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INTRODUCTION

Sound receivers have been divided into two classes, pressure receivers and pressure-
gradient receivers. A pressure microphone is backed by a closed cavity, but in a
pressure-gradient microphone both sides of the membrane are exposed to the sound
wave and so will respond to the difference in sound pressure on each side of the mem-
brane, the resultant being a function of the phase difference and the intensity differ-
ence, which themselves depend on the effective distance between the two sides.
A good example of a symmetrical pressure-gradient receiver is the ribbon microphone,
while the Tettigoniid ear may be considered along with the locust ear (at least in
small animals at low frequencies) to be an asymmetrical pressure-gradient receptor
(Michelsen, 1971; Autrum, 1941; Pumphrey, 1940). The situation is likely to be more
complex at very high frequencies, and perhaps at low intensities, because of the
differences in threshold of the ear to spiracular and tympanal slit inputs. Since the
force acting on a pressure gradient receiver is a vector quantity, the directional
sensitivity of insect ears has been ascribed to the variation in the angle of incidence
of sound upon the tympanal membranes. In Tettigoniids, the pressure gradient has
been assumed to arise as a result of sound entry via the anterior and posterior tympanal
slits, and to act across the central membrane whose resultant movement is transduced
by the sensory cells (Autrum, 1942). It has been shown in a previous paper however
(Lewis, 1974b) that the central membrane is non-vibratory.

Autrum (1940) also investigated the directional characteristics of the tympanal
organ of Tettigonia viridissima and showed the existence of a rather skewed hemi-
spherical field of reception about the tympanal slits, which were presumed to be the
receptive fields of the whole organ system. From the consideration of the ear as a
pressure-gradient receiver and from his data on the receptive fields Autrum (1942)
then presented an hypothesis which suggested the existence of ‘sound corridors’
radiating outwards from the tympanal slits at angles of approximately 60° to each
other. Since these regions of high intensity were constant to each other and to the
tibia, the environment could be scanned by moving the leg fore and aft. By this means
the sound source could be located.

Since spiracular sound entry is so important in Tettigoniids, Autrum’s (1942)
hypothesis must be reviewed. Although the pressure gradient cannot be effective
across the central membrane, such a gradient does exist across each of the external
membranes as a result of sound entering via the spiracle and via the tympanal slits
(Lewis, 1974a). These sound waves will also have a phase interaction and the complexity
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Text-fig. 1. The threshold values for the spiracle (@—@) and tympanal slits (x—~x) to a
15 kHz, 8 msec signal drawn on a polar diagram. (dB rel 0-000z dyne/cm?.)

of the resultant has already been considered (Lewis, 1974¢). The purpose of this paper
is to consider the directionality characteristics of both the spiracle and the tympanal
slits, and the ipsilateral and contralateral whole-organ responses with a view to
developing a new hypothesis for acoustic orientation in Tettigoniids.

METHODS

The methods of determining the acoustic threshold of the tympanal organ to a
lateral sound source has already been described (Lewis, 1974c¢).

The threshold of the spiracle and the tympanal slits was determined at a variety of
angles as the emitter microphone with 1 mm probe attachment was moved through
180° relative to the long axis of the body. The preparation was set up in the anechoic
conditions described in Paper I of this series (Lewis, 1974a), where the details of
intensity calibration are also described. The stimulus used was a 15 kHz pulsed
clipped sine wave of 8 msec duration, at a rate of 5 pulses sec™™.

To check on any possible spiracular movements, the dimensions of the acoustic
spiracle during sound emission were investigated using video-tape recordings of an
individual Platycleis intermedia producing a long series of disyllabic chirps. This tape
recording was then analysed frame by frame, and each frame was photographed. The
photographic reproduction of the television picture is not as good as one would wish,
but the dimensions of the spiracle can easily be determined.
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Text-fig. 2. The threshold curves for the ipsilateral (@§—@) and contralateral
(x - -x) tympanal organs.

RESULTS

The position of the legs having been fixed at right angles to the long axis of the
body, the threshold values for the spiracle and the tympanal slits at a variety of angles
to these structures are drawn on a polar diagram in Text-fig. 1. The spiracular threshold
is shown to be around 20 dB lower than that obtained for the tympanal slits, and the
receptive fields of both are roughly hemispherical about the long axis of the insect
body.

The threshold curves for both the ipsilateral and contralateral tympanal organs to
a lateral sound source, 30 cm from the preparation are drawn for comparison in
Text-fig. 2. A clear difference of threshold sensitivity of approximately 25 dB isapparent
although the forms of the curves are similar.

The single-frame exposures of the spiracular region during a single disyllabic chirp
emission in P. intermedia are shown in Plate 1. Clearly there is no change in the
dimensions of the spiracle during sound production.

DISCUSSION

Since Autrum’s (1942, 1963) hypothesis for orientation behaviour in the Tetti-
goniids took no cognizance of the spiracular sound entry, that hypothesis must be
incomplete. The existence of a receptive field which is roughly hemispherical about
the spiracle and about the tympanal slits does not correspond too well with Autrum’s
(1940) findings. The whole-organ response may differ from the responses obtained
by the use of a probe tip by up to 6 dB as a result of diffraction phenomena and this
may explain the difference between these results and those of Autrum (1940).

The existence of a 25 dB difference in threshold between the ipsilateral and the
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contralateral sides (Text-fig. 2) allows the insect to determine easily the side from which
the sound comes, but it is a very difficult task to explain the reason for such a con-
siderable difference in sensitivity. It is unlikely that the effect is due to shadow pheno-
mena at the contralateral spiracle since the wavelengths of the sound stimuli used are
not small enough. Michelsen (1971) indicated that shadow effects were unlikely to
occur in Schistocerca, a bigger insect than Homorocoryphus, up to a frequency of about
40 kHz. However, the fact that the spiracle is facing away from the sound source and
is partially covered by the pronotum may considerably alter the threshold of the
contralateral ear.

One other possibility for reducing the sensitivity of the tympanal organ is that the
dorso-ventral song musculature of the thorax could cause the mesothoracic wall to
abut against the pronotal flap thus effectively reducing the size of the horn mouth.
No direct evidence exists but indirect evidence is supplied by the fact that during
sound production (when the dorso-ventral musculature is known to contract) in
P. intermedia at least (Plate 1) the dimensions of the pronotal flap-mesothoracic wall
opening do not change. The spiracle is clearly visible throughout the whole sequence
of the chirp. If the spiracle is not closed during active contraction of the dorso-ventral
musculature it might be considered unlikely that the spiracle is closed in this way
when the individual is not singing. It is still possible that the spiracular sound path-
way is closed, because contraction of the song musculature may appose the tracheal
walls within the thorax. Whatever the means used to reduce the sensitivity of the
contralateral ear, right-left orientation must be possible.

Michelsen (1g71) has discussed the physics of an asymmetric sound receiver and
has shown that the phase angle between p, (sound pressure acting on the front of the
membrane) and p, (sound pressure acting on the back of the membrane) due to the
effective distance Al between them is given by 27mAl/A. In an asymmetric sound
receiver such as the Tettigoniid ear the effective distance Al may be divided into [’ (the
effective distance from the knee to the spiracle) and I” (the effective distance from the
spiracle down the trachea). The angle of incidence, @, will only affect Z'.

When the angle of incidence is in line with both the spiracle and the tympanal slits
(the condition of no parallax, Text-fig. 3) ® is zero and the phase difference is entirely
dependent upon the distance I’ +1”. In the condition where @ is greater than zero then
the phase difference is the result of both the effective distance and the angle of
incidence, so that,

2n(l’ cos @ +17)
a=———-7
A

Measurement of the distance !" in Homorocoryphus gives a value of about 1-2 cm,
and for I a value of 1-4 cm. The total distance in the condition of no parallax is
therefore 2-6 cm corresponding to a frequency around 16 kHz (Text-fig. 3). Therefore
in this condition and at this frequency the sound incident on the two surfaces of
the membrane will be in phase, and the displacement of the tympanal membranes
should be minimal (zero, if the inputs are equal). Text-fig. 2, however, shows that
the threshold for the whole-organ system at 15-16 kHz is low, i.e. sensitivity is
high. This result may be due to two factors. First, even with no phase differences,
there will still be sensitivity differences due to the lower threshold of the spiracle;
secondly, this intensity difference will be emphasized because of the resonant
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Text-fig. 3. (8) The frequency spectrum of Homorocoryphus (redrawn from Bailey (1968)), and
(b) the importance of the angle of incidence of sound upon the activity of the tympanal organ
(Sp. = spiracle; T.S. = tympanal slits). Further explanation in text.

function of the horn shown in a previous paper (Lewis, 1974¢) to be 16 kHz.
When the angle of incidence is greater than zero, the distance /' will change and the
15-16 kHz sound on each side of the membrane will be out of phase. The resultant
response will thus be a function not only of intensity differences but also of phase
differences, and the maximal response will be obtained when the incident sound is
maximally out of phase (i.e. 180° out of phase). It is also true of course, that in a
parallax situation, although 15 kHz sound will be out of phase, some other frequency
will be in phase.

These factors suggest an hypothesis for acoustic orientation behaviour in Tetti-
goniids. Autrum (1955) suggested a directionality characteristic for the tympanal slits
of Tettigoniids in such a way that there were regions of high sensitivity in line with
each slit, with an area of low sensitivity between them. But due to their size, such
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Text-fig. 4. Directional characteristics of a small exponential horn of circular cross-section
and of the dimensions of the acoustic trachea. The polar graphs show the sound level at a fixed
distance as a function of the angle of incidence. The direction o° is the axis of the homn. (Re-
drawn and recalculated from Olson, 1967.)

structures are unlikely to have such a clearly defined acoustic corridor and indeed poor
directionality for both the spiracle and the tympanal slits has been shown for Homo-
rocoryphus (Text-fig. 1) using a probe emitter. A broad symmetrical receptive field is also
suggested from physical considerations (see also Lewis, 1974¢). Text-fig. 4 is redrawn
and recalculated from Olson (1967). It can be seen that for an emitter or receiver of
the dimensions of the spiracle and trachea, some degree of directionality is only
attained at about 70 kHz. For the tympanal slits the value will be even higher because
they are smaller. For directionality similar to that postulated by Autrum (19553),
frequencies in excess of 250 kHz would be required. These structures alone cannot
provide directional information.

The existence of a large difference in threshold between the ipsilateral and contra-
lateral tympanal organs allows the insect to determine easily the side from which the
sound comes and this may be further emphasized by means of central nervous factors
(McKay, 1969; Suga & Katsuki, 1g61; Rheinlander & Kalmring, 1973). Presumably
the neural network is such that the animal will turn towards that side where the
response is greatest.

If the sound has an angle of incidence (®) greater than zero, some frequency will
be in phase as determined by the above equation, and its effect will therefore be
diminished. All other frequencies will be out of phase, and their effects will be the
result of both phase and intensity differences across the membranes; the overall in-
tensity of sound at 15-16 kHz will be increased as described above (Text-fig. 3). If it
was not for the effect of the resonant factor of the horn, the responses to these other
out-of-phase-frequencies would be comparable to those for 15-16 kHz. But in addition
to the horn function, the song emitted by Homorocoryphus and many other Tetti-
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Text-fig. 5. A proposed hypothesis for acoustic orientation behaviour in Tettigoniids.
Further details in text.

goniids, is reasonably sharply peaked (Bailey, 1970; Bennet-Clark, 1971) (Text-fig. 3),
so that at frequencies above or below 15-16 kHz the song intensity falls off sharply,
and this decrease in intensity will be correlated with the angle of incidence.

The net result of these factors will be that in the no-parallax situation the intensity
of the carrier frequency of the song of Homorocoryphus will be minimal. As the sound
moves to a more anterior position, or as the animal turns to bring the sound anterior,
the 15~16 kHz frequency will become progressively out of phase and will approach a
maximal phase difference when the sound is directly ahead. The animal should there-
fore turn and move towards the sound source.

Moving the leg through an angle 6° by scanning or walking will produce a new no-
parallax situation, and minimal sound reception. If there is a proprioceptive input from
the leg, and it seems reasonable to suppose there is, then the extent of the input will
be dependent upon the position of the leg relative to the long axis of the body. The
position of the leg at minimum sound intensity level will therefore indicate the angle
of incidence of the sound relative to the long axis of the body. Text-fig. 5 takes this
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argument a stage further. If the insect can compute the angle 6°, then the body must
move through this angle in order to face the sound source and thus maximize the input.
If the insect moves forwards at the same time as the body is turned, however, by the
time the turn of 6° has been accomplished, the sound source is still at an angle of
incidence greater than o°. Indeed the angle of incidence has increased due to the fact
that the animal is now closer to the sound source. The environment must therefore
be ‘scanned’ by the leg yet again for the minimal sound intensity and this time comes
to rest at an angle 62. The body is now moved forwards through an angle of &2, by
which time the insect is nearer the sound source, but at a greater angle of incidence.
This procedure can be repeated until the receiver is within sight of the emitter when
localization by vision can occur. Should the insect turn through to greater an angle
than 63, then the sound will be more intense on the opposite side of the body and
a corrective movement can occur. Near the sound source, it is expected that cor-
rective movements will constantly occur as the body is moved through too great an
angle.

Although this is probably a crude hypothesis for the basis of orientation in Tetti-
goniids, some support for this ‘angular homing’ system comes, perhaps surprisingly
in view of the differences in the tympanal organ structures, from the Gryllids.
Murphey & Zaretsky (1972) and Zaretsky (1972) showed similar orientation behaviour
in S. marginatus, and that movement was made in short bursts of activity, between
the chirps of the emitter. There are certain to be differences, however, since S. margi-
natus is a discontinuous singer while Homorocoryphus is a continuous one. Movement
in Homorocoryphus may appear to be much more smooth and continuous than in
Gryllids. Further work is in progress to investigate the behavioural and neurophysio-
logical basis of orientation in bush-crickets.

SUMMARY

1. The thresholds for the spiracle and for the tympanal slits have been determined
at a variety of angles to the body axis and show little directionality.

2. A difference in threshold levels of 20 dB exist between the ipsilateral and contra-
lateral whole organs in the frequency range 1—20 kHz.

3. Single-frame exposures of a video-tape recording show that the spiracular
dimensions do not change during stridulation.

4. In the light of the evidence, a new hypothesis for acoustic orientation behaviour
is advanced.
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EXPLANATION OF PLATE

Single-frame exposures of the spiracular region of P. intermedia during a video-
tape recording of a single disyllabic chirp.
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