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The carrier frequency of the call of the Australian
bushcricket Sciarasaga quadratais unusually low for
tettigoniids at 5 kHz. 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
water content than in comparable sagine species. Reduced
stiffness allows the insect to call at low carrier frequencies,
albeit at lower intensity levels (60 dB SPL at 1 m), than
bushcrickets of comparable size (80–90 dB SPL). The
responses of the tympanic nerve and a first-order
interneurone (omega neurone) in the afferent auditory
pathway showed that the hearing system is most sensitive
to frequencies of 15–20 kHz, an effective mismatch to the
conspecific call resulting in a reduced sensitivity of
approximately 20 dB at the carrier frequency of the call. S.

quadrata can occlude its spiracular opening, which
increases the sensitivity of the ear to lower frequencies.
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.
We discuss the evolutionary advantages of an insect both
calling with a low carrier frequency and having the ability
to close down the tracheal system to avoid the effects of
masking. In addition, we consider the advantages of such
a signalling system in avoiding the most significant
predator of the male, the ormine fly Homotrixa alleni.

Key words: hearing, noise, bushcricket, Sciarasaga quadrata,
Tettigoniidae.
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For most animals that use sound to communicate betw
the sexes, there is a match between the pitch, or domin
frequency, of the signal and the hearing sensitivity of t
receiver (Ryan and Keddy-Hector 1992). Although there ar
number of exceptions to this general rule among the inse
(cicadas: Popov, 1981; Huber et al.1990; bushcrickets: Bailey
and Römer, 1991; haglids: Mason, 1991), it can be assum
that sensory matching has been arrived at by recipro
selection on both signallers and receivers (Endler, 1992).

There are three major sources of selection on call freque
and the best frequency of the auditory system: (i) mate cho
(Searcy and Andersson, 1986; Andersson, 1994), (ii) preda
detection and avoidance (Endler, 1992), and (iii) prey detect
by acoustically orienting predators (Cade, 1975; Wagn
1995). In many systems, female preference exerts stabilis
selection on carrier frequency, and the average tuning of 
auditory system matches the mean carrier frequency of 
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population. In other systems, females prefer signals w
carrier frequencies above or below the population mean, a
this constitutes a source of directional selection on the so
(e.g. Gwynne and Bailey, 1988; Latimer and Sippel, 198
Ryan and Keddy-Hector, 1992). In still other system
predators can be detected by auditory units that are tuned
frequencies distinct from those used for listening to the ca
of conspecifics (Moiseff et al. 1978; Robert et al. 1994;
Libersat, 1989). In such cases, the tuning of the ear may
under selection from potentially conflicting forces, mat
attraction and predator avoidance (Bailey, 1991). Endl
(1992) refers to the complex evolutionary processes that sh
the sensory system as ‘sensory drive’ (Endler and McLelle
1988), and we argue that such processes may have shape
phenomenon we describe in the present paper.

As most environments are heterogeneous in time and spa
degradation of the signal will, in most cases, occur in a
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unpredictable manner (Wiley and Richards 1982; Emblet
1996), and there will be strong selection on the ability of t
receiver to detect a signal against background no
Background noise may be from the environment itself, such
moving water, disturbed vegetation or sounds made by no
congenerics. Ideally, the signaller should call at optimum tim
when the habitat is acoustically benign (Wiley and Richar
1978) and so the signal-to-noise ratio is high. This can 
achieved by significant behavioural changes or by shifts in 
frequency of the communication channel. Several stud
suggest that animals calling within single- and multiple-spec
aggregations adopt different tactics to avoid being masked
neighbouring animals (Schwartz, 1987, 1994; Römer et al.
1989; Greenfield, 1993, 1994).

Narins (1995) suggests that masking interference in frogs m
lead to species adopting ‘private channels’ for intraspec
communication; in other words, the use of a unique band
frequencies for the mixed-species communities. Shifts in eit
the carrier frequency of the call or the best frequency of the
as an evolved response to masking or predator detection may
to an apparent mismatch between sender and receiver (Rö
1993). A decrease in absolute threshold sensitivity at the ca
frequency of the call may be compensated by a higher signa
noise ratio, achieved largely by using a frequency band less u
by congenerics. In reviewing constraints on the evolution of lon
range signalling and hearing in insects, Römer (1993) referre
apparent auditory mismatching in the genus we use in the pre
study, Sciarasaga quadrata(Austrosaginae: Tettigoniidae),
which was then referred to as an undescribed species. At 5
the call of this sagine is remarkably low for tettigoniids (Alle
1995a) and is well beneath the most sensitive frequency of 
ear of 10–20kHz. In contrast, the calls of sympatric congene
bushcricket species are typically in this range (there are at l
16 sympatric tettigoniid species in the area studied; Alle
1995a), which suggests that S. quadratahas increased the signal
to-noise ratio by calling outside a frequency range used 
species competing for these carrier frequencies.

In the present paper, we describe a case of audit
mismatching in an unusual species of sagine bushcricket. 
attempt to relate this phenomenon to behavioural observat
both in the field and in the laboratory, where S. quadrata
altered its auditory system by partial closure of the audito
spiracle. We demonstrate that such a closure brings the sy
into a matched tuned condition and we test the effects of th
changes on auditory sensitivity and masking. Finally, asS.
quadrata is heavily parasitized by an acoustically orientin
parasitoid fly, Homotrixa alleni, we speculate that the call o
the bushcricket may be under strong selection to be outside
best frequency range of the hearing system of the fly (Lak
Harlan et al.1995).

Materials and methods
The insect

Sciarasaga quadrata(Orthoptera, Tettigoniidae) is a
monotypic genus within the Austrosaginae and is endemic
on,
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restricted coastal heathlands of southwestern Australia (Re
1985). Males are large (3–4 cm total length and pronotu
length between 9.8 and 10.3 cm; Allen 1995a), non-saltatorial
and brachypterous, emerging as adults in late spring (m
November) and continuing to call into February. The
typically call from deep within dense coastal scrub, whic
includes species such asSpyridium globulosum(height
1.2±0.06 m), Olearia axillaris (height 1.4±0.05 m) and
Melaleuca acerosa(0.7±0.03 m) (Allen, 1995a). Although
dense, the leaves of these sclerophillous plants tend to be s
(less than 1 cm across and less than 3 cm long). Cal
commences during mid-to-late afternoon and continu
throughout the night. Although males appear to maintain 
spatial relationship with calling neighbours, they mov
frequently and patterns of spacing are extremely dynam
(Allen, 1995a).

The study site for experiments at Cape Naturaliste, West
Australia (33°33′S, 115°01′E) encompassed approximatel
8 ha. Field experiments described in this paper were carried
during 1990/1991.

Sound transmission

The sound transmission properties of the coastal hab
were studied in two ways. First, we located individual callin
males and recorded their height within the bush. To av
disturbing the insect, the sound pressure level (SPL) of the 
was measured at arbitrary distances from the insect, usin
Bruel and Kjaer 1/2 inch microphone (type 3265) fitted to
Bruel and Kjaer sound level meter (type 2209) coupled to 
external highpass filter set to 2 kHz. The distance between
insect and the microphone was later measured.

The second technique involved broadcasting pre-record
male calls (Nagra IV-SJ) through a loudspeaker (Audax TW
spec.) mounted on a tripod 50 cm from the ground. T
intensity of the broadcast signal was adjusted to 80 dB SPL
a distance of 1 m. Although this intensity is approximate
20 dB above that of a calling male at the same distance,
used these higher intensities to achieve higher sound pres
levels, and thus better signal-to-noise ratios, at grea
distances. Wind speed varied between 1 and 5 m s−1 during the
time the experiments were conducted, resulting 
considerable fluctuations in call intensity. Therefore, fiv
recordings were taken at each distance at times when w
speed was low (<1 m s−1).

Tegmina

The natural vibration frequency of insect tegmina 
controlled, in part, by their size and also by cuticular stiffne
(Bailey, 1970). To test the hypothesis that the frequency
sound production in S. quadratais dependent on the stiffness
of the fore tegmina, we removed the wings and compared 
water content of the tegmina of S. quadratawith that of a
sympatric sagine of similar size, Hemisaga denticulata. After
removal, the tegmina were weighed before and after ov
drying; water content was expressed as a percentage of teg
mass.
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Neurophysiology

Recordings of neural activity were made in three ways. Fi
we monitored the activity of an identified auditor
interneurone, the omega neurone, in the field (Rheinlaen
and Römer, 1986). The omega cell is a local, first-ord
interneurone in the prothoracic ganglion receiving excitato
input from the array of receptors in the tibial hearing organ
the foreleg (Römer, 1987). The tuning of the cell reflects 
broad-band hearing sensitivity typical of most tettigoniids, a
the spike response faithfully copies the temporal pattern o
acoustic stimulus. Both the ability of the neurone to follo
acoustic events and its accessibility for long-term, extracellu
recordings make the cell a suitable target for the study of 
masking effects of calls from other species in the field.

Second, we recorded the spike activity from the sa
interneurone in the laboratory under controlled acous
conditions. Insects were anaesthetised with CO2 and mounted
ventral side up on a small thin metal sheet with the forele
oriented perpendicular to the axis of the body. A small flap
cuticle covering the prothoracic ganglion was removed, and
electrode was lowered into the region of the omega neuro
Spike activity was recorded extracellularly usin
electrolytically sharpened, glass-insulated tungsten electro
(1–3 MΩ). The leg nerve carrying axons of the audito
receptors, contralateral to the recorded neurone, was cu
prevent any side-dependent inhibitory effect on the activity
this neurone. The preparation was placed at the centre o
anechoic chamber at a distance of 50 cm from the spea
(Technics EAS-10 TH400A), which could be rotated in ste
of 15 or 30 ° in the horizontal plane around the insect.

Sound pulses (duration of 30 ms, rise-and-fall time 1 m
repeated once per second, with different pure-tone car
frequencies in the range 2–80 kHz) were used to determine
threshold of the neurone. Sound pulses were attenuated in 
of 1 or 10 dB (Akustischer Stimulator II, Burchard). Th
threshold of the neurone was determined by the proced
described in Rheinlaender and Römer (1980). Sound intens
(SPL re 20µPa – RMS fast) were measured with a Bruel a
Kjaer 1/4 inch microphone (type 4136) through a Bruel a
Kjaer sound level meter (type 2209).

Third, we checked the tuning of the ear by recording t
activity of the afferent axons in the tympanic nerve. Audito
mismatching may be caused by the omega neurone 
integrating all afferent low-frequency fibres from the tympan
nerve. We used a chlorided silver hook electrode under 
dissected leg nerve and measured thresholds from aver
summed action potentials over 256 sound presentati
(Neurolog Averager NL750). Threshold was reached wh
there was no detectable summed action potential in respo
to a sound stimulus.

The auditory spiracle

The auditory spiracle is a primary route through whi
sound travels to the inner surface of the tympanic membra
(Lewis, 1974; Seymour et al. 1978; Bailey, 1993; Michelsen
et al. 1994). During field experiments, we noted that S.
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quadratamales closed their auditory spiracle when calling. W
brought males (uninfected by the fly parasitoid Homotrixa
alleni) into the laboratory and filmed them while calling. As in
the field, there was partial closure of the auditory spirac
However, when continuous pure tones at 16 kHz were play
at 80 dB SPL measured at the insect (an experiment descr
more fully elsewhere), we observed the almost total closure
the spiracle. In addition, the insect could close its spiracle wh
handled. Fig. 1 shows the progressive closure of the audit
spiracle in a male. Females were able to close the spiracl
an identical manner, both in the presence of noise and wh
handled.

One hypothesis we test in this paper is the extent to wh
the insect may influence its hearing sensitivity by closing t
tracheal system. To determine the contribution of the audito
spiracle to the tuning and sensitivity of hearing, w
progressively blocked the spiracle with wax. The area of op
spiracle was measured after each experiment by placing 
insect beneath a binocular microscope and drawing the open
of the spiracle using a camera lucida.

A second, related hypothesis concerns the relations
between the opening status of the auditory spiracle and 
ability of the insect to filter the high-frequency sound signa
of sympatric species. To test this, we presented calls 
conspecific males mixed with calls of heterospecific spec
through two adjacent loudspeakers, each placed ipsilaterally
the preparation. The SPLs of the calls of conspecific a
sympatric species were calibrated at the position of t
preparation and adjusted through separate attenuators. E
stimulus was presented 20 times to calculate peri-stimulu
time (PST) histograms of the omega neurone response. 
open spiracle was then partially blocked with wax in th
manner described above, and the procedure repeated.

Results
Sound production and signal transmission

As is typical for tettigoniid Orthoptera, S. quadrata
produces sound by tegminal stridulation. However, unlik
other tettigoniids, males of this species have extremely fles
wings. The water content of the short tegmina of the ma
(length 15–17.4 mm; mean ±S.D., N=7) was almost an order
of magnitude greater than that of H. denticulata(S. quadrata,
63±2 %, N=7; H. denticulata, 5±3%, N=7; mean ±S.D.). The
length of the strigil on the right wing, which is
proportionately as long as the mirror frame of species th
have a sound-radiating mirror, was close to 4.8 mm. Witho
the resonant mirror structures associated with the cub
vein, the tegmina appear to act as poor radiators of sou
primarily because the mechanics of sound production a
dependent on both the stiffness of the wings (Young
modulus) and the size of the mirror area (Bailey, 1970). T
call, as measured 1 m dorsally, had a mean SPL of 61.7
and seldom exceeded 63 dB SPL, with the maximum ene
peak at 5 kHz. There is very little energy in the call abov
10 kHz (Fig. 2).
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A B

C D

Fig. 1. The closure of the auditory spiracle of Sciarasaga quadrata. Progressive 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. quadrata is transmitted extremely well
through the vegetation. Measurements from both calling ma
(Fig. 3, lower plot) and from the speaker (Fig. 3, upper plo
show that the variation of the SPL of the call with distance c
be explained almost entirely by the spherical spreading
sound (i.e. 6 dB per doubling of distance; dashed lines
Fig. 3). This was particularly true for insects calling low in th
scrub where, on the basis of previous studies (see Römer
Lewald, 1992), we expected excess attenuation to be seve

Hearing sensitivity

The hearing sensitivity of S. quadratawas studied in the
frequency range 3–70 kHz, by monitoring the summed sp
discharge of the tympanal fibres and the omega neur
(Fig. 4A). With the spiracle open, the highest sensitivity w
consistently found between 10 and 20 kHz, with absolu
les
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thresholds close to 20 dB SPL. The comparison between 
tuning of five omega cell preparations and that of tympan
receptors (dashed line in Fig. 4A) reveals a slightly low
threshold determined from the receptor axons at frequenc
below 5 kHz, but a good correspondence at higher frequenc
Therefore, the threshold of the omega neurone could be vie
as monitoring the hearing sensitivity of the whole ear.

There is, however, an apparent mismatch between the ca
frequency of the male call at 5 kHz and the frequency 
highest sensitivity in the ear from 10 to 20 kHz. At 5 kHz, th
ear is approximately 20 dB less sensitive than it is between
and 20 kHz.

Hearing sensitivity is dependent on sound reaching 
internal surface of the tympanum via the auditory spiracle and
associated trachea. When sound is prevented from ente
through this route by completely blocking the spiracle openin
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Fig. 3. The sound pressure level (SPL) of the male call at various
distances from the source in the natural habitat. The upper curve
(open triangles) gives measurements obtained from a speaker
broadcasting a male call with an SPL of 80 dB at 1 m. The lower
curve (filled circles) gives data from calling males in the same
habitat. The dashed lines indicate attenuation of sound due to
geometric spreading alone (6 dB per doubling of distance) assuming,
at 1 m, an SPL of 80 dB or 60 dB, respectively.
the system loses sensitivity over the frequency range from 
approximately 70 kHz (Fig. 4A, dotted lines). In th
completely closed spiracle condition, the ear is rather broa
sensitive between 5 and 20 kHz. Fig. 4B shows the net g
provided by the tracheal input, i.e. the change of amplitude
sound propagating to the internal surface of the tympana
measured by the difference in threshold between the bloc
and unblocked conditions. At frequencies between 4 a
approximately 30 kHz, the trachea appears to provide a h
relative gain of up to 30 dB, acting as an effective band-p
filter.

Blocking the spiracle to varying degrees with dental w
mimicked the condition of spiracle closure illustrated in Fig.
In each experiment, the open spiracle condition was used 
control. Fig. 4C shows the effect of reducing the area of 
spiracular opening to varying degrees on the tuning of 
omega neurone. When the spiracle was blocked to 15 % or
of its opening area, the sensitivity of the ear increased
absolute dB for frequencies below 10 kHz and 7 kHz, a
decreased between 8 and 40 kHz by up to 32 dB at 20 kHz
comparison with the open spiracle condition. Clearly, the m
significant effect is seen with the partially blocked spirac
with an increase in sensitivity to frequencies of the conspec
lly
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Fig. 2. The temporal pattern pattern shown on two time scales 
and the spectrum (B) of the calling song of a male Sciarasaga
quadrata.
ific
calling song and a decrease at higher frequencies, depen
on the extent of spiracle closure. As a result, in the partia
closed spiracle condition, the sensitivity to the male c
increases by 5 dB (N=6 males).

Auditory tuning and masking

Given the degree of mismatch in the open spiracle conditi
we predicted that sounds in the environment occupying
frequency range between 10 and 30 kHz would effective
mask the calls of conspecific males. We suggest this for t
reasons. Although bushcrickets have auditory receptors tu
to low frequencies (which would be little affected by high
frequency masking sounds), there are no reports of first-
higher-order interneurones ascending and providing tun
information to the brain areas. Rather, there are more or 
broadly tuned interneurones, such as ON1 (omega neuro
AN1, AN2 and others (for a review, see Stumpner, 1997). Su
neurones would be strongly influenced by masking from t
high-frequency signals of other species. We identified tw
likely candidates with relatively continuous calls that wou
achieve such masking, namely Mygalopsis pauperculus
(Copiphorini) and Metaballus litus(Tettigoniini). The sagine
Hemisaga denticulata, which is also sympatric, has a slow
extended chirp repeated over several seconds (Römer et al.
1989). M. pauperculushas a call frequency with acoustic
energy in the range 14–25 kHz, the call of M. litus has
dominant frequencies between 12 and 25 kHz, and that ofH.
denticulatahas a broad-band spectrum with a main peak
12 kHz. Our field recordings indicate that SPLs at the positi
of the receiving male show that these potential masking sou
often exceed the intensity of calls made by neighbouri
conspecifics.

We predicted that, in the natural setting, calls of S. quadrata

(A)
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Fig. 4. (A) Tuning of five omega cell preparations with t
unmodified, open tracheal system (solid lines) and with the spir
completely blocked with wax (dotted lines). The dashed line gives
tuning of the ear established from tympanal nerve recordings (m
values for three males and one female). (B) The amplitude part o
gain of the trachea given as the difference in sensitivity between
two tracheal conditions. (C) Tuning of one omega cell prepara
with the unmodified, open tracheal system (thick, solid line) and
same preparation with the spiracle blocked with wax to 15% (da
line), 7% (dotted line) and 0% (complete block; thin solid line). T
spectrum of the male call (shaded area) is given for comparison.

A

B

C

Fig. 5. Masking of the response to conspecific male calls by
heterospecific bushcricket species in the field. Recordings of omega
cell activity were made at the position of three different Sciarasaga
quadrata males in the field (A–C; upper lines), and microphone
recordings at a distance of approximately 5 cm from the preparation
(lower lines). (A) Activity in response to a conspecific male at a
distance of 1 m and another male (arrows) 6 m away in the same
direction as the first male. (B) The conspecific male (arrows) was
within 4 m of the preparation, while a male Metaballus pauperculus
was 6 m away. The continuous calling of M. pauperculuseffectively
masks the response of the omega cell to the conspecific. (C) The
masking effect is even more marked in another situation when M.
pauperculusis within 3.5 m and another unknown heterospecific is at
a distance of approximately 5 m.
would be masked in the presence of calling heterospecifics.
therefore located calling male S. quadratain the field and
replaced them with a portable preparation of the ome
 We

ga

neurone. Fig. 5A–C shows three representative examples
omega neurone activity from three different recordin
positions. The activity shown in Fig. 5A was in response to
conspecific male at a distance of 1 m and a second male 
away in the same direction as the first male. There were
other calling insects within a range of at least 10 m. Maski
appears minimal under these conditions, except where the c
of the two males overlap. In the case illustrated in Fig. 5B
conspecific male was within 4 m of the preparation while
male M. pauperculuswas 6 m away. The continuous calling o
M. pauperculuseffectively masks the response of the omeg
neurone to the conspecific. The masking effect is even m
marked when the heterospecific is within 3.5 m (Fig. 5C).

Such field observations with a ‘biological microphone’ d
no more than illustrate the potential for masking by sympat
species. If our assumption that the insect is capable of clos
the auditory spiracle under noisy conditions is correct, w
would expect males to hear conspecifics under a closed spir
condition with an improved signal-to-noise ratio. We therefo
performed a series of laboratory experiments in which w
simulated different masking conditions experienced in t
field, again using open and partially closed spiracle conditio

Fig. 6A shows the results of an experiment where t
conspecific call was broadcast in the presence of a poten
masking species, Metaballus litus. The intensities of both calls
were adjusted to 50 dB SPL, which represents a conspec
male calling at a distance of 3–4 m and the heterospec
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Spiracle open

Spiracle closed

Fig. 7. Activity of an omega neurone in response to sound recordings
made in the field at the position of a removed male where another male
was calling as well as a number of heterospecifics in the background.
The amplitude of the heterospecific calls was approximately 20dB
lower than that of the conspecific. Playback intensity was 60dB SPL.
Note that, in the open spiracle condition (upper recording), the omega
neurone exhibits high background activity in response to the less-
intense sounds of the syntopic bushcrickets, whereas in the blocked
condition (lower recording) there is a clearly detectable response
pattern to the species-specific call.
calling slightly beyond this distance. In the open spira
condition, the response to the conspecific is entirely mas
when the chirp sequences of M. litus temporally overlap the
single calls of S. quadrata. The magnitude of the response 
the omega neurone to the unmasked conspecific was sm
than that to the heterospecific. When the opening area of
spiracle was reduced to 6 % by partial blocking, the sa
stimulation resulted in an increased response to the conspe
call and, at the same time, a strongly reduced response t
masking heterospecific (compare the response of the 
syllable in Fig. 6A with that in Fig. 6B). In the closed spirac
situation, the activity of the omega neurone exhibits
discharge pattern showing the conspecific signal without 
masking influence of M. litus.

We then recorded sounds at the position of a removed f
male in the field, where another conspecific male as well 
number of heterospecifics were calling. The amplitude of 
heterospecific call in this recording was approximately 20
less than that of the conspecific. When this recording w
played to an omega preparation in the laboratory with a p
intensity of 60 dB SPL, the omega neurone responded stro
to the conspecific call as well as to the less-intense backgro
sounds when the spiracle was open (Fig. 7). However, w
the spiracle was completely blocked, the response 
e at
old
°
e

Open spiracle

Closed spiracle

A

B

Fig. 6. Activity of an omega neurone in response to a simultane
broadcast of a conspecific male call (arrows in lower line) an
series of chirps of Metaballus litusin the unmodified, open trachea
system (A) and the same preparation with the spiracle parti
blocked with wax to 6 % (B). Note the increase in response to 
conspecific first call and the almost complete cessation of 
response to the syntopic species in the partially blocked condit
The histogram is made up of 20 repetitive responses; bin width 2
the
dB
as

eak
ngly
und
hen

to

background sounds was much reduced, while there was
consistent and undisturbed response to the conspecific cal

Directionality

To examine any effect of spiracle aperture on th
directionality of hearing, we measured thresholds of the ome
neurone at different stimulus angles of sound incidence. 
expected, sounds presented ipsilaterally elicited a respons
the lowest threshold (Fig. 8). The steepest increase in thresh
with changing stimulus angle was from 30 ° ipsilateral to 30
contralateral, with a maximum difference of 6 dB. When th
ous
d a
l
ally
the
the
ion.
ms.
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Fig. 8. Directionality of the peripheral auditory system of Sciarasaga
quadratain the open (filled squares, continuous line) and completely
blocked (filled squares, dashed line) condition. Directionality is
given as the increase in threshold of the unilateral omega neurone
preparation in response to the conspecific call with changing angle of
sound incidence (0 ° is sound from the front). Values are means of
five preparations, S.D. <±1 dB. The results of similar experiments
with the bushcricket Requena verticalisare given for comparison
(open squares). Note that the peripheral directionality in S. quadrata
is only slightly affected by closing the spiracle (difference 1.5 dB)
compared with R. verticalis(difference 8.0 dB).
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Fig. 9. Hearing sensitivity of Sciarasaga quadratain the open
(dashed line) and partially blocked (solid line) spiracle conditio
compared with the sensitivity of the ear of its most commo
predator, the parasitoid fly Homotrixa allenii (dotted line; after
Lakes-Harlan et al. 1995). Note the selective advantage to S.
quadrataof hearing conspecifics by shifting the carrier frequency 
the call to 5 kHz relative to the ability of the fly to detect its prey 
this low frequency. The spectrum of the calling song of S. quadrata
(shaded area) is given.
spiracle was blocked completely, directionality was on
slightly reduced in response to a maximum right–le
difference of 4 dB. The same experiment performed with t
bushcricket Requena verticalis (male pronotum length
7–9.5 mm; broad-band spectrum of the call with a maximu
at 16 kHz) revealed a much higher directionality of 11 dB wi
the open spiracle, but a stronger reduction after spiracle clo
to a maximum right–left difference of 3 dB.

Discussion
Tuning and sensitivity of the ear

The hearing system of tettigoniid Orthoptera includes
chordotonal organ (crista acustica) linked to a paired tympanic
membrane beneath the knee of the fore tibia (Lakes 
Schikorski, 1990). The air cavities behind the tympana le
through a single leg trachea to an expanded trachea in
prothorax and then to the outside through the auditory spira
The tracheal system is dedicated to sound transmission, a
is through this pathway that most of the sound energy reac
the back of the tympana. The leg trachea itself would app
to contribute little to the tuning characteristics of the syste
(Michelsen et al.1994), while the expanded trachea or bulla 
the thorax acts as a highly tuned system (Nocke, 1974; Le
1974; Seymour et al.1978; Bailey, 1993).

In most, but not all, species of tettigoniids, the audito
spiracle is permanently open (Bailey, 1993). The size of 
opening determines the overall sensitivity of the ear, 
demonstrated by interspecific comparisons (Nocke, 1975) 
also by an examination of intraspecific variation (W. Baile
unpublished data). Thus, ears with large spiracles are m
sensitive than those with smaller ones. In this paper, we sh
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that the tuning of the open system is to frequencies in the ra
from 10 to 20 kHz. However, if the ear is modified by full o
partial closure, it becomes more sensitive to lower frequenc
These results are in accordance with those of Stumpner 
Heller (1992), Heinrich et al. (1993) and Kalmring and Jatho
(1994), who also found an increased sensitivity for lo
frequencies (<5 kHz) after blocking the spiracular openin
The degree of opening not only determines the absol
sensitivity of the ears but also the cut-off frequency at whi
the trachea provides sound energy to the inner surface of
tympanal membranes (see Fig. 4C). Michelsen et al. (1994)
argued that blocking the tracheal input to the ear may not
an appropriate method for studying the function of the acous
trachea, since it changes the impedance of the tympanum
reducing the compliance of the closed air space behind 
tympanum. The degree of impedance mismatch will depend
the size of the air space behind the tympana and, compa
with the species used by Michelsen et al. (1994), the tracheal
cavity of S. quadratais significantly larger. More importantly,
our data show that there is no discontinuity in the tracheal g
as the spiracle is progressively blocked and that the clos
behaviour of the insect itself goes through all the stag
mimicked in the blocking experiments (Figs 1, 4). Th
amplitude part of the tracheal gain of approximately 30 d
shown for this species is comparable to that found in
phaneropterine bushcricket using a different metho
(Michelsen et al. 1994), but approximately 10 dB higher than
measurements made by Heinrich et al. (1993), Kalmring and
Jatho (1994) and Hoffmann and Jatho (1995) on other spe
of bushcrickets. This discrepancy has been attributed 
methodological differences by Michelsen et al. (1994).

If the tuning and sensitivity of the hearing system are large
determined by the physics of the acoustic trachea a
spiracular aperture, and in S. quadratathe system shows
remarkable sensitivity to a frequency range between 10 a
20 kHz, why do males call at 5 kHz? There are three possi
explanations for this apparent anomaly: (i) interspecifi
competition for free communication channels; (ii) an increa
in the efficacy of sound transmission; and (iii) a reduction 
predation by tachinid flies.

Masking by heterospecifics is a common phenomenon
acoustic insects (Greenfield, 1988). We have shown in anot
sagine that masking of a short-duration call by a long-lasti
call can lead to complete masking of the conspecific signal a
a reduction in nocturnal calling activity (Römer et al. 1989).
By calling at 5 kHz, S. quadrataescapes the interfering calls
of a number of nocturnal tettigoniid species and, remarkab
at least in the habitats we have studied, also the calls of cric
that would normally occupy this frequency range. The dens
of gryllids in these habitats is extremely low (G. Allen and W
Bailey, personal communication) and would provide little o
no masking sounds at 5 kHz. Male S. quadratacontinue
singing in the presence of other continuously calling specie

Calling with low frequencies may also favour soun
transmission. We show that transmission of sound from with
dense sclerophilous bushes from heights ranging from 0.2
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1.2 m is remarkably efficient. Loss of signal amplitude throu
excess attenuation for a species calling at 20 kHz may amo
to 40 dB over 30 m (Römer and Lewald, 1992), but in this ca
for the low-frequency call of S. quadrata, there is almost no
attenuation in excess of that produced by spherical sprea
alone (Fig. 3).

Fullard and Yack (1993) discussed the relationship betw
the characteristic hearing frequencies of moths and the s
frequencies of bats. Fullard (1982) provided evidence t
selection on hearing sensitivity in the prey, and echolocat
frequency in the predator, is a dynamic process whereby m
may gain the advantage by increased tuning to common
sonar frequencies, while bats may gain by using sonar out
these frequency ranges. One of the primary and spectac
predators of S. quadrata is the ormiine parasitoid fly
Homotrixa alleni. Allen (1995b) reported rates of predation on
male S. quadrataof 85 % late in the season; flies detect the
hosts entirely by male call and females are not parasitised

Male S. quadratamight escape, or at least lessen, the
intense levels of predation by shifting the carrier frequency
their call. Lakes-Harlan et al. (1995) show that the sensitivity
of the ear of Homotrixa alleniexhibits a broad-band sensitivity
between 10 and 20 kHz and is therefore partially mismatc
to the call of S. quadrata(Fig. 9, dotted line). In contrast, the
hearing sensitivity of the fly almost exactly matches that ofS.
quadrata in the open spiracle condition. A shift to lowe
frequencies in the call of male S. quadratamay reflect an
advantage over the fly since the parasitoid becomes 
sensitive to its host by approximately 10–15 dB and, at 
same time, by closing its spiracle S. quadratabecomes more
sensitive to the conspecific call (Fig. 9, solid line). In additio
reducing the call to this frequency also decreases call inten
Most bushcrickets of comparable size have a call intensity
between 80 and 90 dB SPL at a distance of 1 m, whereas
for S. quadratais only 60–63 dB SPL. Reducing call intensit
by almost 20 dB adds further to the 10–15 dB advantage o
the parasitoid and is presumably adaptive in avoiding preda
since louder sounds attract more parasitoids (Cade, 1975
contrast, selection has taken an alternative route in 
phaneropterid bushcricket Poecilimon veluchianus, where the
sensitivity of its fly predator Therobia leonidaeexactly
matches the call frequency of the host (Stumpner and Lak
Harlan, 1996).

If calling at lower frequencies is adaptive for the reaso
discussed above, we may assume that S. quadratahas, over
evolutionary time, lowered its call carrier frequency outside t
range of noisy sympatric heterospecifics and outside the 
sensitivity of the parasitoid fly. (Because low-frequency ca
are the rare exception among the tettigoniids, a first-b
assumption is that calling with low frequencies is derived.) T
mechanics involved in lowering the frequency at which t
sound generator can operate are not straightforward, as
natural vibration frequency of the harp (the modified cubi
vein surrounding the mirror) of most tettigoniids is controlle
by size, density and Young’s modulus, which is an index
elasticity (Bailey, 1970). Furthermore, because the wings
gh
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most tettigoniids are remarkably similar in terms of structur
particularly the elasticity of the veins, size becomes the m
significant determinant of call frequency (Bennet-Clark, 1989
there is a strong correlation between harp size and 
frequency of the call (Bailey, 1970). Small wings produce hig
frequencies, and call frequency is strongly correlated, in
linear manner, with the area of the mirror and harp. S. quadrata
does not have a ‘mirror’ area, but its frame length (which m
be considered close to the ‘mirror’ length used to calculate 
correlation) fits the expected size for a tegmen producing
natural vibration frequency of 5 kHz. Its ability to achieve the
low frequencies is enhanced by the relatively low elasticity 
the tegmen.

An alternative, although not necessarily independent, way
achieving a reduction in call carrier frequency is to alter t
Young’s modulus of the wing, i.e. the elasticity and density 
the sound-generating system. Early studies of sound genera
in bushcrickets established that the natural vibration of t
wings was affected by water content: isolated wings increa
their natural vibration frequency as they dried out (Baile
1968). S. quadratahas peculiarly fleshy wings with the wate
content of the fore tegmen an order of magnitude higher th
that of a related sagine of similar size (63 % compared w
5 % in other sagines). We suggest that the exceptionally l
frequency produced by this species is achieved by having 
tegmina with a low Young’s modulus. One consequence is t
the peak energy of the call is also lowered to levels bene
that of bushcricket species of comparable size.

Lowering the tuning of the receiver

One part of sensory drive theory implies a tension betwe
the evolved characters of the emitter and the context un
which both signaller and receiver operate (Endler, 1992). F
example, where a signal is under strong selection throu
female choice, females may prefer louder sounds of lon
duration or brighter, more gaudy colours. At the same tim
these exaggerated signals could increase the risk of preda
and an evolutionarily stable condition will develop that will b
a compromise between traits used for female attraction a
those less likely to attract predators. In the case of S. quadrata,
we suggest that a trade-off exists between three conflict
directions: escape from masking sounds of heterospecifi
exposure to predation; and hearing the call of conspecifi
Where there are clear selective arguments for shifts in c
frequency and a reduction in call intensity, we may expe
sexual selection to act on the receiver to increase its sensiti
to the conspecific call. Females best able to differentia
between the calls of males should be able to choose betw
males, and males most able to hear the calls of conspec
would be better able to outcompete them, thereby gainin
greater mating advantage.

One feature of the ear of many tettigoniids is the inp
through the auditory spiracle (Bailey, 1993). Rece
comparisons between two species of phaneropter
bushcricket, Poecilimon thessalicusand P. laevissimus, show
the same phenomenon (Stumpner and Heller, 1992; Michel
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et al. 1994). Every study of the tettigoniid tracheal system 
far confirms a gain at high frequencies (>10 kHz). Given th
contribution of the spiracle and trachea, it would seem that 
most obvious way to reduce the operating frequency of the
is to close down the tracheal input.

We found that reducing the input, by partially occluding th
aperture of the spiracle, achieves this in S. quadrata. The
overall high-frequency sensitivity is lost, and the ear may ev
increase its sensitivity at the carrier frequency of the c
Bioacoustical measurements with probe microphon
confirmed a cut-off frequency for the gain of the trachea
approximately 5 kHz in six species of bushcricket (Hoffman
and Jatho, 1995). Partial closure of the spiracle selectiv
increases sensitivity to the conspecific call, while reduci
sensitivity to heterospecifics, thus increasing the signal-
noise ratio in a noisy environment. Given the increas
efficiency of sound transmission, the distance over wh
effective communication occurs is scarcely less than that
other sagines calling at much higher intensities at high so
or ultrasonic frequencies (Rheinlaender and Römer, 19
Römer and Lewald, 1992).

Bailey (1990) observed that the auditory trachea of a rela
sagine Pachysaga australiscould be closed by collapsing the
anterior wall of the trachea lining. If closure is caused 
muscular and hydrostatic changes in the prothorax, it migh
expected that the response of the system would be s
allowing the hearing system to arrive at an ‘optimal’ conditio
over several seconds. Therefore, given propriorecept
control on sound output (an assumption we make from stud
of crickets; e.g. Dambach et al. 1983; Elliot and Koch, 1983),
it may not be unreasonable to expect a similar degree
adjustment to occur to the input, particularly when the acou
environment is highly variable. The result of playbac
experiments in the laboratory using high-frequency ton
confirms that such a mechanism exists in S. quadrata(Fig. 1).

Finally, why should the ear not be permanently close
More substantial long-term evolutionary changes ha
occurred within the Tettigoniidae, leading to dramatic cases
sexual dimorphism in hearing structures and significa
between-species shifts in spiracle and hearing sensitivi
(Bailey and Römer, 1991; Stumpner and Heller, 1992). In 
case of Kawanaphila nartee, the male spiracle is almos
completely closed, while the female maintains a more norm
opening. If selection is so strong on tuning within this speci
it is reasonable to question why evolution has not similarly s
down the tracheal system of S. quadrata. Counterselective
forces would include the advantage of hearing with a h
sensitivity over a wide range of frequencies (the condition
open spiracle) and allowing either sex to detect approach
predators both during the day and at night.

This paper has been improved following discussion w
Geoff Allen, who also provided more information on th
biology of the insect. We also thank Carl Gerhardt and Mo
van Staaden for discussion and comments on an earlier d
of the manuscript. The research in Australia was supported
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