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The nocturnal moths noctuids (Noctuidae) are the
largest lepidopteran family. Noctuids have auditory
(tympanic) organs located in the thoracic region, at the
level of hind wings. Each tympanic organ (TO) contains
two receptor cells responding to evoked vibration of the
tympanic membrane (TM). It has long since been
discovered that the moths use hearing for detecting the
echolocation signals of bats [10]. Having perceived the
presence of a bat, the insects can maneuver in time and
escape the chasing predator.
According to electrophysiological data, noctuids can
perceive ultrasounds in the range from 10 to 100 kHz or
even more. The TOs have a peak of sensitivity in the
interval 15-25 kHz, which results from the mechanical
resonance of the TM [7, 11, 12].
It is generally believed that noctuids are incapable of
frequency analysis, although the validity of this notion has
never been tested at the behavioral level. The conclusion
on the inability of noctuids to distinguish frequencies is
only based on the fact that the shapes of the frequency
characteristics of both hearing receptors of the TO are
similar [13].
To test the results of electrophysiological studies,
several series of experiments were performed with intact
animals [1,2]. Both the shapes and the absolute thresholds
of audiograms obtained under different experimental
conditions substantially differed: most of the behavioral
audiograms had no distinct maximum of sensitivity in the
range 15-25 kHz. To explain the observed discrepancy of
the results, we put forward a hypothesis that the frequency
of the TM mechanical resonance is not constant in flying
moths (in contrast to the results of acute
electrophysiological experiments); instead, it cyclically
varies within a certain range. To test this hypothesis
experimentally, it was necessary, first of all, to learn to
determine the moments ("reference points") in which the
parameters of the moth's auditory system are similar.
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Noctuids can emit ultrasound clicks while they fly [3]. It
was demonstrated in the past decade that these clicks serve
as echolocation signals [4,6]. It was logical to assume that,
when a noctuid emits the sounds, its auditory system is
optimized for the perception of the echo. The first purpose
of this study was to test this suggestion. If it were to be
confirmed experimentally, the moths' own clicks could be
used as the "reference points" when studying the adjustment
of the TO acoustic parameters. The second purpose of the
study was to show that the main resonance of the TO was
actually retuned in intact moths.
Experiments were performed with 14 noctuids (Enargia
paleacea Esp.) of both sexes, which were caught using a
food attractant as a bait. The insects were tested under the
tethered-flight conditions. To record the moths' own clicks,
we used a B&K 4135 condenser microphone located 5 cm
away from the experimental insect. The electric signals at its
output were amplified, convened into rectangular pulses,
and fed to the input of the regulated delay line. The delayed
pulses were used to trigger a generator of acoustic stimuli,
which were tonal trains of pulses with a duration of 2.5 ms
and a time of the rise and the drop of the envelope
amplitude of 0.5 ms. We used two fixed delays of the
beginning of the stimulus relative to the moth's own click, 1
ms (the first series of eight experiments) and 15 ms (the
second series of six experiments).
The signal amplitude was calibrated by means of a B&K
2235 meter (Brüel and Kjær). An acoustic pressure of
20 µPa was taken as 0 dB.
An insect was considered to respond to the stimulus if the
mean spacing frequency of the moth's own clicks was
substantially increased (by a factor of two or more) against
the background of the interval of stimulation (1.4 s) and
during the subsequent 2 s of observation (Fig. 1). The
thresholds were determined as follows. At the noise level that
we assumed to be subthreshold (1-3 dB below the threshold),
the response (increase in the spacing frequency of clicks) was
not observed more frequently than once during three
successive stimulations; at the threshold level of the stimulus,
the response should be repeated two or three times.
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Fig. 1. An example of the response of an experimental noctuid (an increased frequency of click generation) to the above-threshold
acoustic stimulation. The solid line shows the moth's movement in the horizontal plain; its rapid oscillations correspond to individual flaps of the insect's wings. The vertical lines against the background of the oscillogram show the moments when the moth emitted clicks. The horizontal axis shows the current time from the record onset; the solid rectangles on the axis indicate the periods of
stimulation.

This was the quickest method to study the response
thresholds of the moths.
To fulfil the first purpose of our study, we applied the
stimuli at a short delay (1 ms) after the emission of the
moth's own click. Figure 2 (curve 1) shows an averaged
audiogram constructed based on the results of the first
experimental series. If the stimulus carrier frequency was
increased from 10 to 40 kHz, the response thresholds
monotonically decreased; their minimum values were
located in the range 40-50 kHz in all experimental moths
and equaled 25 to 30 dB SPL. As the frequency increased
within the range 50-70 kHz, the thresholds also increased;
however, in the range 60-85 kHz, the thresholds only
slightly depended on the carrier frequency.

Response threshold, dB

Stimulus carrier frequency, kHz

Fig. 2. The frequency-threshold characteristics of noctuids
obtained at two values of stimulus delay (τ) relative to the
moth's own clicks: (1) τ = 1 ms and (2) τ = 15 ms. A scheme
of the calculation of the delay is shown at the top of the
figure; an example of the spectrum of a moth's echolocation
click is shown at the bottom.

An example of the spectrum of a noctuid's click is shown in
the bottom of Fig. 2. As can be seen from the comparison
between the shapes of the spectrum and the audiogram, the TO
was "tuned" to the first spectral peak of the moth's own signal.

A different audiogram pattern was observed when the
moths were stimulated with tonal pulse trains delayed
relative to their own clicks for 15 ms, i.e., the time
slightly longer than half the period of wing flapping in
this species of noctuids. Under these conditions of
stimulation (the second series of experiments), the main
minimum of the audiograms was observed in the
frequency range 25-30 kHz; i.e., the sensitivity optimum
was shifted "downwards" by 20 kHz compared to the
preceding series (Fig. 2, curve 2). The shapes of the
frequency-threshold characteristics obtained in this series
of experiments were similar to the audiograms
constructed based on electrophysiological data.
The possibility of tuning of the main-resonance frequency of the TM was earlier demonstrated
experimentally [8]. The authors showed that the moth's
auditory system has a feedback from the auditory system
to metathorax muscles: muscle contraction changes the
tension of the TM and, hence, the frequency of its
mechanical resonance. Thus, the specificity of variation
in the shape of behavioral audiograms may be explained
by the periodic shifts in the TM mechanical resonance.
In our experiments (the first series), the auditory
system of noctuids could not be retuned in the range from
25 to 40 kHz during the moth's own click (about 0.10.2 ms) and the tonal pulse that followed after a 1-ms
delay, because there was no enough time for this process
(no more than 4 ms). For comparison, note that the
average latent period of the electrophysiological response
to an acoustic click at the level of the tympanic nerve is
3.3 ms [5]. Therefore, the "upward" tuning to a
frequency of 40 kHz had to precede the moment of
acoustic emission; i.e., the resonance may be shifted in
noctuids not only in response to acoustic stimulation,
but also spontaneously. The close positions of the main
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spectral peak of moth's own clicks and the region of the
maximum sensitivity of the TO (Fig. 2) on the main frequency axis indicate the consistency between the
parameters of acoustic emission and perception at the
moment of echolocation probing.

(3) the shift of the TM resonance to the high-frequency
region makes the sensitivity of the noctuid auditory system
in the ultrasound range above 30 kHz considerably higher
than that estimated from electrophysiological data.

The reason for the "downward" TO tuning along the
frequency range after the emission of the click remains
unclear. In terms of the defense against bats, this behavioral strategy of the moths seems reasonable: a bat having
found out the presence of a noctuid due to its echolocation
click will immediately emit probing signals towards the
presumed location of the prey. An enhanced attention to
external sounds in a wide frequency range both before and
after the emission of the click is the cost that the moth pays
for using its own echolocation. The special attention of
noctuids to the low-frequency region of the ultrasound
range may he explained by the specificity of echolocation
signals of some predatory bats predominantly feeding on
tympanate moths [9].
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FREQUENCY TUNING OF THE AUDITORY SYSTEM OF
ACOUSTICALLY ACTIVE NOCTUIDS (NOCTUIDAE, LEPIDOPTERA)
We investigated the frequency threshold curves (audiograms) depending on the delay between moths own click and the following
short (2.5 ms) tonal stimulus. An insect was considered to respond to the stimulus if the mean spacing frequency of the its own clicks
was substantially increased. Moths (Enargia paleacea Esp.) were tested under the tethered-flight conditions. At a delay of 1 ms the
minimal thresholds were observed in the frequency range from 40 to 50 kHz, whereas increasing of stimulus delay to 15 ms caused
the sensitivity optimum to shift down to 25 kHz. This shift of the sensitivity optimum can be explained supposing that there exists
dynamic readjustment of the tympanic membrane mechanical resonance caused by longitudinal tension of the membrane towards the
conjunctiva. The moth's ability of quickly tuning the tympanic organs allows it to analyze the spectra of sufficiently long sounds
(sequential frequency analysis).
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