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Summary

The carrier frequency of the call of the Australian quadrata can occlude its spiracular opening, which
bushcricket Sciarasaga quadratais unusually low for increases the sensitivity of the ear to lower frequencies.

tettigoniids at 5kHz. The sound transmission measured in
the habitat of the insect reflects the advantages of
producing low- rather than high-frequency signals;
attenuation is explained almost entirely by the spherical
spreading of sound. The natural vibration frequency of the
wings is controlled by size and stiffness. The small tegmina
are unusually fleshy, with an order-of-magnitude higher

Under such conditions, the best frequency of the ear
matched that of the carrier frequency of the call. We
measured the activity of auditory neurones in the field,
noting the ability of the open and partially closed ear to
filter out potentially masking calls of congenerics. At the
same time, the directionality of the system was only slightly
reduced in the closed relative to the open spiracle status.

water content than in comparable sagine species. Reduced We discuss the evolutionary advantages of an insect both
stiffness allows the insect to call at low carrier frequencies, calling with a low carrier frequency and having the ability
albeit at lower intensity levels (60dB SPL at 1m), than to close down the tracheal system to avoid the effects of
bushcrickets of comparable size (80-90dB SPL). The masking. In addition, we consider the advantages of such
responses of the tympanic nerve and a first-order a signalling system in avoiding the most significant
interneurone (omega neurone) in the afferent auditory predator of the male, the ormine flyHomotrixa alleni.
pathway showed that the hearing system is most sensitive

to frequencies of 15-20kHz, an effective mismatch to the

conspecific call resulting in a reduced sensitivity of Key words: hearing, noise, bushcrickebciarasaga quadrata
approximately 20dB at the carrier frequency of the callS.  Tettigoniidae.

Introduction

For most animals that use sound to communicate betwe@opulation. In other systems, females prefer signals with
the sexes, there is a match between the pitch, or dominacurrier frequencies above or below the population mean, and
frequency, of the signal and the hearing sensitivity of thehis constitutes a source of directional selection on the song
receiver (Ryan and Keddy-Hector 1992). Although there are @.g. Gwynne and Bailey, 1988; Latimer and Sippel, 1987;
number of exceptions to this general rule among the insecByan and Keddy-Hector, 1992). In still other systems,
(cicadas: Popov, 1981; Hubetral. 1990; bushcrickets: Bailey predators can be detected by auditory units that are tuned to
and Romer, 1991; haglids: Mason, 1991), it can be assuméequencies distinct from those used for listening to the calls
that sensory matching has been arrived at by reciprocaf conspecifics (Moiseffet al. 1978; Robertet al. 1994;
selection on both signallers and receivers (Endler, 1992). Libersat, 1989). In such cases, the tuning of the ear may be

There are three major sources of selection on call frequenaynder selection from potentially conflicting forces, mate
and the best frequency of the auditory system: (i) mate choi@traction and predator avoidance (Bailey, 1991). Endler
(Searcy and Andersson, 1986; Andersson, 1994), (ii) predat¢t992) refers to the complex evolutionary processes that shape
detection and avoidance (Endler, 1992), and (iii) prey detectiotihe sensory system as ‘sensory drive’ (Endler and McLellen,
by acoustically orienting predators (Cade, 1975; Wagner988), and we argue that such processes may have shaped the
1995). In many systems, female preference exerts stabilisimfhenomenon we describe in the present paper.
selection on carrier frequency, and the average tuning of the As most environments are heterogeneous in time and space,
auditory system matches the mean carrier frequency of thldegradation of the signal will, in most cases, occur in an
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unpredictable manner (Wiley and Richards 1982; Embletorrestricted coastal heathlands of southwestern Australia (Rentz,
1996), and there will be strong selection on the ability of tha.985). Males are large (3—4cm total length and pronotum
receiver to detect a signal against background noiséength between 9.8 and 10.3cm; Allen 189%on-saltatorial
Background noise may be from the environment itself, such ad brachypterous, emerging as adults in late spring (mid-
moving water, disturbed vegetation or sounds made by noidyovember) and continuing to call into February. They
congenerics. Ideally, the signaller should call at optimum timegypically call from deep within dense coastal scrub, which
when the habitat is acoustically benign (Wiley and Richardsncludes species such aSpyridium globulosum(height
1978) and so the signal-to-noise ratio is high. This can b#&.2+0.06 m), Olearia axillaris (height 1.4+0.05m) and
achieved by significant behavioural changes or by shifts in thilelaleuca acerosg0.7+0.03m) (Allen, 1998). Although
frequency of the communication channel. Several studiedense, the leaves of these sclerophillous plants tend to be small
suggest that animals calling within single- and multiple-speciefess than 1cm across and less than 3cm long). Calling
aggregations adopt different tactics to avoid being masked mommences during mid-to-late afternoon and continues
neighbouring animals (Schwartz, 1987, 1994; Roeteal.  throughout the night. Although males appear to maintain no
1989; Greenfield, 1993, 1994). spatial relationship with calling neighbours, they move
Narins (1995) suggests that masking interference in frogs mdgequently and patterns of spacing are extremely dynamic
lead to species adopting ‘private channels’ for intraspecififAllen, 1995).
communication; in other words, the use of a unique band of The study site for experiments at Cape Naturaliste, Western
frequencies for the mixed-species communities. Shifts in eithékustralia (33°335, 115°0IE) encompassed approximately
the carrier frequency of the call or the best frequency of the e&iha. Field experiments described in this paper were carried out
as an evolved response to masking or predator detection may lehding 1990/1991.
to an apparent mismatch between sender and receiver (Rémer, o
1993). A decrease in absolute threshold sensitivity at the carrier Sound transmission
frequency of the call may be compensated by a higher signal-to-The sound transmission properties of the coastal habitat
noise ratio, achieved largely by using a frequency band less usegre studied in two ways. First, we located individual calling
by congenerics. In reviewing constraints on the evolution of longmales and recorded their height within the bush. To avoid
range signalling and hearing in insects, Romer (1993) referred eisturbing the insect, the sound pressure level (SPL) of the calll
apparent auditory mismatching in the genus we use in the pres&vas measured at arbitrary distances from the insect, using a
study, Sciarasaga quadrata(Austrosaginae: Tettigoniidae), Bruel and Kjaer 1/2inch microphone (type 3265) fitted to a
which was then referred to as an undescribed species. At 5kHuel and Kjaer sound level meter (type 2209) coupled to an
the call of this sagine is remarkably low for tettigoniids (Allen,external highpass filter set to 2kHz. The distance between the
1999) and is well beneath the most sensitive frequency of thsect and the microphone was later measured.
ear of 10-20kHz. In contrast, the calls of sympatric congeneric The second technique involved broadcasting pre-recorded
bushcricket species are typically in this range (there are at leasele calls (Nagra IV-SJ) through a loudspeaker (Audax TW8
16 sympatric tettigoniid species in the area studied; Allergpec.) mounted on a tripod 50cm from the ground. The
1999), which suggests th& quadratanas increased the signal- intensity of the broadcast signal was adjusted to 80dB SPL at
to-noise ratio by calling outside a frequency range used by distance of 1 m. Although this intensity is approximately
species competing for these carrier frequencies. 20dB above that of a calling male at the same distance, we
In the present paper, we describe a case of auditotysed these higher intensities to achieve higher sound pressure
mismatching in an unusual species of sagine bushcricket. Wevels, and thus better signal-to-noise ratios, at greater
attempt to relate this phenomenon to behavioural observatiogéstances. Wind speed varied between 1 and3 dising the
both in the field and in the laboratory, wheSe quadrata time the experiments were conducted, resulting in
altered its auditory system by partial closure of the auditorgonsiderable fluctuations in call intensity. Therefore, five
spiracle. We demonstrate that such a closure brings the systéggordings were taken at each distance at times when wind
into a matched tuned condition and we test the effects of thesgeed was low (<1 nT%.
changes on auditory sensitivity and masking. FinallySas ]
quadratais heavily parasitized by an acoustically orienting Tegmina
parasitoid fly,Homotrixa allenj we speculate that the call of ~The natural vibration frequency of insect tegmina is
the bushcricket may be under strong selection to be outside thentrolled, in part, by their size and also by cuticular stiffness

best frequency range of the hearing system of the fly (LakeéBailey, 1970). To test the hypothesis that the frequency of
Harlanet al. 1995). sound production 5. quadratas dependent on the stiffness

of the fore tegmina, we removed the wings and compared the
water content of the tegmina & quadratawith that of a
_ sympatric sagine of similar sizelemisaga denticulataAfter
The insect removal, the tegmina were weighed before and after oven-
Sciarasaga quadrata(Orthoptera, Tettigoniidae) is a drying; water content was expressed as a percentage of tegmen
monotypic genus within the Austrosaginae and is endemic tmass.

Materials and methods
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Neurophysiology guadratamales closed their auditory spiracle when calling. We
Recordings of neural activity were made in three ways. FirsBrought males (uninfected by the fly parasitbldmotrixa
we monitored the activity of an identified auditory alleni) into the laboratory and filmed them while calling. As in
interneurone, the omega neurone, in the field (Rheinlaendéte field, there was partial closure of the auditory spiracle.
and Romer, 1986). The omega cell is a local, first-ordeiowever, when continuous pure tones at 16 kHz were played
interneurone in the prothoracic ganglion receiving excitator@t 80dB SPL measured at the insect (an experiment described
input from the array of receptors in the tibial hearing organ ofore fully elsewhere), we observed the almost total closure of
the foreleg (Romer, 1987). The tuning of the cell reflects th&e spiracle. In addition, the insect could close its spiracle when
broad-band hearing sensitivity typical of most tettigoniids, andpandled. Fig. 1 shows the progressive closure of the auditory
the spike response faithfully copies the temporal pattern of g§Piracle in a male. Females were able to close the spiracle in
acoustic stimulus. Both the ability of the neurone to followan identical manner, both in the presence of noise and when
acoustic events and its accessibility for long-term, extracelluldtandled.
recordings make the cell a suitable target for the study of the One hypothesis we test in this paper is the extent to which
masking effects of calls from other species in the field. the insect may influence its hearing sensitivity by closing the
Second, we recorded the spike activity from the sam#&acheal system. To determine the contribution of the auditory
interneurone in the laboratory under controlled acoustigpiracle to the tuning and sensitivity of hearing, we
conditions. Insects were anaesthetised with @@ mounted Progressively blocked the spiracle with wax. The area of open
ventral side up on a small thin metal sheet with the foreleggPiracle was measured after each experiment by placing the
oriented perpendicular to the axis of the body. A small flap ofsect beneath a binocular microscope and drawing the opening
cuticle covering the prothoracic ganglion was removed, and th@f the spiracle using eamera lucida
electrode was lowered into the region of the omega neurone.A second, related hypothesis concerns the relationship
Spike activity was recorded extracellularly using between the opening status of the auditory spiracle and the
electrolytically sharpened, glass-insulated tungsten electrod@®ility of the insect to filter the high-frequency sound signals
(1-3MQ). The leg nerve carrying axons of the auditoryof sympatric species. To test this, we presented calls of
receptors, contralateral to the recorded neurone, was cut €@nspecific males mixed with calls of heterospecific species
prevent any side-dependent inhibitory effect on the activity ofhirough two adjacent loudspeakers, each placed ipsilaterally to
this neurone. The preparation was placed at the centre of #i¢ preparation. The SPLs of the calls of conspecific and
anechoic chamber at a distance of 50cm from the speak@mpatric species were calibrated at the position of the
(Technics EAS-10 TH400A), which could be rotated in step®reparation and adjusted through separate attenuators. Each
of 15 or 30° in the horizontal plane around the insect. stimulus was presented 20 times to calculate peri-stimulus-
Sound pulses (duration of 30ms, rise-and-fall time 1 msiime (PST) histograms of the omega neurone response. The
repeated once per second, with different pure-tone carri@pen spiracle was then partially blocked with wax in the
frequencies in the range 2—80 kHz) were used to determine thganner described above, and the procedure repeated.
threshold of the neurone. Sound pulses were attenuated in steps
of 1 or 10dB (Akustischer Stimulator I, Burchard). The
threshold of the neurone was determined by the procedure . . o
described in Rheinlaender and Romer (1980). Sound intensities Sound production and signal transmission
(SPL re 2QuPa — RMS fast) were measured with a Bruel and As is typical for tettigoniid OrthopteraS. quadrata
Kjaer 1/4inch microphone (type 4136) through a Bruel angroduces sound by tegminal stridulation. However, unlike
Kjaer sound level meter (type 2209). other tettigoniids, males of this species have extremely fleshy
Third, we checked the tuning of the ear by recording thavings. The water content of the short tegmina of the male
activity of the afferent axons in the tympanic nerve. Auditory(length 15-17.4 mm; meansp., N=7) was almost an order
mismatching may be caused by the omega neurone nefmagnitude greater than thattéf denticulata(S. quadrata
integrating all afferent low-frequency fibres from the tympanic63+2 %,N=7; H. denticulata 5+3%,N=7; mean 1s.p.). The
nerve. We used a chlorided silver hook electrode under tHength of the strigil on the right wing, which is
dissected leg nerve and measured thresholds from averagef@portionately as long as the mirror frame of species that
summed action potentials over 256 sound presentatiorgve a sound-radiating mirror, was close to 4.8 mm. Without
(Neurolog Averager NL750). Threshold was reached whethe resonant mirror structures associated with the cubital
there was no detectable summed action potential in respongein, the tegmina appear to act as poor radiators of sound,

Results

to a sound stimulus. primarily because the mechanics of sound production are
_ _ dependent on both the stiffness of the wings (Young's
The auditory spiracle modulus) and the size of the mirror area (Bailey, 1970). The

The auditory spiracle is a primary route through whichcall, as measured 1 m dorsally, had a mean SPL of 61.7dB
sound travels to the inner surface of the tympanic membranesd seldom exceeded 63 dB SPL, with the maximum energy
(Lewis, 1974; Seymouet al. 1978; Bailey, 1993; Michelsen peak at 5kHz. There is very little energy in the call above
et al. 1994). During field experiments, we noted tl&t 10kHz (Fig. 2).
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Fig. 1. The closure of the auditory spiracleSafarasaga quadratéProgressive single-frame video images showing the closing of the front and
rear walls of the spiracle. Left is anterior, top is dorsal. Scale bar, 2.5 mm.

The call of S. quadratais transmitted extremely well thresholds close to 20dB SPL. The comparison between the
through the vegetation. Measurements from both calling maleéaning of five omega cell preparations and that of tympanal
(Fig. 3, lower plot) and from the speaker (Fig. 3, upper plotyeceptors (dashed line in Fig. 4A) reveals a slightly lower
show that the variation of the SPL of the call with distance cathreshold determined from the receptor axons at frequencies
be explained almost entirely by the spherical spreading dielow 5kHz, but a good correspondence at higher frequencies.
sound (i.e. 6dB per doubling of distance; dashed lines ifiherefore, the threshold of the omega neurone could be viewed
Fig. 3). This was particularly true for insects calling low in theas monitoring the hearing sensitivity of the whole ear.
scrub where, on the basis of previous studies (see Rémer andrhere is, however, an apparent mismatch between the carrier
Lewald, 1992), we expected excess attenuation to be severéequency of the male call at 5kHz and the frequency of

highest sensitivity in the ear from 10 to 20kHz. At 5kHz, the
Hearing sensitivity ear is approximately 20 dB less sensitive than it is between 10

The hearing sensitivity 06. quadratawas studied in the and 20kHz.
frequency range 3-70kHz, by monitoring the summed spike Hearing sensitivity is dependent on sound reaching the
discharge of the tympanal fibres and the omega neuroreternal surface of the tympanwria the auditory spiracle and
(Fig. 4A). With the spiracle open, the highest sensitivity wasssociated trachea. When sound is prevented from entering
consistently found between 10 and 20kHz, with absolut¢hrough this route by completely blocking the spiracle opening,
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the system loses sensitivity over the frequency range from 4 90
approximately 70kHz (Fig. 4A, dotted lines). In the !
completely closed spiracle condition, the ear is rather broadl &
[ 3
t ]

sensitive between 5 and 20kHz. Fig. 4B shows the net ga
provided by the tracheal input, i.e. the change of amplitude fc
sound propagating to the internal surface of the tympana, i
measured by the difference in threshold between the blocke
and unblocked conditions. At frequencies between 4 an
approximately 30kHz, the trachea appears to provide a hic R
relative gain of up to 30dB, acting as an effective band-pas o ne_oe
filter. i SR
Blocking the spiracle to varying degrees with dental wa» . - . .
mimicked the condition of spiracle closure illustrated in Fig. 1.
In each experiment, the open spiracle condition was used a< ..
control. Fig. 4C shows the effect of reducing the area of thFig. 3. The sound pressure level (SPL) of the male call at various
spiracular opening to varying degrees on the tuning of thdistances_ from the_source in the natural hal:_)itat. The upper curve
omega neurone. When the spiracle was blocked to 15 % or 7(open triangles) gives measurements obtained from a speaker

of its opening area, the sensitivity of the ear increased ibroadcastlng a male call with an SPL of 80dB at 1 m. The lower

70 { %

Intensity (dB SPL)

.
50 A .0

Distance (m)

. curve (filled circles) gives data from calling males in the same
absolute dB for frequencies below 10kHz and 7kHz, aNY\abitat. The dashed lines indicate attenuation of sound due to

decreaspd bereen 8 and 49 kHz by UP .to 32dB at 20kHz Igeometric spreading alone (6 dB per doubling of distance) assuming,
comparison with the open spiracle condition. Clearly, the mos¢ 1 m, an SPL of 80dB or 60 dB, respectively.
significant effect is seen with the partially blocked spiracle
with an increase in sensitivity to frequencies of the conspecifi
calling song and a decrease at higher frequencies, depending
on the extent of spiracle closure. As a result, in the partially

A
closed spiracle condition, the sensitivity to the male call
‘{ ‘ increases by 5dBNE6 males).
[ T I
0 04 0.8 12

Auditory tuning and masking

Given the degree of mismatch in the open spiracle condition,

. we predicted that sounds in the environment occupying a
16

frequency range between 10 and 30kHz would effectively
mask the calls of conspecific males. We suggest this for two
reasons. Although bushcrickets have auditory receptors tuned
to low frequencies (which would be little affected by high-
frequency masking sounds), there are no reports of first- or
higher-order interneurones ascending and providing tuned
T T T ) information to the brain areas. Rather, there are more or less
0 50 100 10 200 250 broadly tuned interneurones, such as ON1 (omega neurone),
Time (ms) AN1, AN2 and others (for a review, see Stumpner, 1997). Such
neurones would be strongly influenced by masking from the
high-frequency signals of other species. We identified two
likely candidates with relatively continuous calls that would
achieve such masking, namelylygalopsis pauperculus
(Copiphorini) andMetaballus litus(Tettigoniini). The sagine
Hemisaga denticulatawhich is also sympatric, has a slow
extended chirp repeated over several seconds (Rémai
1989). M. pauperculushas a call frequency with acoustic
energy in the range 14-25kHz, the call Mf litus has
dominant frequencies between 12 and 25kHz, and thit of
denticulatahas a broad-band spectrum with a main peak at
0 5 10 15 20 25 130 12 kHz. Our field recordings indicate that SPLs at the position
Frequency (kHz) of the receiving male show that these potential masking sounds
Fig. 2. The temporal pattern pattern shown on two time scales (A)ften exceed the intensity of calls made by neighbouring
and the spectrum (B) of the calling song of a m@arasaga conspecifics.
quadrata We predicted that, in the natural setting, callS.ofjuadrata

Time (s)

Relative amplitude (dB)
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40 T Fig. 5. Masking of the response to conspecific male calls by
B heterospecific bushcricket species in the field. Recordings of omega
cell activity were made at the position of three differ8otarasaga
30| —~ . . ) . .
o Q guadrata males in the field (A—C; upper lines), and microphone
= e recordings at a distance of approximately 5cm from the preparation
§ 20 - :3 (lower lines). (A) Activity in response to a conspecific male at a
§ 5 distance of 1 m and another male (arrows) 6 m away in the same
5 10 g direction as the first male. (B) The conspecific male (arrows) was
§= B _“2’ within 4m of the preparation, while a maWetaballus pauperculus
V] _?g was 6 m away. The continuous callingMf pauperculusffectively
O— — 04 masks the response of the omega cell to the conspecific. (C) The
masking effect is even more marked in another situation When
10 . pauperculuss within 3.5m and another unknown heterospecific is at
1 a distance of approximately 5m.
0
C . .
80 - neurone. Fig. 5A—C shows three representative examples of
| omega neurone activity from three different recording
- positions. The activity shown in Fig. 5A was in response to a
& 60 conspecific male at a distance of 1m and a second male 6 m
8 L away in the same direction as the first male. There were no
2 other calling insects within a range of at least 10 m. Masking
% 40 - appears minimal under these conditions, except where the calls
E L of the two males overlap. In the case illustrated in Fig. 5B, a
conspecific male was within 4m of the preparation while a
20 - maleM. pauperculusvas 6 m away. The continuous calling of
N L0 130 M. pauperculuseffectively masks the response of the omega
1 5 10 40 neurone to the conspecific. The masking effect is even more
Frequency (kHz)

_ _ : _ _ marked when the heterospecific is within 3.5m (Fig. 5C).
Fig. 4. (A) Tuning of five omega cell preparations with the gych field observations with a ‘biological microphone’ do

unmodified, open tracheal system (solid lines) and with the spiracl§; more than illustrate the potential for masking by sympatric
completely blocked with wax (dotted lines). The dashed line gives thg

. _ . ecies. If our assumption that the insect is capable of closing
tuning of the ear established from tympanal nerve recordings (meatlé)

values for three males and one female). (B) The amplitude part of thee l‘ZUd'toryt splrlaclf Ender nhoisy (_:f(_)ndltl(zjns IS Icorrgct, .Wel
gain of the trachea given as the difference in sensitivity between t§OU'd EXpect maies {o hear Conspecifics under a closed spiracie

two tracheal conditions. (C) Tuning of one omega cell preparatiofPndition with an improved signal-to-noise ratio. We therefore
with the unmodified, open tracheal system (thick, solid line) and thBerformed a series of laboratory experiments in which we
same preparation with the spiracle blocked with wax to 15% (dashegimulated different masking conditions experienced in the
line), 7% (dotted line) and 0% (complete block; thin solid line). Thefield, again using open and partially closed spiracle conditions.
spectrum of the male call (shaded area) is given for comparison. Fig. 6A shows the results of an experiment where the
conspecific call was broadcast in the presence of a potential
would be masked in the presence of calling heterospecifics. Weasking speciedletaballus litus The intensities of both calls
therefore located calling mal8. quadratain the field and were adjusted to 50dB SPL, which represents a conspecific
replaced them with a portable preparation of the omegmale calling at a distance of 3-4m and the heterospecific
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calling slightly beyond this distance. In the open spiracle Spiracle open
condition, the response to the conspecific is entirely maske
when the chirp sequences Mf litus temporally overlap the

single calls ofS. quadrata The magnitude of the response ofW—n‘»——M
the omega neurone to the unmasked conspecific was smalWﬁh—ﬁ-ﬂM

than that to the heterospecific. When the opening area of tl .

spiracle was reduced to 6% by partial blocking, the sam Spiracle closed
stimulation resulted in an increased response to the conspeciFig. 7. Activity of an omega neurone in response to sound recordings
call and, at the same time, a strongly reduced response to imade in the field at the position of a removed male where another male
masking heterospecific (compare the response of the firvas calling as well as a number of heterospecifics in the background.

syllable in Fig. 6A with that in Fig. 6B). In the closed SpiraCIeThe amplitude of the heterosp_ecific calls was approximately 20dB
Jlower than that of the conspecific. Playback intensity was 60dB SPL.

situation, the activity of the omega neurone exhibits ¢ . . o )
discharge pattern showing the conspecific signal without thNote that, in the open spiracle condition (upper recording), the omega
neurone exhibits high background activity in response to the less-

masking influence a#. litus. . intense sounds of the syntopic bushcrickets, whereas in the blocked
We then recorded sounds at the position of a removed foccongition (lower recording) there is a clearly detectable response

male in the field, where another conspecific male as well aspattern to the species-specific call.
number of heterospecifics were calling. The amplitude of th

heterospecific call in this recording was approximately ZOdEBackground sounds was much reduced, while there was a

less than that of the conspgmﬁc;. When this recor_dmg War.ionsistent and undisturbed response to the conspecific call.
played to an omega preparation in the laboratory with a pea

intensity of 60dB SPL, the omega neurone responded strongly Directionality
to the conspecific call as well as to the less-intense background
sounds when the spiracle was open (Fig. 7). However, whed]
the spiracle was completely blocked, the

To examine any effect of spiracle aperture on the

rectionality of hearing, we measured thresholds of the omega

response Qe rone at different stimulus angles of sound incidence. As
expected, sounds presented ipsilaterally elicited a response at
the lowest threshold (Fig. 8). The steepest increase in threshold
with changing stimulus angle was from 30 ° ipsilateral to 30°
contralateral, with a maximum difference of 6 dB. When the

Open spiracle

L

it

B Closed spiracle

Threshold increase (dB)

~10 -5 0 50 100
Angle of sound incidence (degrees)

MMMWMNWMW Ips Frontal Contra
\ \ \ Fig. 8. Directionality of the peripheral auditory systenBofarasaga

qguadratain the open (filled squares, continuous line) and completely
blocked (filled squares, dashed line) condition. Directionality is

Fig. 6. Activity of an omega neurone in response to a simultaneoigiven as the increase in threshold of the unilateral omega neurone

broadcast of a conspecific male call (arrows in lower line) and preparation in response to the conspecific call with changing angle of

series of chirps oMetaballus litusin the unmodified, open tracheal sound incidence (0° is sound from the front). Values are means of

system (A) and the same preparation with the spiracle partiallfive preparationss.n.<z1dB. The results of similar experiments

blocked with wax to 6% (B). Note the increase in response to thwith the bushcrickeRequena verticaligre given for comparison

conspecific first call and the almost complete cessation of th(open squares). Note that the peripheral directionali§y. iguadrata

response to the syntopic species in the partially blocked conditioiis only slightly affected by closing the spiracle (difference 1.5dB)
The histogram is made up of 20 repetitive responses; bin width 2 mccompared wittR. verticalis(difference 8.0 dB).
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0 that the tuning of the open system is to frequencies in the range
from 10 to 20kHz. However, if the ear is modified by full or
partial closure, it becomes more sensitive to lower frequencies.
These results are in accordance with those of Stumpner and
Heller (1992), Heinrictet al. (1993) and Kalmring and Jatho
(1994), who also found an increased sensitivity for low
frequencies (<5kHz) after blocking the spiracular opening.
The degree of opening not only determines the absolute
sensitivity of the ears but also the cut-off frequency at which
the trachea provides sound energy to the inner surface of the
20 tympanal membranes (see Fig. 4C). Michelséral. (1994)
argued that blocking the tracheal input to the ear may not be
1 5 10 40 an appropriate method for studying the function of the acoustic
Frequency (kHz) trachea, since it changes the impedance of the tympanum by
Fig. 9. Hearing sensitivity ofSciarasaga quadratdan the open reducing the compliance of the closed air space behind the
(dashed line) and partially blocked (solid line) spiracle conditiondympanum. The degree of impedance mismatch will depend on
compared with the sensitivity of the ear of its most commorthe size of the air space behind the tympana and, compared
predator, the parasitoid fljfomotrixa allenii (dotted line; after with the species used by Michelsenal. (1994), the tracheal
Lakes-Harlanet al. 1995). Note the selective advantage So  cavity ofS. quadratds significantly larger. More importantly,
quadrataof hearing conspecifics by shifting the carrier frequency ofour data show that there is no discontinuity in the tracheal gain
thg call to 5kHz relative to the ability of the .fly to detect its prey atyg the spiracle is progressively blocked and that the closing
this low freque.ncy.. The spectrum of the calling son§.ofjuadrata  papaviour of the insect itself goes through all the stages
(shaded areay) is given. mimicked in the blocking experiments (Figs 1, 4). The
amplitude part of the tracheal gain of approximately 30dB
spiracle was blocked completely, directionality was onlyshown for this species is comparable to that found in a
slightly reduced in response to a maximum right-leffohaneropterine bushcricket using a different method
difference of 4dB. The same experiment performed with th@michelsenet al. 1994), but approximately 10dB higher than
bushcricket Requena verticalis(male pronotum length  measurements made by Heinriehal. (1993), Kalmring and
7-9.5mm; broad-band spectrum of the call with a maximunyatho (1994) and Hoffmann and Jatho (1995) on other species
at 16 kHz) revealed a much higher directionality of 11dB withof bushcrickets. This discrepancy has been attributed to
the open spiracle, but a stronger reduction after spiracle closuigethodological differences by Michelsenal. (1994).
to a maximum right-left difference of 3dB. If the tuning and sensitivity of the hearing system are largely
determined by the physics of the acoustic trachea and
. , spiracular aperture, and i8. quadratathe system shows
Discussion remarkable sensitivity to a frequency range between 10 and
Tuning and sensitivity of the ear 20kHz, why do males call at 5kHz? There are three possible
The hearing system of tettigoniid Orthoptera includes a&xplanations for this apparent anomaly: (i) interspecific
chordotonal orgarc(ista acusticglinked to a paired tympanic competition for free communication channels; (ii) an increase
membrane beneath the knee of the fore tibia (Lakes arid the efficacy of sound transmission; and (iii) a reduction in
Schikorski, 1990). The air cavities behind the tympana leagredation by tachinid flies.
through a single leg trachea to an expanded trachea in theMasking by heterospecifics is a common phenomenon in
prothorax and then to the outside through the auditory spiraclacoustic insects (Greenfield, 1988). We have shown in another
The tracheal system is dedicated to sound transmission, andé#gine that masking of a short-duration call by a long-lasting
is through this pathway that most of the sound energy reacheall can lead to complete masking of the conspecific signal and
the back of the tympana. The leg trachea itself would appearreduction in nocturnal calling activity (Rémetr al. 1989).
to contribute little to the tuning characteristics of the systenBy calling at 5kHz,S. quadrataescapes the interfering calls
(Michelsenet al.1994), while the expanded trachea or bulla inof a number of nocturnal tettigoniid species and, remarkably,
the thorax acts as a highly tuned system (Nocke, 1974; Lewiaf least in the habitats we have studied, also the calls of crickets
1974; Seymouet al. 1978; Bailey, 1993). that would normally occupy this frequency range. The density
In most, but not all, species of tettigoniids, the auditoryof gryllids in these habitats is extremely low (G. Allen and W.
spiracle is permanently open (Bailey, 1993). The size of thBailey, personal communication) and would provide little or
opening determines the overall sensitivity of the ear, amo masking sounds at 5kHz. Maf quadratacontinue
demonstrated by interspecific comparisons (Nocke, 1975) arsinging in the presence of other continuously calling species.
also by an examination of intraspecific variation (W. Bailey, Calling with low frequencies may also favour sound
unpublished data). Thus, ears with large spiracles are moteansmission. We show that transmission of sound from within
sensitive than those with smaller ones. In this paper, we shadense sclerophilous bushes from heights ranging from 0.2 to
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1.2m is remarkably efficient. Loss of signal amplitude throughmost tettigoniids are remarkably similar in terms of structure,
excess attenuation for a species calling at 20 kHz may amouparticularly the elasticity of the veins, size becomes the most
to 40 dB over 30 m (Rémer and Lewald, 1992), but in this casajgnificant determinant of call frequency (Bennet-Clark, 1989);
for the low-frequency call 06. quadratathere is almost no there is a strong correlation between harp size and the
attenuation in excess of that produced by spherical spreadifigquency of the call (Bailey, 1970). Small wings produce high
alone (Fig. 3). frequencies, and call frequency is strongly correlated, in a
Fullard and Yack (1993) discussed the relationship betwedimear manner, with the area of the mirror and h&rguadrata
the characteristic hearing frequencies of moths and the sondoes not have a ‘mirror’ area, but its frame length (which may
frequencies of bats. Fullard (1982) provided evidence thdie considered close to the ‘mirror’ length used to calculate the
selection on hearing sensitivity in the prey, and echolocatingorrelation) fits the expected size for a tegmen producing a
frequency in the predator, is a dynamic process whereby mothstural vibration frequency of 5kHz. Its ability to achieve these
may gain the advantage by increased tuning to common blaw frequencies is enhanced by the relatively low elasticity of
sonar frequencies, while bats may gain by using sonar outsitlee tegmen.
these frequency ranges. One of the primary and spectacularAn alternative, although not necessarily independent, way of
predators of S. quadratais the ormiine parasitoid fly achieving a reduction in call carrier frequency is to alter the
Homotrixa alleni Allen (199%) reported rates of predation on Young’s modulus of the wing, i.e. the elasticity and density of
male S. quadrataof 85% late in the season; flies detect theirthe sound-generating system. Early studies of sound generation
hosts entirely by male call and females are not parasitised. in bushcrickets established that the natural vibration of the
Male S. quadratamight escape, or at least lessen, thesavings was affected by water content: isolated wings increased
intense levels of predation by shifting the carrier frequency ateir natural vibration frequency as they dried out (Bailey,
their call. Lakes-Harlaet al. (1995) show that the sensitivity 1968).S. quadratehas peculiarly fleshy wings with the water
of the ear oHomotrixa alleniexhibits a broad-band sensitivity content of the fore tegmen an order of magnitude higher than
between 10 and 20kHz and is therefore partially mismatchetthat of a related sagine of similar size (63 % compared with
to the call ofS. quadrataFig. 9, dotted line). In contrast, the 5% in other sagines). We suggest that the exceptionally low
hearing sensitivity of the fly almost exactly matches th&.of frequency produced by this species is achieved by having soft
guadratain the open spiracle condition. A shift to lower tegmina with a low Young’'s modulus. One consequence is that
frequencies in the call of mal®. quadratamay reflect an the peak energy of the call is also lowered to levels beneath
advantage over the fly since the parasitoid becomes leizat of bushcricket species of comparable size.
sensitive to its host by approximately 10-15dB and, at the
same time, by closing its spiracke quadratabecomes more Lowering the tuning of the receiver
sensitive to the conspecific call (Fig. 9, solid line). In addition, One part of sensory drive theory implies a tension between
reducing the call to this frequency also decreases call intensitthe evolved characters of the emitter and the context under
Most bushcrickets of comparable size have a call intensity afhich both signaller and receiver operate (Endler, 1992). For
between 80 and 90dB SPL at a distance of 1 m, whereas theatample, where a signal is under strong selection through
for S. quadratds only 60—63 dB SPL. Reducing call intensity female choice, females may prefer louder sounds of longer
by almost 20dB adds further to the 10-15dB advantage oveuration or brighter, more gaudy colours. At the same time,
the parasitoid and is presumably adaptive in avoiding predaticdhese exaggerated signals could increase the risk of predation,
since louder sounds attract more parasitoids (Cade, 1975). &md an evolutionarily stable condition will develop that will be
contrast, selection has taken an alternative route in thee compromise between traits used for female attraction and
phaneropterid bushcrick@oecilimon veluchianysvhere the those less likely to attract predators. In the cas gliadrata
sensitivity of its fly predatorTherobia leonidaeexactly we suggest that a trade-off exists between three conflicting
matches the call frequency of the host (Stumpner and Lakedirections: escape from masking sounds of heterospecifics;
Harlan, 1996). exposure to predation; and hearing the call of conspecifics.
If calling at lower frequencies is adaptive for the reason¥Vhere there are clear selective arguments for shifts in call
discussed above, we may assume Shatjuadratahas, over frequency and a reduction in call intensity, we may expect
evolutionary time, lowered its call carrier frequency outside theexual selection to act on the receiver to increase its sensitivity
range of noisy sympatric heterospecifics and outside the best the conspecific call. Females best able to differentiate
sensitivity of the parasitoid fly. (Because low-frequency calldetween the calls of males should be able to choose between
are the rare exception among the tettigoniids, a first-bageales, and males most able to hear the calls of conspecifics
assumption is that calling with low frequencies is derived.) Thevould be better able to outcompete them, thereby gaining a
mechanics involved in lowering the frequency at which thegreater mating advantage.
sound generator can operate are not straightforward, as theOne feature of the ear of many tettigoniids is the input
natural vibration frequency of the harp (the modified cubitathrough the auditory spiracle (Bailey, 1993). Recent
vein surrounding the mirror) of most tettigoniids is controlledcomparisons between two species of phaneropterine
by size, density and Young’s modulus, which is an index obushcricketPoecilimon thessalicuandP. laevissimusshow
elasticity (Bailey, 1970). Furthermore, because the wings dhe same phenomenon (Stumpner and Heller, 1992; Michelsen
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et al. 1994). Every study of the tettigoniid tracheal system sdhe Australian Research Council (W.J.B.) and the Deutsche
far confirms a gain at high frequencies (>10kHz). Given this-orschungsgemeinschaft through a Heisenberg Grant (H.R.).
contribution of the spiracle and trachea, it would seem that the

most obvious way to reduce the operating frequency of the ear
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