and Popov, 1994) start with a pair @xperiments with the ventral surface upwards (Fig. 1A).
loud IN-OUT pulses of both tymbals followed by a train of Singing was induced by pulsed electrical stimulation of the
soft IN-OUT pulses from both tymbals; there are importanbrainvia a pair of 0.1 mm diameter stainless-steel insect pins
differences between the loud and the soft pulses. In the loudserted laterally in the vertex close to the internal edge of the
pulses, there are major components at between 4 and 5 kHz asmimpound eyes (Fig. 1A), using a 1 ms stimulus of 5-10V at
at 7-8kHz, but these components are 6—15dB quieter relatid3®-50Hz. This stimulus induces several apparently normal
to the peak power at approximately 11 kHz. In the succeedingchemes of type 1 song (Fonseca and Hennig, 1996).
soft pulses, the spectral peak occurs at 12-13kHz and theln some insects, the tymbal muscles were stimulatethe
pulses contain much less energy at lower frequencies (Fonsemaditory nerves, which were exposed by ventral dissection. The
and Popov, 1994). auditory nerves were hooked with |5t silver wire electrodes
The basic song modulation into loud and soft pulses iand stimulated using single 5V, 1 ms pulses at 1-3Hz from a
controlled by the action of the tymbal tensor muscle (Fonsed@hipps & Bird Inc. stimulator (model 61¢a a Grass stimulus
and Hennig, 1996). The tensor muscle is inactive and thisolation unit (type SIU5).
unbuckled tymbal is more convex at the start of the type 1
echeme when the pair of loud pulses is produced. The Anatomical preparations
subsequent train of soft pulses is produced after activation of Tymbals were prepared by cutting them from the
the tensor muscle, which causes flattening of the tymbal. In thgurrounding cuticle and then dissecting the muscle and other
condition, the force required to buckle the tymbal is reducetissues away from the inside surface under water. Prepared
and the sound that is produced is softer (Fonseca and Henntignbals were stained for resilin (Weis-Fogh, 1960; Andersen
1996). and Weis-Fogh, 1964) using a very dilute solution of
The 11-13kHz component of the song Tof gastricais Methylene Blue for 12—24 h at 4 °C to stain the resilin brilliant
radiated mainly from the tymbals but the 4-5kHz and 7-8 kHaapphire-blue (the same method was used by Young and
components, which are major components of the loud puls&ennet-Clark, 1995). Scale drawings were made using a Carl
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Amm with less than Rs time difference. The polarity of the
— 1 I l microphones was such that rarefaction in the sound wave gave
phones were colour-coded red and green.
operclum Sternite 4 Normally, the red microphone was placed on the left side of
N _— the insect and the green on its right. Tests in which the red
Stimulus microphone was used to record first from the left and then from
elec,trode

'
h

the right side of a singing insect (and with the green first on
the right and then on the left) showed that the spectra they
produced were matched to within 1dB from 2kHz to 15kHz.
The tips of the probe microphones were placed at a distance
of 1 mm from the following structures: the left tymbal, the right
tymbal, the fourth abdominal sternite at the mid line, and the
external opening of the extra-tympanal cavity, at the mid-line
closely behind the opercula (recordings from the latter are

51 termed sound from the tympanum in Figs 6, 7). We also
—_ obtained measurements with the probe microphone at the mid
o . .
s 07 B dorsal surface of the abdomen and posterior to the animal, but
8 | B — Red microphone only present data from the first-listed positions as they were
% S . Green microphone shown previously by Fonseca and Popov (1994) to be the most
S oA \ —— Red minus green important for sound radiation. In a typical experiment, the pair
o < . .
.% e of sounds were measured with a probe microphone at the left
T -151 IS tymbal, while the other microphone was placed successively
e [ S at the other regions. The second microphone was then placed
-20 ' - - at the right tymbal, while the first microphone was placed
0 5 10 15 . i
successively at the other regions. At these close ranges, the
Frequency (kHz)

sound records were dominated by radiation from the part of the
Fig. 1. (A) View of the right side of the body of a ma@llgmpanistalna  body against which the microphone was placed (this was also
gastrica to show the method of preparation for acousticshown by Fonseca and Popov, 1994).

measurements. After removal of wings and legs, the insect was waxedThe frequency response of one probe microphone was
onto a support rod with its ventral surface upwards. The drawingneasured by calculating the transfer function, using a 1/4inch
shows the tips of the probe microphones in three positions: 1 miggk microphone (type 4135) and B&K preamplifier (type
from the tymbal surface, 1mm from the surface of the tympanabs3qTy a5 5 reference. The transfer function was averaged 25
opercula and 1 mm from the fourth abdominal sternite. (B) Graphs cfllges and the coherence function of the measurements was

the frequency responses of the probe microphones, colour-coded r .
(- — — -) and green (— - -) relative to their responses at 2kHz, found to be close to 1.0 in the frequency range from 500 Hz to

calibrated in a closed field against a Bruel and Kjaer type 4134ore than ]j5 kHz. The sound signal gxutmg Fhe_ probe ar.1d
microphone. The difference between the frequency responses of tHeférence microphones at the same point (to within 1 mm), in
two microphones is also plotted (—). a nearly free sound field in the frequency range used in this
study, consisted of a noise pulse created as a file in a computer
and down-loaded from the computer using the D/A section of
Zeisscamera lucidaand a Carl Zeiss monocular microscopea data translation board at a rate of 100 kHz. This noise pulse
with 6.3x objective. was delivered through a Dynaudio D28-2 loudspeaker; the
Measurements of tymbals were made using a Zeiss drequency response of the amplifier and loudspeaker was
objective or a Watsorx3 objective and a Malies Curtain measured and found to be within 15dB from 500 Hz to more
Micrometer Eyepiece. These combinations allowed tymbathan 30kHz (below 500Hz, the values obtained have been
height and width to be measured toughb and the width of the disregarded because they were not reliable). The frequency
ventral strip of resilin to be measured toj#a. response of the probe microphone was then used to correct the
spectra shown in Figs 3, 5, 6 and 7.
Probe microphones
A pair of probe microphones (similar to that described in Signal recording and analysis
Young and Bennet-Clark, 1995) were constructed using Electrical signals were recorded on two channels of a TEAC
Realistic Electret Tie Clip Microphones (Tandy catalogue 33RD-120TE DAT data recorder, which gave a flat frequency
1052). The probe tubes were 5 mm long with 1.25 mm externaésponse +1dB from d.c. to 20kHz. We also made checks with
and 0.8 mm internal diameter. The microphones were mountesimultaneous 5kHz square-wave inputs and with single-cycle
on micromanipulators. The microphones gave matchedOkHz tone bursts with gaps of 20-180to establish that the
responses within £0.6 dB from 500 Hz to 15kHz (Fig. 1B) andDAT recorder reproduced these with amplitude matching
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A
Loud pulses

Ve

Soft pulses

Fig. 2. Oscillograms showing the structure of the type 1
echeme of the calling song Bympanistalna gastriacgA) A
complete echeme of the song to show the normal sequence as
recorded 20cm away from the insect. A pair of loud IN and B

OUT pulses is followed by a long train consisting of a variable Loud pulses
number of soft IN and OUT pulses. (B) A detail of the start [N oOuUT
of a type 1 echeme, measured with two probe microphone

20ms

~———— Soft pulses ————

ouT
tr IN

ir  Right

placed (upper trace) 1 mm from the right tymbal and (lower tymbal
trace) 1 mm from the left tymbal. The first loud and soft IN sounds
pulses in the sequence are produced by the right tymbal. Eac Left
tymbal produces a sound pulse as it buckles inwards (IN) and! tf bal
then when it buckles outwards (OUT). The records also show tymba
the sound that is transmitted to and radiated by the sounds
contralateral tymbal (tr) (see also Fig. 9). 5ms

better than +0.5dB and interchannel phase matching bett&ource or exciter). Since the transfer functions were calculated
than 5us. During experiments, signals were monitored on aising the signals recorded by two microphones that were
Kikusui 2 beam oscilloscope type COS 5020. closely matched in amplitude and phase, the transfer functions

Records were digitised using a Data Translation DT 2821give absolute values and do not need further corrections.
F-8DI 12-bit analogue-to-digital converter at 160 kilosamples The significance of the phase measurements is as follows.
per second. On one channel, this allows a bandwidth of 80 kHzar below the resonant frequency of a simple driven resonant
and a time resolution of 465, or 40 kHz bandwidth and £§i8  system, the phases of the driving and driven vibrations are
resolution when the input is multiplexed to give two-channetlosely similar. At the resonant frequency of the driven system,
conversion. The instantaneous frequency of single cycles of tlits response lags the driving waveform by 90°, and the
sound pulses was measured from printed records a@mplitude of the response is maximal. Far above the resonant
oscillograms (similar to those shown as insets in Fig. 3). ThEequency of the driven system, the response decays rapidly,
160kHz sampling rate allows frequency resolution of theand the phase lag of the response with respect to the driving
period of a single cycle to 48 which, at 10kHz (with 10@s  vibration increases towards 180°. Thus, the measurement of
period), is equivalent to +300Hz. The frequency resolutiorthe relative phase of two waveforms can give a simple
becomes proportionately higher over longer sampling periodsjualitative indication of the relationship between the drive to
The digital signals were analysed using a purpose-built signal system and its response (Morse, 1948).
analyser and software written for a personal computer. The TheQ factor, which is a measure of the sharpness of tuning
analyser produced oscillograms from which instantaneous tima& resonances, was calculated from the rate of decay of the
and amplitude could be measured to the limits of resolution afound pulses. For methods of calculatiygsee Morse (1948)
the A/D converter as well as frequency spectra by fast-Fourier Bennet-Clark and Young (1992).
transform (FFT) with a dynamic range of up to 72dB.

Relative amplitude and phase of the sounds produced by Terminology
different parts of the insect were obtained by calculating the The song component studied here has, in previous work on
transfer functions using standard FFT methods. The transfér gastrica been termed the type 1 echeme (e.g. Fonseca,
function, also referred to as the frequency response function @096). Echeme has been defined by Broughton (1976) and it
a system, is the ratio of a system’s output to its input. The resuft used throughout this paper, following previous usage on the
is a spectrum that shows both the magnitude and the phaseng of this species. A complete type 1 echeme is illustrated
components as a function of frequency. We calculated thia Fig. 2A.
transfer function as follows. The signal recorded by one probe The two types of sound pulse in the type 1 song echeme (Fig.
microphone close to the tymbal, considered to be the systen?$ are termed loud and soft, following Fonseca and Popov
input (exciter or source), was compared with the signa{1994). The inward tymbal buckling movement, brought about
simultaneously recorded as the output of the second prollsy the contraction of the ipsilateral tymbal muscle, is termed
microphone, which was placed close to each one of th@ward, and the pulse of sound that this buckling produces is
structures studied (excited). The transfer function was thetermed the IN pulse. The outward buckling movement of the
calculated as the ratio from the cross-spectrum of both signalgmbal that follows tymbal muscle relaxation is termed
to the power spectrum of the signal recorded close to the tymbailitward, and the pulse of sound that this buckling produces is
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termed the OUT pulse. We also distinguish the first IN puls: Table 1.Time between the start of IN and OUT pulses for
of an echeme from the second IN pulse, etc., and the side the song offympanistalna gastricaneasured as means of

the animal (right or left) from which the sound pulse was five pairs of pulses from each of six insects
produced. Song type
Values are presented as mearsot
Right Left Ratio
pulse pulse (left/right)
R It IN-to-OUT time for loud 3.75+0.31 4.09+0.275 1.10
esults pulses (ms)
The song pattern IN-to-OUT time for soft 5.54+0.20 5.30+0.51 0.95

A type 1 echeme of the calling songlofgastricastarts with pulses (ms)
a pair of loud IN-OUT pulses followed by a train of a variable
number of soft IN—OUT pulses (Fonseca, 1996) (Fig. 2A). The Values are means so.

peak amplitudes of the loud IN pulses were typically 8-12 dE _Significant differences between the IN-to-OUT _times for the
louder than those of the soft pulses (and see Fonseca Edn‘ferent types of pulse are as follows (Studentast): right loud to
left loud, P=0.01; right loud to right sof=0.0002; right loud to left

Hennig, _1996)' The separate loud IN p_ulses Were produce(_j lsoft, P=0.0002; left loud to right sof§=0.0002; left loud to left soft,
contraction of one tymbal muscle causing the inward bucklinp_q g1- right soft to left soft, not significar$0.26).

of the the ipsilateral tymbal, closely followed by contraction
of the contralateral tymbal muscle causing the inward bucklin
of the contralateral tymbal to produce a second loud IN pulse. Sound radiation from the tymbals during the loud pulses
Relaxation of the tymbal muscles, allowing the tymbals to The waveform of the loud IN pulses recorded at the tymbal
buckle outwards in the same sequence, produced a pair of lobdd a stereotyped pattern (Fig. 3A,C, insets). The first half-
OUT pulses with a peak amplitude approximately 12 dB beloveycle was a large initial rarefaction (shown here as a positive
that of the preceding IN pulse of the same tymbal (Fig. 2Byoltage) followed by a larger compression half-cycle, after
and similar in amplitude to the soft IN and OUT pulses (se&hich the amplitude decayed more or less exponentially. This
Fonseca and Hennig, 1996). implies that initially there was a large-amplitude inward
In all of our nine animals, examined with a probemovement of the tymbal, followed by a larger outward rebound
microphone placed adjacent to each tymbal, the first loud pul$¢eading to a damped vibration. The waveforms of the OUT
was produced by the right tymbal (Fig. 2B). In most songs, thpulses followed the inverse pattern of a compression followed
sequence of pulses was right IN, left IN, right OUT, left OUT,by somewhat larger rarefaction, etc. (Fig. 3B,D, insets). Sound
but in a few song sequences the loud IN pulses of both tymbabsilses with similar changes in amplitude with time have been
occurred almost simultaneously. described for the tymbal clicks &. australasiae(Bennet-
The soft pulses followed in the same sequence, with the rigklark, 1997).
tymbal movements preceding those of the left tymbal and with The sound produced by the loud right IN pulse that starts
both inward and outward buckling of the tymbals producinghe echeme has a different waveform from that produced by
sound pulses (Fig. 2B). The amplitude of the soft IN pulsethe succeeding loud left IN pulse. This can be seen both in
was similar to that of the soft OUT pulses (Fig. 2, see alsoscillograms of the two pulses and in their frequency spectra
Fig. 9B), in contrast to marked IN-OUT asymmetry in the loudFig. 3A,C). A plot of the instantaneous frequency during
pulses (Fig. 2B, see also Fig. 9A). typical left loud and right loud IN pulses from one insect shows
There was also asymmetry in the time that elapsed betweémat the first cycles of both pulses, during the build-up of the
the IN and OUT pulses produced by the two tymbals (Table 1xound pulse, are at a lower frequency than are the later parts
The time between the loud IN and OUT pulses of the righof the pulse, in which the amplitude decays (Fig. 4). The
(first) tymbal (3.75+0.31 ms) was significantly shorter than thainstantaneous frequency of the right loud IN pulse rose from
between the loud IN and OUT pulses of the left (secondabout 5kHz during the first cycle to 10kHz during the second
tymbal (approximately 4.09+0.28 ms). The time between theycle and reached a steady value of between 11 and 13kHz
soft left and right IN and OUT pulses, although slightlyduring the decay of the sound pulse. The instantaneous
asymmetrical, did not differ significantly. The time betweenfrequency of the left loud IN pulse increased from
the soft IN and OUT pulses was 30-50% longer than thapproximately 8-9kHz during the first cycle to 10-11kHz
IN-OUT time of the loud pulses. The significance of thesaluring the second cycle to reach a steady value of between 11
asymmetries and differences is discussed below. and 13kHz during the decay of the sound pulse. Similar
On occasion, particularly at the end of a long run ofpatterns were found in four other insects.
experiments, animals failed to produce normal song. These From the insets in Fig. 3A,C, it can be seen that the pulse
abnormal animals failed to produce first the loud right IN pulsemplitude increases during the first cycle and thereafter decays
and then the left loud IN pulse, even though they were able &pproximately exponentially, especially in the pulse from the
contract the tymbal tensor muscle and to produce trains of sdéft tymbal. A plot of the instantaneous power (calculated as
pulses. the square of the pulse amplitude) in the right and left loud IN
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B
Right loud

OUT pulse 13-3“&"’““”“—“

Fig. 3. Oscillograms (insets) and power spectra
(main graphs) of loud pulses recorded 1mm_
from the outer surface of the tymbal. All graphs>
show the averaged power spectrum for fous
pulses from one insect. Insets showg
oscillograms of the waveform of one of thez
sound pulses used in each case. The arrovg
show (in italic type) the spectral peaks<
corresponding to the frequency during the decay
of the waveform in kHz. The symbols show the
positions of the 4kHz (*), the 7 kHZX) and the
11-13kHz @) peaks (see also Figs 6, 7).

Left loud OUT puls

Left loud IN pulse

(A) Right loud IN pulse. (B) Right loud OUT =30+ . ity -30+ = ! ]
pulse. (C) Left loud IN pulse. (D) Left loud 0 5 10 15 20 0 5 10 15 20
OUT pulse. Frequency (kHz)

pulses (Fig. 4), shows that approximately half the total sounde made to produce a train of IN and OUT loud pulses. For
power was produced during the first 1-1.5 cycles of the pulseach pulse, the spectra did not differ in amplitude by more
while the pulse amplitude was building up and as it began tithan 1dB from those produced by the same animal after
decay. stimulation of the brain. Thus, the differences between the left
The power spectra (Fig. 3A,B) and instantaneous frequenand right loud IN pulses do not result from the order of
and power graphs (Fig. 4) show that the right loud IN pulseontraction of the tymbal muscles, from distortion of the
provides broad-band sound power between 4 and 8 kHz andabdominal cuticle or from residual stress in the contralateral
further peak at 11.7kHz, whereas the left loud IN pulséymbal muscle.
provides approximately 10dB less power than the right IN
pulse at 4 kHz, similar power at 8 kHz but a broad-band louder Sound radiation from the tymbals during the soft pulses
peak at approximately 10.8 kHz. All soft pulses recorded from the ipsilateral tymbal had
The amplitude of the loud OUT pulses is largest in the firssimilar waveforms, both in terms of initial amplitude and in
cycle and is followed by an approximately exponential decayjerms of the rate of decay of the pulse, but those of the OUT
(Fig. 3B,D). The major sound power is radiated betweemulses were inversions of the preceding IN pulses (Figs 2B, 5,
12.5kHz and 14 kHz (Fig. 3B,D) for both tymbals. The spectransets). In contrast to the loud IN pulses, and particularly to the
of the sound produced by the right and left tymbals do natight loud IN pulse, there was little energy below 10kHz but
differ as markedly as in the IN pulses and there is very littithere was a single relatively sharp peak at approximately
sound power below 10 kHz. 13 kHz for all four types of soft pulse (Fig. 5) and their spectra
When the tymbal muscles were stimulated directly (seeere closely similar. Thus, the major right:left asymmetry seen
Materials and methods), both the right and left tymbals coulth the loud pulses was not found in the soft pulses.

0:-0
| _D/D’E\B -
A \Bﬂiﬁﬁﬁ%--o--o“o" ﬂﬁ;u)j
‘O" 0.0

r1.0

. ‘.-O"
B E/ —0— Right frequency 0.8
: i -=0-= Left frequency

Instantaneous frequency (kHz)
o]

I nstantaneous power relative to maximum

6 / _ - 0.6
é , —s=— Right power
41 e Left power 0.4
21 r0.2
Fig. 4. Instantaneous frequency and power (calculated as 0 . . . . 0
the square of amplitude)ersuscycle number for single 0 1 2 3 4 5 6

right and left loud IN pulses from the same insect. Cycle number in pulse
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50 A - 50 B
E . 13.3 . 134
30+ Right soft IN P 30 Right soft OUT

10
-10

Fig. 5. Oscillograms (insets) and>
power spectra (main graphs) of sof@
pulses recorded 1 mm from the outer
surface of the tymbal. All graphs showS
the averaged power spectrum for fous 50
pulses from one insect. Insets shov@

oscillograms of the waveform of one 30 | Left soft IN 13.3 30 Left soft OUT 1%3-1
of the sound pulses used in each case. 10

_C 50 D

The arrows show the frequency of T 10
. -10
peak energy of the pulse in kHz (value - ~10
is shown in italics). (A) Right soft IN -30 [
pulse. (B) Right soft OUT pulse. T B 30+
(C) Left soft IN pulse. (D) Left soft 0 5 10 15 20 0 5 10 15 20
OUT pulse. Frequency (kHz)
Sound radiation from sternite 4 anth the tympana but their relative amplitudes varied relative to those at sternite

The sounds radiated from the ventral surface of the abdomefr, the amplitude of the 4kHz peak was approximately 20dB
measured using a probe microphone placed on the mid-linkess than that from sternite 4 but the 7-8 kHz peak was similar
1 mm away from sternite 4, reflected the asymmetry of the louith amplitude (compare Fig. 6A and 6C). The power spectrum
tymbal sounds. Measured at sternite 4, the right loud IN pulsend oscillogram of the waveform measured close to the
contained discrete energy peaks at approximately 4kHz, &tmpana for left loud IN pulses were similar to those recorded
7-8kHz and at 11-13kHz (Fig. 6A). The 4kHz peak of the leffrom sternite 4, but the 4kHz peak was approximately 6 dB
loud IN pulse was more than 20dB quieter than that from thleewer and the energy at 7-8 kHz was slightly higher (compare
right loud IN pulse and there was broad-band radiation betwed¥ig. 6B and 6D).

7 and 11kHz in the left loud IN pulse (Fig. 6B). The sounds radiateda sternite 4 and the tympana during

The sounds radiatedia the tympana, measured using athe loud OUT pulses showed far less leftrsus right
probe microphone placed on the mid-line, 1 mm away from thasymmetry than those produced by the loud IN pulses (Fig. 7).
posterior edge of the opercula, also showed ngisusleft ~ The sounds radiatada sternite 4 still had a peak at 4 kHz (Fig.
asymmetry in the sound patterns. The right loud IN pulse hadA,B), but the sounds radiate the tympana had a minimum
spectral peaks at 4 kHz, at 7-8 kHz and at 11-13 kHz (Fig. 6Cat 4 kHz (Figs 7C,D). All records had peaks at between 11 and

50 A ‘—\/\/\J\/W 501 B W\[\I‘J\/\MM

_ | _ 30 Right loud IN, 30 Left loud IN,
Fig. 6. OscH_Iograms (insets) and power 10 hd soungl from 10 sound from
spectra (main graphs) of loud IN pulses sternite 4 sternite 4

recorded at two points on the surface of —-10
the abdomen. Measurements were made~
at 1 mm distance from either the centrep -30
of sternite 4 or the tympanal opercula.Z
All graphs show the averaged power-g
spectrum for four pulses from one 2

insect. Insets show an oscillogram of the&

waveform of one of the pulses used in<EE 50t C —'\N\/\’V‘\""” 50 T D

each case. The symbols show the 30 0 Right loud IN, 30f 0 Left loud IN,
positions of the 4kHz (*), the 7-8kHz « sound from C sound from
(¢) and the 11-13kHz®&) peaks also 10 tympanum 10 T tympanum
highlighted in Fig. 3. (A) Right loud IN -10 -10+

pulse at sternite 4. (B) Left loud IN E f/\/
pulse at sternite 4. (C) Right loud IN -30 ; l . i =30 + - e
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pulse at the tympanal opercula. (D) Left
loud IN pulse at the tympanal opercula. Frequency (kHz)
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Fig. 7. Oscillograms (insets) and 20 A . Right loud OUT,

AP A e
¢ Left loud OUT,

power spectra (main graphs) of loud 0
OUT pulses at two points on the

sound from 0
sternite 4

sound from
sternite 4

surface of the  abdomen. -20

Measurements were made at 1mm  _,, 40

distance from either the centre of (‘/W\
sternite 4 or the tympanal opercula.$ =60 ===ttty 60 F b Ny
All graphs show the averaged powerd® 0 S 10 15 20 0 5 10 15 20

spectrum for four pulses from one '
insect. Insets show an oscillogram of 3
the waveform of one of the pulses%_
used in each case. The symbolsg
show the positions of the 4kHz (*),
the 7-8kHz ¢) and the 11-13kHz 0
(@) peaks also highlighted in Fig. 3.

(A) Right loud OUT pulse at sternite -20
4, (B) Left loud OUT pulse at
sternite 4. (C) Right loud OUT pulse
at the tympanal opercula. (D) Left -60 60 Y. . ¥y WLy
loud OUT pulse at the tympanal 0 5 10 15 20 0 5 10 15 20

opercula. Frequency (kHz)

Right loud OUT, 20
% « sound from 0
tympanum

o Left loud OUT,
sound from
tympanum

13kHz. Not only were the loud IN pulses recorded at thdrom sternite 4 or from the tympana result from distinct
tymbal approximately 10dB louder than the loud OUT pulsesesonances that have been excited by consonant components
but they had relatively more energy at low frequencies (Fig. 3pf the tymbal pulses. However, the ragged shapes of the pulse
These differences are reflected in the sounds radidted envelopes and the presence of components at higher
sternite 4 andia the tympana (Figs 6, 7). frequencies suggest that, if there are driven resonances of the
The apparent excitation of sympathetic vibration and thencsternites owvia the tympana, neither is sharply tuned.
of sound radiation from sternite 4 amth the tympana by
components of the tymbal sound pulses was investigated by Comparison between loud and soft pulses
calculating the transfer function between the tymbal sound and The major frequency during the decay of the right loud
the sounds from sternite 4 and the tympana (Fig. 8). pulses is 11.7 kHz for the IN pulse and 13.5kHz for the OUT
The transfer function of the right loud IN tymbal pulse topulse (Fig. 3, and measured from oscillograms); similar values
sternite 4 was maximal at 4-5kHz, with a subsidiary peak dor the left loud IN and OUT pulses are 10.8 and 12.8kHz,
7-8kHz, but the transfer function from the tymbal to therespectively, so there is a difference of approximately 2 kHz in
tympana was maximal at 7-8 kHz (Fig. 8A). this component between the IN and OUT pulses. However, the
With all other pulses (loud and soft, IN and OUT), goodspectral peaks of all soft IN and OUT pulses occur at
transfer was shown from the tymbal pulses to sternite 4 dt3-13.5kHz and do not show major left:right or IN:OUT
4kHz and also at 7-8 kHz (Fig. 8). Transfer from the left louddifferences (Fig. 5). (These values were measured from one
IN pulse from the tymbal to sternite 4 at 4kHz was less thamale; measurements made with a further four males showed
that from the right loud IN pulse [note that the absolutehe same trend but with peak frequencies differing by up to
amplitude of the spectrum at 4kHz was approximately 10 dB®.5kHz relative to the values given above.)
lower from the left than from the right tymbal (Fig. 3) but that The rate of decay of the tymbal vibration seems to be rather
there was relatively good transfer from the tymbal to thesimilar during IN and OUT pulses for both loud and soft
tympana in the left loud IN pulse (Fig. 8B)]. In all cases, thepulses, with &) value of between 9 and 13. This is compatible
transfer from the tymbal to the tympana was relatively poor awith the frequency response of the tymbal measured using laser
4kHz and there was also poor transfer to both sternite 4 anibrometry (Fonseca and Popov, 1994). In all cases, the tymbal
the tympana around 12kHz (Fig. 8). clicks have a sharp onset with peak amplitude during the first
The average phase of the tymbal sound relative to that eycle and then tend to decay exponentially. The peak
sternite 4 at the 4 kHz peak and between the tymbal sound aathplitude of the first cycle of each pulse (IN or OUT, loud or
the sound at the tympana at the 7-8 kHz peak was calculatsdft) is approximately 1.4 times (or approximately 3 dB louder
(Fig. 8). The phase at the 4kHz peak from sternite 4 lags yan) the amplitude (approximately +3dB louder than) of the
between 88° and 121 ° relative to that at the tymbal. The phaseicceeding cycle of the pulse, and the amplitude of all
at the 7-8kHz peak from the tympana lags by between 66components of the loud IN pulses is approximately three times
and 136 ° relative to that from the tymbal. These two series d¢br approximately 10dB louder than) the corresponding
measurements do not rule out the hypothesis that the soura®plitudes of the soft pulses.



Cicada tymbal asymmetry and complex song5

B
0 __A_98° Right loud IN 0 4 —121° —136° Left loud IN
| U -2
-10¢ /
—20 -
-30 f f t |
0 5 10 15 20
Cc
0 i -110¢ Right loud OUT
| p—18

-10 -

—_ —20-—\
m
P AN
3 -30 f ; af ]
2 0 5 10 15 20
g
© .
¢ 0T E _gge Right soft IN o T ) Left loud IN
=] -88°
5 v
v \
r -10+
_20_
Fig. 8. Plots of the transfer function | .
-30 f — f {

between the §ound produced at the tymbal 0 5 10 15 20
and that radiated from sternite 4 (thick
lines) or from the tympanal opercula (thin
lines). The solid arrows (sternite 4), thin
arrows (tympanal opercula) and their
associated values (in italic type) show the
phase angle between the tymbal sound and
the sound produced by these other regions
at the peaks of their respective transfer
functions. (A) Right loud IN pulse. (B) Left
loud IN pulse. (C) Right loud OUT pulse.
(D) Left loud OUT pulse. (E) Right soft IN -30 t } } |
pulse. (F) Left soft IN pulse. (G) Right soft 0 5 10 15 20
OUT pulse. (H) Left soft OUT pulse. Frequency (kHz)

0-g N Left soft OUT

-104] Y

-204}

Animals that had fatigued or were producing abnormal typeight tymbal (Fig. 9A). The loud right IN pulse, after
1 song typically failed to produce the right loud IN pulse at théransmission through the left tymbal, showed a lack of
start of the echeme, even though they were able to produce softherence from cycle to cycle. The right loud IN pulse has a
pulses from the right tymbal. This suggests that the rightroad-band spectrum and thus is unlikely to provide a coherent
tymbal requires more muscle energy to bring about bucklindrive to the left tymbal. In contrast, the right and left loud OUT
during the loud pulses than it does during the soft clicks or thgpulses (Fig. 9A), and all soft pulses (Fig. 9B), which have a

is required for the loud clicks of the left tymbal. peak in their power spectra close to those of the contralateral
o tymbals caused inter-tymbal transmission as coherent pulses.
Internal transmission from tymbal to tymbal During the soft pulses, all transmissions through the

With all pulses, there was considerable sound radiation fromontralateral tymbal (at approximately 13kHz) are fairly
the contralateral tymbal (Figs 2, 9). In the loud pulses, the righgimilar. In these transmitted pulses, the sound amplitude builds
IN pulse, as transmitted by the contralateral left tymbal, had ap over the first 2—4 cycles and then decays slowly, regardless
ragged and irregular waveform but the left IN pulse wa®f the side of the insect that is driving the contralateral tymbal
transmitted with a rather smoother pulse envelope through tlee whether the buckling is IN or OUT (Fig. 9B).
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A
Right loud IN Right loud OUT Transmitted by right Transmitted by right
A A ——— |
0 1 2ms
Transmitted by left Transmitted by left Left loud IN Left loud OUT
B Right soft IN Right soft OUT Transmitted by right Transmitted by right
W A | A |
Transmitted by left Transmitted by left w Left soft IN Left soft OUT

Fig. 9. Oscillograms of the sound pulses measured at 1 mm from the two tymbals to show sound transmission between the.tWbetymbals
records show the sequence right IN, right OUT, left IN, left OUT with the sound recorded from the right tymbal shown afrove that
left. All records were made with same vertical gain and have a common time scale. (A) Loud pulses. (B ) Soft pulses.

It thus appears that the pulse of sound pressure caused digtribution of resilin is similar to that described and illustrated
tymbal buckling produces a significant sympathetic vibrationn Young and Bennet-Clark, 1995).
of the contralateral tymbal when their major frequencies of Dorsally, the sclerotised dorsal end of the second rib extends
vibration are closely similar (as in the loud OUT pulses and iposteriorly to near the dorsal end of the tymbal plate and
all soft pulses (see Figs 3B,D, 5), but not when there is a majsurrounds the dorsal end of the first rib; this dorsal bar also has
frequency mismatch between the driving waveform and than anterior projection over the dorsal end of the third rib
resultant transmitted waveform, as occurs when the right loudrig. 10). This bar appears to act as a coupler between this

IN pulse drives the left tymbal (Figs 9A, 3A). group of three ribs and the tymbal plate. When the tymbal plate
_ _ was pushed inwards at the apodeme pit, the first three ribs
The anatomy and kinematics of the tymbals appeared to buckle inwards together, instead of separately and

The anatomy of the tymbals &. australasiaehas been in sequence from posterior to anterior as has been described in
described previously in some detail (Young and Bennet-ClarlC. australasiae(Young and Bennet-Clark, 1995; Bennet-
1995). In the description that follows, only the majorClark, 1997).
and special features of the anatomy of the tymbals of The movements of the tymbal associated with the
T. gastricaand contrasts with the tymbals Gf australasiae contraction of the tensor muscle were described by Fonseca
are described. and Hennig (1996). The tymbal tensor sclerite, forming the

The tymbals off. gastrica(Fig. 10) are driven by an inward ventral anterior edge of the tymbal frame, appears to be hinged
movement of the posterior tymbal plate which coverdorsally and has a broader ventral connection onto the rest of
approximately one-third of the area of the tymbal and has, #ée tymbal frame. The tensor muscle attaches to the tensor
its dorsal end, the apodeme pit of the large tymbal muscle. Tlselerite, which is bordered anteriorly by a folded membrane on
domed anterior half of the tymbal surface bears of a row aofvhich it hinges. When the tensor muscle contracts, the
four sclerotised ribs running dorso-ventrally, separated bposterior edge of the tensor sclerite moves inwards and
bands of resilin-containing cuticle. The narrow central regionanteriorly, pulling rib 4 at the anterior edge of the tymbal and
of the first three of these ribs are rather more sclerotised thémereby flattening the dome of the tymbal. The tensor muscle
the broader dorsal and ventral regions, but not as markedly sontracts (flattening the tymbal) just before the train of soft
as inC. australasiaeln contrast wittC. australasiaethere are  song pulses and relaxes (allowing the tymbal to become more
no short ribs between the mid-sections of the ribs. highly domed) before the start of the next pair of loud pulses.

The dorsal, ventral, anterior and posterior cuticle The dorsal regions, the tymbal plates and the ribs of the left
surrounding the sclerotised parts of the tymbals containgnd right tymbals off. gastricaare superficially bilaterally
resilin. As inC. australasiaethese resilin sheets separate andsymmetrical. However, the resilin pad that connects the ventral
suspend the moving parts of the tymbal from the thiclends of the tymbal ribs to the tymbal frame is on average 1.37
sclerotised tymbal frame that surrounds them. The resilin i8mes wider dorso-ventrally in the right tymbal than in the left
thickest at the dorsal and ventral ends of the tymbal plate argmbal (Table 2; Fig. 10). This highly significant left—right
tymbal ribs, as well as along the posterior edge of the tymbahorphological asymmetry was measured from eight insects
plate, and is thinnest in the narrow dorso-ventral strips that rremd has been seen on each of a further Ttergastrica
between the tymbal plate and the four tymbal ribs (thixamined.
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Fig. 10. (A) Drawings of the left and right tymbalsTofgastrica Sclerotised cuticle is stippled and the degree of stippling indicates the relative
thickness and degree of sclerotisation of the cuticle. The unstippled regions are areas of cuticle containing resiliref Tésilaremntaining
cuticle at the ventral ends of the ribs is wider, dorso-ventrally, in the right tymbal than in the left. There are alpoedifferthe anatomy

and extent of sclerotisation at the ventral ends of the tensor sclerites. (B) Photographs (taken by David Paul, Deparbtogyt ofndversity

of Melbourne) of the left and right tymbals.
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Table 2.Dimensions of the left and right tymbalsTgfmpanistalna gastrica

Left tymbal Right tymbal t P
Dorso-ventral height of tymbal (mm) 2.19+0.093 2.21+0.082 0.9 0.4 (NS)
Anterior—posterior width of tymbal (mm) 1.32+0.057 1.35+0.077 2.14 0.07 (NS)
Dorso-ventral width of ventral resilin sheet (mm) 0.15+0.012 0.20+0.011 29.7 0.001

Values are means &p. (N=8 males).
Comparisons between left and right mean values were made using Stutiestss NS, not significant.

There are also anatomical differences at the ventral ends ofitward, require larger forces than for the soft pulses, where
the two tensor sclerites. That on the right also appears motiee buckling occurs with a flatter tymbal (Fonseca and Hennig,
heavily sclerotised than that on the left (Fig. 10) but thisl996). During the loud inward buckling, the highly domed
difference has not been quantified. tymbals will require more power from the tymbal muscles and,

There is thus a right—left asymmetry in both the loud INduring the loud outward buckling, there will be a larger
pulses of the song and in the anatomy of the tymbalE. of restoring force from elastic strain energy in the distorted
gastrica. tymbal ribs. This difference in the configuration of the tymbal

between the loud and soft pulses is consistent with the relative
loudness of the two types of pulse, the shorter IN-to-OUT
Discussion times of the loud pulses relative to the soft pulses (Table 1)

The loud IN pulses of the right tymbal excite sound radiatiorand the greater difference between the peak frequency of decay
with peak power at approximately 4 kHz from the walls of theduring loud INversusOUT compared with that for the soft IN
abdomen, especially the thinner flat sides of the tergites arahd OUT pulses.
central parts of the sternites (and see Fonseca and Popov, 1994)he different sounds made by the two tymbals in the loud
and also excite sound radiation at approximately 7—-8 kHEN pulses may be explained as follows: when the tymbal tensor
measured at the opercula, probakig the tympana. These muscle is inactive, the ventral resilin pad is more compliant
components accompany distinct peaks in the transfer functidghan it is after the tensor muscle has contracted, thereby
from the tymbal sound with a phase lag of approximately 908tressing it and thus increasing its stiffness; the effect is greater
between the sound radiated from sternite di@mthe tympana in the right tymbal with its wide (and initially more compliant
and the driving sound pulses from the tymbals (Fig. 8); thesand less stiff) ventral resilin pad than in the left tymbal with
indirectly radiated sounds appear as large components of tite narrower ventral resilin pad. The role of the different
right loud IN pulses, but the 4kHz component is relativelycompliant components of the tymbal ©f australasiaehas
smaller in the left loud IN pulse. Both these indirectly radiatedeen discussed in Bennet-Clark (1997).
components are smaller in the loud OUT pulses and in all the The difference in loudness of the pulses accompanies a
soft pulses; these pulses only show peak energy of soumtange in the convexity of the unbuckled tymbal ribs. With the
radiation at approximately 13kHz (Figs 3B,D, 5). tensor relaxed and the tymbal more convex, the tymbal muscle

There is, however, less difference between the right louthust provide more energy before the tymbal buckles inwards
OUT pulse (which occurs when the right tymbal musclehan when the tymbal is flattened through the contraction of
relaxes while the left muscle is still contracted) and the lefthe tensor muscle (Fonseca and Hennig, 1996). Consequently,
loud OUT pulse (which occurs when the left tymbal musclehe work required to buckle the tymbal, which is then released
relaxes). Also, the soft pulses all appear rather similar, withs a sound pulse, is greater during the loud pulses when the
little difference between pulses from the right and left sidesymbal is more convex. The role of the tymbal as an energy
and only a small difference in dominant frequency between thetorage/release mechanism was addressed by Fonseca and
IN and OUT pulses. The polarity of the soft OUT pulse isHennig (1996) and has been discussed Goraustralasiae
opposite to that of the IN pulse but, when inverted, thg¢Bennet-Clark, 1997).
envelope of the soft IN pulse is very similar to that of the soft The tymbals of T. gastrica differ from those of C.

OUT pulse (see Figs 5, 9). australasiaeor Cicadaspp. in having a dorsal sclerotised bar

Contraction of the tymbal tensor muscle Tn gastrica  on rib 2 that runs from a flexible attachment to the tymbal plate
flattens the tymbal. The loud IN and OUT pulses occur whil@cross the dorsal ends of ribs 1 and 3. This bar appears to
the tymbal tensor muscle is inactive and the soft pulses abuple the first two or three ribs together, so that they tend to
occur after its contraction. The tensor sclerite can be seen &at in unison, in contrast to the situationGn australasiae
swing inwards and the tymbal to flatten as the tensor muscighere the long ribs buckle separately and in a posterior-to-
is activated at the start of the soft pulses (Fonseca and Hennémterior sequence; the rib couplingTin gastricaproduces a
1996). single discrete IN pulse, with greatest amplitude at the start of

The loud pulses occur while the tymbal is highly domed. Irthe pulse, in contrast with the train of 2—4 separate pulses that
this condition, the buckling movements, both inward andare produced by the sequence of buckling of the separate ribs
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of C. australasiag(Young and Bennet-Clark, 1995; Bennet- so the instantaneous sound pressure at the tymbal surface will
Clark, 1997). be greater in both movements. Second, there may be a lesser
In the song ofT. gastrica the presence of the coupling bar dependence ift. gastricaon the use of the abdominal air sac
may also correlate with the loudness of all OUT pulses, whichlus tympana as a sound-radiating system thanCin
are relatively far louder than the OUT pulse€ofustralasiae  australasiaewith its Helmholtz-type resonator (Bennet-Clark
(Bennet-Clark, 1997) ofTibicina quadrisignata(Fonseca, and Young, 1992). Third, the force—distance relationships of
1991, 1996). tymbal buckling are very different during the inward and
Small cicadas such a8 gastricatend to produce higher- outward movements of the tymbal plate @ australasiae
frequency sounds than larger species suct.aamustralasiae (Bennet-Clark, 1997), and this is reflected in the different
(Bennet-Clark and Young, 1994). But muscle contractiodoudness and frequency of the IN and OUT pulses. The similar
frequency is physiologically limited to approximately 500 Hzbut inverse patterns of the soft IN and OUT pulsesT.in
(e.g. Josephson and Young, 1985) (and realistically to onlgastrica suggest that the mechanics of inward and outward
approximately 250Hz in most cases; Fonseca, 1996) or kauckling is symmetrical but inverted when the tymbal is
contraction-to-relaxation time of 2ms or longer. @  flattened by the tymbal tensor muscle.
australasiea the tymbal muscle buckles the three long ribs at In many circumstances, close structural bilateral symmetry
intervals of three cycles at a frequency of 4.3kHz tone with aorrelates well with fitness (e.g. Mgller, 1992; Enquist and
period of 23Qus per cycle; thus, rib 1 buckles at Oms, rib 2Arak, 1994) and appears in many cases to be recognised and
buckles three cycles later at 0.7msxZ30us) and rib 3 used by conspecific females as a mate choice criterion (for a
buckles at 1.4 ms (data from Young and Bennet-Clark, 1995jecent review, see Simmons and Ritchie, 1996). However,
This pattern gives a sound pulse, including the decay periodxamples of functional asymmetry are common in the animal
of approximately 2-2.5ms, a period wholly compatible withkingdom (Neville, 1976). For example, the asymmetries in the
muscle kinetics. In the case of the tymbal ofjastrica which ~ sound-producing wings of tettigoniids (Dumortier, 1963;
has a peak sound output above 10kHz, the period of one cyddailey, 1970) are related to their different mechanical roles:
of the song is less than 1A8 and, if the mechanism were one wing bears the file that excites the resonance, and this
identical to that ofC. australasiagrib 2 would have to buckle passes across the underside of the other wing, which bears the
at 30Qus and rib 3 at 60@s, periods that are too brief to be plectrum and the resonator from which the sound is radiated.
consistent with the kinematics of even the fastest tymbalhe asymmetry found here in the tymbalsTofgastricais
muscle. related the fact that the two tymbals produce different types of
In theT. gastricatymbal sounds reported here, two or threeloud sound pulse and also that the action of the right one
tymbal ribs buckle together as a group, rather explosivelyalways precedes that of the left.
instead of in a longer-duration sequence &S.iaustralasiag An asymmetry in the neural pattern during sound production
where they typically buckle every two or three cycles of théhas been recorded in many specie&ofllus, which typically
sound pulse. It has been suggested that the us€.@astrica  close their wings right-over-left. Both wings produce sound,
type of brief, broad-band high-frequency transient sound puldeut if the wing positions are artificially reversed, the insect
is more appropriate for a small insect singing througtreturns them to the usual right-over-left pattern before singing.
vegetation than is a longer, purer-tone low-frequency sound/ing position in these crickets is detected by sensory hairs on
pulse (Bennet-Clark, 1998). the wing surfaces (Kutsch and Huber, 1989). In these crickets,
The song structure in.Tgastricadiffers from that inC.  there is also a tendency for the left harp to be slightly smaller
australasiaein two significant ways. First, the IN pulses andthan the right harp (Simmons and Ritchie, 1996). The resonant
OUT pulses form distinct components of the song structure dfequencies of the two harps also differ systematically: that of
T. gastrica but the OUT pulses are not distinct .  the left harp is higher than that of the right (Nocke, 1971). In
australasiae The structure of the song ©f gastrica in which ~ T. gastrica directional anatomical asymmetry (Van Valen,
the IN and OUT pulses are distinct and, in terms of the pulsd962) between the right and left tymbals is reflected in
to-pulse pulse duration ratio, widely separated, will favour thaifferences between the song pulses they produce. The song
production of loud sounds by the IN and OUT buckling of thepattern also shows a stereotyped directional asymmetry: the
tymbals. In contrast, the song ©f australasiagin which the action of the right tymbal always precedes that of the left.
actions of the left and right tymbals alternate so rapidly that However, only the first two loud pulses in the echeme show
their pulses overlap, would be more likely to result in a quietight:left asymmetry and IN:OUT asymmetry. The subsequent
OUT pulse, produced at a different frequency, which will notsoft pulses are not only symmetrical but also occur as a long
interfere with the next loud IN pulse produced by thetrain consisting of a variable number of pulses (Fonseca, 1994).
contralateral tymbal. Although morphological and functional directional
Second, the soft IN and OUT pulses Tf gastricaare  asymmetry in animals is common (Neville, 1976) and may be
similar in loudness, but the IN pulses@faustralasiaare far  associated with neural-pattern asymmetries (e.g. Kutsch and
louder than the OUT pulses. This difference may have severdlluber, 1989), stereotyped right:left asymmetry of an activity
causes. First, all tymbal ribs appear to act in unison during bodequence seems to be rare in arthropods and, indeed, would be
the IN buckling and OUT buckling movementsTingastrica  a selective disadvantage in some circumstances (e.g. during
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locomotion). In the present case, however, the stereotypedspecies of cicadas (Homoptera, CicadidaB)oacoustics 3,
asymmetrical sequence may have two functions. First, becausel73-182.

fatigued and moribund animals failed to produce first the rightonseca  P. J. (1994). Acoustic communication in cicadas
loud pulses and then the left loud pulses, the asymmetry may(Homoptera, Cicadoidea): sound production and sound reception.

provide an example of an ‘honest' fitness signal (Zahaviﬁ EQEDC/:hIiSi?]’ L(Jlnsi)\.é)%r)sizoc:nlaiS;r%g'uction in cicadas: Timbal muscle
1975). Second, the complete type 1 echeme may provide t 8activity during calling song and protest soB@gacoustics, 13-31.

female with ,a longer, more complex, 5|gnalll Whlch may bef:ONSEcA P. JAND HENNIG, R. M. (1996). Phasic action of the tensor
more attractive (Tuckermagt al. 1993). In this species, the | scle modulates the calling song in cicadhsexp. Biol.199

ability to produce a complex song may be of considerable 1535_1544.
selective advantage. Fonseca P. JAND Popovy, A. V. (1994). Sound radiation in a cicada:
the role of different structured. comp. Physioll75 349-361.
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