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Abstract—Morphological and acoustic studies of the soundipcing mechanism in noctuid moths were carriedoouAmphipyra
perflua. Two laterally symmetrical pairs of complementargas adjacent to each other are responsible fargeon of ultrasonic
bursts. One pair is located on the ventral suréddbe fore-wing base, and the other, on the matast The surface of these areas
is covered with inclined cone-like structures 18-25 um high. The density of cones is as high as 3 per 100 um?®. The aculeae of both
the complementary areas are oriented toward ededr and can serve to couple the wings to scutumenAtimcoupling, these
structures produce an ultrasonic pulse. Moths wémoved wing coupling areas cannot emit clicks. tidc moths produce
ultrasonic clicks during flight. The peak amplitudithese clicks varies between 79 and 84 dB SPd distance of 5 cm from a
moth, with their mean duration being 67 ps. The clicks have a broad-band (> 100 kHz) spectrum with the main peaks, at 57 and 78
kHz. Artificially generated clicks have a similgrextrum. The regular pattern of emission with oliek @er second or every third
wing-beat was often observed in the nature anamuitions of tethered flight. The adaptive impodarof the acoustic behavior of
moths is discussed.

Noctuid moths are known to emit ultrasonic bursts hism, proposed by Agee. It should be mentioned shatt
flight. This phenomenon was first discovered by dReand ultrasonic pulses do appear at the upper point utuat
Treat (1957). According to Kay (1969), signals diet contact of the hind wings of a flying moth (Wateand
noctuid mothHeliothis zeahave the form of rapidly dampedJones, 1994), but their amplitude, as a rule, doesexceed
paired clicks with filling frequency of 50 kHz amturation 65 dB SPL, which is at least 10 dB (20 dB on therage)
of 180 us each. The pulses in a pair are separated by 190 ps. less than the amplltude_ of clicks recorded by Kagf Agee.
The sound intensity is 98.6 dB SPL at a distanc&.bfcm In thg pa_per by Zhantieet al. (1993),_the basic types of
from the source. Kay assumed that the acousticepgis- noctuid S|gnals and examples of their spectra vgeen.

. ... The free-flying moths were demonstrated to produite-
erator is of the tymbal type and, by analogy wititial sound too, i.e. the acoustic emission of noctu@snot be
moths (Arctiidae), is located on the metepistetawever, T

thi tion h tb ified . callf accounted for by insect fixation in experimentahditions.
IS assumption has not been verilied expermentaliar. o rameters of the recorded signals were indepenaknt

Relying on stroboscope observations of flying namttuspecies, sex, and age of moths.

moths, Agee (1971) concluded that acoustic pulsey M geyeral noctuid moth species are known, hypotHatica
either arise from the wing flapping at the uppempor be sing the acoustic signals for intraspecific comioation:

an experimental error resulting from the contactwafigs Thecophora foveamploys the stridulation mechanism of
with the mounting holder. In 1993, Agee's concluosiovere emission (Surlykke and Gogala, 1988)nyna natalisthe
revised in view of new data. Using the techniquemaith tymbal mechanism on the wings (Heller and Achmann,
photographing at the moments of click recordingaitev  1993); andPseudoips faganahe tymbal mechanism on the
et al. (1993) demonstrated that, in noctuid moths, ttebdominal segment (Skalst at., 1996). However, only
position of wings in emission is close to horizénTais fact males emit sounds in all the examples. In all tluvzses, the

is contradictory to the model of the generation heec intensity of the acoustic signals is 1-2 ordersragni-
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tude higher than the values recorded by Kay andHantiev
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by noctuids—amplitude, duration, spectrum and dywcarof

et al. Up to now, the search for a more general mechaofsmhe click sequence; (2) investigate the possitlityeneration of
the sound emission for noctuid moths has not beglrasonic signals by the areas of the wing-thazewmpling

successful.

In many nocturnal moths, including noctuid mothse t
fore wing in the resting position is coupled wittetbody by

and by the cuticular structures on the body of widst
(including metepisterna); and (3) carry out a corapee
analysis of the acoustic parameters of both natara

means of complementary areas covered with coneeshap'tificial clicks.

processes—microtrichia (Kuijten, 1974). The firsea is
located on the posterior margin of the hind wingd d@he
second one lies on the metascutum surface. Bothsnaald

MATERIALS AND METHODS

females possess such structures. When these areas aFOr the most part, experiments was carried out with

uncoupled artificially (manually), a loud click wistinctly
heard. Presumably, the moths generate ultrasounthiby
mechanism.

Roeder and Treat (1957) assumed that noctuids ytinee
surrounding space by emitting clicks. The posgibilof
echolocation in moths was discussed in differepeets by
all those who studied the emission of clicks. |e tlecent
decade, data confirming this hypothesis have bdé¢aired

Amphipyra perfluaF. These noctuid moths of both sexes
were trapped using a food attractant (fermenteduréxof
beer and honey) in Moscow and environs in July-Atigu
1996-1999. A total of 50 specimens of this speciese
used in the experiments.

In addition, 12 specimens of the noctuid mblydraecia
micaceaEsp. captured at light of a fluorescent lamp were
tested for capability of acoustic emission.

(Lapshinet al., 1993; Lapshin, 1995; Lapshin and Vorontsov The experiments were performed in the evening and a

1998). Thus, the biological function of the signaisder
study became more definite. In this connection,ptablem
of identification of the mechanism of the ultrasoiiurst
emission has assumed special importance.

It can be seen from the oscillogram of a serieburbts,
presented in the paper by Roeder and Treat (198 the

night in laboratory at a temperature of 18-20°C.

A Study of Spectral Characteristics of Moths' Clicks

An insect was pasted with warm wax to a thin wie,
that the wings did not touch the bracing in flagpiTo
record acoustic signals, a RFT 301 (1/4") nptrane was

experimental moth produced clicks at every wingtbegyaced at a distance of 5 cm from the moth, intfiafrit and
Similar examples were also given in other repoAge€, apove its longitudinal axis. The electric signabrir the

1971; Zhantievet al., 1993). However, the
investigations showed that in some cases the emisate of
"one click per each wing-beat" is not obligatorglaven not
the basic (Lapshin, 1996). It was found that, whessented
with visual stimuli, the noctuid motmphipyra perflua
tends to emit with an intervalTg between the clicksT{, the
wing-beat period, approximately 30 ms).

From the standpoint of the echolocation systentiefiicy,
the interpulse time of the probing signals is oh¢he basic
parameters determining the rate at which the infétion is
updated. In this connection, it was necessaryvestigate in
more detail the dynamics of the spontaneous acoeistission
by noctuids in addition to the studies in which tlependence
of the click emission frequency on visual or ecbatmn

latest yicrophone output was amplified (microphone amgiifi

RFT 00023), passed through high-pass filtering dffut
frequency 1kHz), and fed into the input of a Hetvle
Packard HP54601B digital storage oscilloscope. The
sampling frequency of the built-in analog-to-dib¢anverter of

the oscilloscope is 1.25 MHz, which corresponds ato
quantization interval of 0.8 ps. From the oscilloscope output

the digital data were delivered to a computer bgmseof the
RS-232 interface.

The subsequent processing of the results included
normalization of click oscillograms to the maximamplitude,
alignment of the base line slope, measuring thataur of
signals, and calculation of their spectra, The tinmaof a
separate impulse was conditionally taken equah&total

information was revealed (Lapshin, 1996; Lapshim anength of an integer number of component half-wawith

Vorontsov, 1998).

amplitude of no less than 0.2 of the maximum valliee

The purposes of this study were as follows: (1) #&pectra were calculated by the method of sequeantillysis

determine the characteristics of the acoustic eimmss

of an inscribed piecewise linear function in the-fr
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quency range 1-100 kHz with a step of 1 kHz (D'yakq Another part of insects of the second set (10 spErts)

1987). Original specially designed computer programere was used in experiments in which the coupling area®

used to solve particular problems of this study. studied as sound generating structures. A mothotiaed
with chloroform was placed under the microphoned an

Measurement of Click Amplitude acoustic impulses were produced by moving manuhhy

distal part of the fore wing. With certain expegergained,
it was possible to obtain a sequence of clicks lanrin
shape to the natural signals, by varying the argfle
inclination of the fore wing with respect to thedyaand the
extent of coupling. A total of 20 oscillograms dfificial
bursts was registered from every specimen.

In the first set of experiments, clicks were reeardrom
moths in tethered flight. Twenty tests with perfluawere
made. The peak amplitude of each click from a cwmatiis
sequence was recorded using a specially desigreddgato-
digital converter. A digital code was delivered rfrothe
output of the analog-to-digital converter to thekiBinput-
output port of the computer. The results of measergs N the third set of experiments, the possibility of
were used to build histograms of the amplituderiistion ~9enerating the acoustic impulses in deformatiothofacic
of 20 impulses or more (up to 100 impulses), defrgndn sclerites was studied in 20 specimens. For thipgse, a
the stability of the ultrasound emission and recfeaask. thin (0.3 mm in diameter) pin connected to an etenecha-
Such measurements were performed in the range @mgonical vibrator was brought Orthogonally under vist@ntrol

SPL. The sound pressure level of 20 piPa was taken as 0 dB SPL.  t0 the surface of the sclerite studied. The amitof the
rhythmic translation of the pin did not exceed @&. The

control signal (1- or 10-Hz frequency meander) apglied
to the vibrator from the output of an ESL-2 stintatavia a

In the second set of experiments, 20 acoustic is&sul fiiter smoothing the sharp fronts of the controtrent. In
were recorded from each moth. A total of 400 osgihms the course of the test, we found the points on thizeax

from 20 moths were obtained. surface, in which the cuticle deformation was acganied

The position of wings of a flying insect at the memts of by generation of clicks.
acoustic emission was observed visually with sweitcbff

Identification of the Acoustic Emission Mechanism

external lighting, using a stroboscope operating tlie Recording of the Acoustic Activity of Noctuids
waiting mode. As a source of short (3 ms) lightspslin the in Nature

stroboscope was used a red light-emitting dioderimat Tq record clicks, noctuid moths were attracted Hgad
placed in the focus of a projection lens. attractant applied to the bark of a birch at a hieaf 1 m.

Flying noctuids were photographed at the momentsrwhThe tree was situated at a spruce forest edge tfear
their clicks were recorded, using a previously dmved laboratory. We mounted the sound-receiving devidé &

technique (Zhantiet al., 1993). The camera was placedParabolic reflector on the same tree at a heiginieafly 2m.
below the insect. The directional lobe of the receiver was oriented/gwards

along the trunk, so that moths flying up to thesatiant were
in the coverage area. This experimental patteowall us to

removed Wlth MICOSCISSOTS the forewmg.cguphn@aa,r decrease the probability of recording of sound=lated to
from 10 specimens with the most stable emissiorplitude moth activity, e.g. cries of bats or inviting sigmaof

O].( the loudest impulses was 70 d.B SPL an_d_ more atg%sshoppers. On transforming the acoustic sigonadguare
distance of 5 cm from the insect, with a repetitiate was

| than 4%, Th fter th ; t_eIectric impulses with duration of 1 ms, the infation was
no 1ess than &73. Therealler the same program of acousligajivered to the laboratory and tape-recorded.
measurements was repeated.

After recording acoustic impulses from intact mothe

Analysis of Intervals between the Clicks

! During preparation to the experiments, it was fothat it is necessary to The processing of tape records included the coirecs
keep intact the adjacent structures of wings whamowring the areas.

Otherwise, a dramatic increase in the flight nes&0 dB SPL and more analog data into a dlgltal code and ConStrUCt'ommgrams

is possible. In this case, every flapping acquinestypical additional crisp  Of interpulse intervals. In this part of the stuthg following
sound, and the damaged insect becomes unsuitaliettrer use. data were analyzed:

ENTOMOLOGICAL REVIEW Vol. 80 No.9 2000
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Fig. 1. Oscillograms and spectra of acoustic signaléwmphipyra perfluaa-e) in tethered flight; (f) the acoustic impulsgpearing in
uncoupling of the coupling areas of the moth wimgl &ody. Oscillograms: time scal80 ps: spectra: abscissa, frequency in kHz:
ordinate, amplitude of harmonic components in lirgzale, relative units. In order to distinguiske $pectral components, signals with
duration longer than 10@s were used.

(1) Data obtained previously in studying the capaith an AVT HORN AVT-BCI TV camera. The
bility of A. perfluafor echolocation in a "carousel” devicaesolution of the CCD matrix of the camera is 500 x
(10 tests, Lapshirt al., 1993) and in recording the575 dots. Video information was fed into the computer
flying paths of moths (12 tests, Lapshin, 1995). Thessing a special interface. The obtained digital images
data were processed so as to avoid artifacts relatedvire subjected to software contrast enhancement with
contacts of wings with model barriers in the fiaahy. separation of the cuticle surface relief.

(2) Records of the acoustic activity Af perfluain
tethered flight with simultaneous recording of the mo- RESULTS
tion activity (8 specimens) by means of the technique
described earlier (Lapshin and Vorontsov, 1998). Spectral Characteristics of Clicks

(3) Records of the acoustic activity of noctuids in - The acoustic clicks of noctuids had sharp fronts of
natural conditions. amplitude rise. Their duration was in the range from 20
to 140 us (average 67 us, standard error 2.6 ps, sample
Morphological Investigations of the Coupling Areas Size 400 oscillograms). The click envelope shapgdco

. . vary significantly during a single test. Accordingly, the
The basal pan of the fore wings, sclerites of the mal-ci s%ectra w):ere va?iable gs well (Figs, nga). A

tathorax, and coxae &. perfluawere fixed in 70° al- -, narative analysis distinguished at least 4 narrow-

cohol, dehydrated in acetone, and dried in air flow L components (Figs. la-1d) appearing in the
paper containers. Being dried, the material was moullye 14 in different amplitude ratios. The individual

ted on stubs, in such a way as to orient the ventral sidgopijity of the positions of the most significant
of wing fragments upwards, and coated with platinulz oy s (i'e. | those having the amplitude higher than 0.3
palladium mixture. Microphotographs were taken witBt the maximum value) along the frequency axis did
a Hitachi S-405A scanning electron microscope. not exceed +5 kHz. Occasionally, we observed a "fine

Macrophotographs of\. perfluawere taken with a structure in the spectra,” i.e. separation of the spectral
Zeiss Stemi 2000-C binocular microscope equipped peaks into even narrower components (Fig. 1e).

ENTOMOLOGICAL REVIEW Vol. 80 No.9 2000
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Fig. 2. Variability of spectral characteristics of (@tural and (b) artificial acoustic impulsesfohphipyra perfluanormalized to the peak
amplitude. Each figure is plotted by sequentialesppsition of 200 spectra of clicks. Abscissa, fiery in kHz; ordinate, relative
amplitude of harmonic components. White lines agjaime background of the spectra represent the wadaas (“the averaged spectra”).

Position of Wings at the Moments of Emission

In order to determine the position of wings at th

moments of click emission, a moth in tethered figlas

illuminated with a stroboscope whose flashes we"‘

synchronized with the moments of recording of thigerent

signals of insects. It was found that the noctgiais produce

sounds in different phases of the flapping, inalgdihe
position of wings at the upper point, but more wofta the
horizontal position of wings.

These observations indicate that the findings bgeA@971)
gre erroneous owing to the use of pulsed illumamati
synchronized with the acoustic emission. To redtloe
fluence of light flashes on the results, the ostroboscope
our further investigations was limited, espdgiad recording
the oscillograms of clicks and measuring their amugé.

Dynamics of Changes in the Peak Amplitude of Clicks

Zhantievet al. (1993) demonstrated that the amplitude of
clicks may vary essentially. According to our olvsgions,

A phenomenon was revealed in one of the experimeniige most comprehensive picture of signal levelatam in

which is likely to account for the contradiction thvithe
results presented by Agee (see Introduction). Oh¢he

moths clicked when its wings were in the horizontal

position; however, it was enough to direct the ligham of

the stroboscope at its head to change abruptlpliase of
fluttering at the moments of emission—the moth betgan
position.

click when its wings were in the upper
Simultaneously, the amplitude of signals increalsgd-10
dB. Once the light spot was moved from the headhto
periphery of wings, the mode of emission returnedhe

preceding state. Several repetitions of this ojperagroduced the

same effect. For two other moths, the strobosctgehds
synchronous with their clicks caused distinct clenip the
dynamics of the ultrasound emission: an increagbdrclick
rate and variability of the wing position at the mmnts of
the click emission. However, in these cases thegbs did

not disappear after the stroboscopic illuminatiorasw
terminated. The stimulation of moths by light flash

unsynchronized with their own clicks did not causey
response. (The flicker rate was 30 Hz, which apprately
corresponded to the wing-beat frequency of the stigated
moths.) From these experiments follows that thit lftashes
produced soon after the emission of clicks canusrice
the acoustic behavior of moths.

ENTOMOLOGICAL REVIEW Vol. 80 No.9 2000

the course of an experiment can be divided intta§es.

Number of impulses in
accumulation channel

S
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Fig. 3. Histograms of amplitude distribution of acoustlicks of
Amphipyra perfluaconstructed using the results of the same ex-
periment: (a, b), intact insect, successive accatiauls in the same
test; (c), the same moth with removed coupling arewings.
Each histogram is plotted using the results obthinemeasuring
the amplitude of 100 clicks. Accumulation channaltiv0.5 dB.
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Fig. 4. Examples of click series bfmphipyra perflua (a) in partially restricted flight in "carousetfevice; (b-d) in tethered flight.
Vertical lines represent the clicks, with interpulsterval multiplicities of the wing-beat perioivgn at the lines. Continuous lines in
oscillograms (c, d) reflect the horizontal movemeind moth, fast oscillations correspond to seganang-beats.

The first stage: during the first minutes of flighhe
distribution of the peak amplitudes of the cliclessno clear
peaks in the range from 60 to 74 dB SPL. The ssobpic
observations of several specimens of moths evid#éatehe
generation of signals with amplitude less than B4S#PL is
confined to the moments of contact of hind wingsttoé
flying insect. According to the data of Waters aimhes
(1994), these are the flight noises. For 3 moth2®fthese
noises were lower than the signal threshold, ess Ithan
60 dB SPL.

The second stage is the stabilization of the aomditof
clicks. The distribution breaks up
distinguished groups (Fig. 3a): the position of filn&t is still
stable at the level of 60 dB SPL, while the secgralip lies
in the range 70-74 dB SPL at the beginning of treges
(Fig. 3a). The

last group drifts gradually to highe

The third stage of emission from intact insects is
characterized by reverse drift of the amplitudéritiation to
lower values, with subsequent disintegration of thain
peak into several smaller groups. After that eithiee
emission of clicks was terminated or the flight pgted,
presumably as a result of moth tiredness.

Measurements of the diagram of the acoustic enmssio
noctuids revealed a maximum on the dorsal sidengindna
in the rostral and caudal directions. These resdtacide
with the data of Kay (1969), obtained for anotheeaes of
noctuids.

into two clearly

Temporal Dynamics of the Acoustic Emission of Maths
Partially Restricted and Tethered Flight

An analysis of the data obtained from experimenith w

amplitudes (Fig. 3b), occasionally reaching 84 dB.S the "carousel” device (Lapshet al., 1993; Lapshin, 1995)

(usually 76-80 dB SPL). The purely random fluctaas of

showed the predominance of the interpulse intereqigl to

the amplitude were imposed upon this process. Soth€ Wing-beat periodTt), (Figs. 4a; 5a). In general, moths

experiments were suspended at this stage, andotiyging
areas on wings of the insects were removed (sesvhel

emitted short series consisting of 2-5 clicks safeat by
longer (> 10}) intervals. The wing-beat period of different

ENTOMOLOGICAL REVIEW Vol. 80 No.9 2000
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Fig. 5. Histograms of intervals between the acoustic slckAmphipyra perflua(a), moths in partially restricted flight (10 tesa total of
1800 intervals); (b, c), spontaneous activity osp2cimens in tethered flight. Arrows mark the p®ion the time axis corresponding to a
single wing-beat periodlf, nearly 29 ms). Histogram (b) is plotted upon acglation of a sequence of 500 clicks, histograntltfe) same
for 100 clicks. Discretization step 2 ms.

specimens ofA. perflua varied within 27-33 ms, the meanspecial program recognizing repeated fragments in a
value for 18 specimens was 29 ms. sequence of clicks was used. However, we couldfindt
any statistically significant regularity in the exibhation of

The dynamics of the acoustic activity of mothsdthered . .
intervals of one or another duration.

flight showed a distinct deficit of short interva(dTy);
Figs. 4b-4d, 5b, 5c; recording made at room ligBthe of A study of the acoustic behavior of moths broughtau
the moths in our tests clicked with intervals thaére question as to whether there are any species-apecif
multiples of &y, rather than offy, as usual (Figs. 4b, 5c). differences in the patterns of the click emission,aas an
Another typical feature of the acoustic behaviomadths is extreme case, whether there exist non-clicking isged he
the tendency to produce clicks in equal-intervatgpdivided results of our many years' observations give ainnadtive
by outwardly arbitrary time intervals (Fig. 4c, 4d) answer to the second question. The most complstnattions
The fact that the emission intervals with repeatedere carried out on the noctuid mottydraecia micacea
rhythmic pattern, shown in Figs. 4a and 4b, wereatked (12 specimens). We failed to record in experimeats
suggests that the signals of noctuids may carrpexiss- spontaneous acoustic emission in the form of alestab
specific encoded information. To verify this hypedis, a sequence of impulses. Only when stimulating theoatsh
special program recognizing repeated fragments in oa antennae of these moths, we occasionally gafisin

ENTOMOLOGICAL REVIEW Vol. 80 No.9 2000
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Number of impulses in accumulation channel
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Fig. 6. Histograms of interpulse intervals: (a), acousiitivity of noctuids in free flight in natural contidns (a total of 194 clicks);
(b. c), analogous histograms of noctuid activitydthered flight, presented for comparison: &jphipyra perfluzand (c),Crino satura.

In parentheses, coefficients of the interpulseriale multiplicity to wing-beat period are given. d@retization step 2 ms. Abscissa:
interpulse interval, ms; ordinate: number of impslé accumulation channel.

clicks not differing in parameters from the ordinaignals in some cases, made it possible to distinguishpgoelated
of moths. These observations are confirmed by tréiee to the activity of different species (Fig. 6). Them total of
results of experiments on 8 moths of the same gpgaihich the analysis is close to the results obtained prsly in a
did not click, either, and were used as a contréésts in the study with visual stimulation (imitation of an appiching

“carousel” device (Lapshiet al.,1993). stem of a tree) of moths (Lapshin, 1996). In baikes, the
majority of recorded intervals were multiples oé thving-
Acoustic Activity of Noctuid Moths in beat period: 2, or 3T, (Fig. 6).

Natural Conditions

Moth clicks were recorded in nature in the late Astg Morphology of the Coupling Areas

1998 at air temperature of 17-19°C. The period e t The coupling of wings with the moth body is ac-
maximum activity was at 23-24 hours by the localomplished by paired formations in the form of ateym of
astronomic time. Before and after this period, licks were two complementary areas: the first located ondlaet surface
observed. During 4 evenings, 28 series were redofach of the fore wing (Fig. 7aAzareadorsal view), and the second,
series consisted, on the average, of 7 clicks. on the surface of the metascutum (Fig.Szarea).

The SUbsequent statistical analySiS of the inteq)imtervals A narrow aredAz) devoid of scales and hairs is located
was complicated by the presence of moths of at ®apecies on the lower surface of fore wing near its baseglthe
in the coverage area of the recording devizarthipyra perflua, ,osterior margin. The length of this area is nearly 1750 pm,
Crino satura Schiff., and, possiblyMeganephria oxyacanthae ,, 4 its maximal width, 250 pum. The area gradually narrows
L.). No reliable identification of species in flight &w wing base and, following wing relief, is somewhanvex
illumination of the experimental site was possible. in shape. Along the wing margin, the area partiaiyends

A comparison of the cumulative histogram with thento the upper surface. This entire area has nticiisred
histograms obtained for the stationary flight rdedaand, surface densely covered with cone-like structucgsining

ENTOMOLOGICAL REVIEW Vol. 80 No.9 2000



ULTRASONIC EMISSION BY NOCTUID MOTHS 1165

Fig. 7. Mechanism of coupling of fore wings with the badyAmphipyra perflua(a) location of active coupling areas on wingg the
border is marked with dotted line) and on scut@®a; ((b) surface oAz area, wing margin (ventral view); (c) surfaceSafarea. The moth
wings are moved apart so that the coupling areas on metascutum are entirely visible. Scale bar 50 pm.

the wing cuticle (Fig. 7b). The apices of the corme longer cones gradually replace the shorter oneagabith a
generally oriented toward the wing apex througttbatarea. change in their orientation. Close to the postenwrgin,
The density of the cones reaches 3 per i) with their the cones are oriented along the longitudinal afighe
diameter at base equal to 4 um. The height of the cones varies  carina. In going to the anterior margin, the dii@ctof their
from 18 to 25 um, depending on their position on the area. orientation changes by 90°.

A similarly structured areaS@ is present on the The cones of both complementary areas are normally
metascutun{Sct) (Fig. 7c).It is located on the dorsal surfaceoriented toward each other. When the posterior maof
of a convex carina 1.7 mm long at the postericitedge of the fore wing is moved over the carina of the seytthe
the mesothoracic scutellum (Fig. 7a) and is nogmadivered cones can couple and fix the fore wing in rest witspect to
. . . . the insect's body.
from above with overhanging long hairs. Its maximadth

in the first one third is 420m. The carina of the scutum is Experiments on Acoustic ldentification
narrowed in the caudal direction to 14fi. The height of of the Mechanism of Acoustic Emission
cones is 12um near the posterior margin of the area, and up After the removal of the coupling areas from forings

to 40 um near the anterior margin. In this direction, the (Az)the moths in tethered flight emit no high-ampléwalicks,

ENTOMOLOGICAL REVIEW Vol. 80 No.9 2000
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whereas the flight noises either remain at the séavel relative to the thorax, allowing a mechanical cohtaf the
(Fig. 3c) or increase somewhat (by 1-2 dB). Incatepl areasAz and <. To check this condition, we photographed
removal or partial damage of wing parts bearingdtgpling the moths using a flash lamp synchronized withrtlogin
areas did not result in the loss of the acoustiégsgion clicks. It was found that the position of moth wéngt the
capability. Moreover, after such an operation, @ngplitude moments of generation allows emission of clicks rupo
of the recorded signals occasionally increased mBGon uncoupling of the coupling areas.

the average, compared with the former value, amtksl

started to accompany every wing-beat of an inséct. Search for Other Mechanisms of Click Generation
repeated operation for complete removal of the iafized
wing areas resulted in the loss of ability to gateeultrasonic
signals with amplitude higher than 66 dB SPL.

Among the numerous sclerites forming the exoskalefo
a moth, the closest attention was given to the pigtternum
(Eps) as a potential place of click generation. Microbals
The coupling is possible in the case of incomplefge present on the surface of this sclerite in sonoths
overlapping of the coupling areas, and even updigle pelonging to Arctiidae, the family being taxononiigalose
contact of the wing edge with the area on scutuime Ty Noctuidae. Moths can emit clicks, using thesecstires

acoustic impulses appearing upon artificial uncmgpdf the (Bjestet al.,1963; Fullard and Heller, 1990).
areas, varied in shape similarly to the naturaluisgs. The

signals closely similar to the natural ones wereorged
repeatedly (Fig. 1f). The illustrations in Fy.are constructed
by superposition of the spectra of impulses emittganoths
in flight (Fig. 2a) and artificial clicks (Fig. 2bYhe averaged
spectral characteristics plotted in Rigby white lines against
the backgrounds of the spectra illustrate the anityl of the
frequency parameters of the natural and artifgigihal. Thus,
an acoustic impulse similar to the natural sigmalspectral ~ Mechanical vibrations of the surface of the hindaco
characteristics can appear at the moment of uncauplf (Fig. 9,Cxs) can cause the generation of clicks very similar
the body and wing. in physical parameters to the natural signals. €iocally,

The generation of click at the moment of uncouplirig the clicks appeared twice during the stimulatiomrley on

the wing and body is possible at a certaientationof wings ~ Pressing on the cuticle and upon unloading. However
measurements of the directional characteristich@facoustic

emission appearing upon deformation of this saerit
demonstrated that the axis of the maximum is ognt
downwards, at an angle of about 30° to the horaqgpiane,
rather than in the dorsal direction typical of thatural
emission of noctuids (Kay, 1969).

The metepisternal cuticle of moths (Fig.Eps) is very
tough. With gradually increasing mechanical loadwith a
vibrator pin, the sclerite surface yielded with &clkc
However, the form of click and its spectrum did nohform
to the parameters of the own signals of noctuidgheé first
place because of the excessive level of spectrapooents
at frequencies higher than 80 kHz.

A slight pressing to some points of the metameFaig. (9,
Mers) also resulted in a spasmodic deflection of itdcteit
accompanied by a click. Generally, the spectra hafse
clicks had a peak strongly shifted to the low-frexey part
of the range (30-40 kHz) as compared with the nbemands
of noctuids (50-60 kHz).

We also examined the possibility of click genenatloy
any structures on the wing surface, e.g., by bistab

membranes. A mechanism based on this principlebkas

Fig. 8. Photograph ofAmphipyra perfluaat the moment of click 4escribed for the butterflypachis iolL.
recording, ventral view.
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Fig. 9. Photograph oAmphipyra perfluajateral view. Asterisks and arrow point to zonéshe thorax, where mechanical deformation
was accompanied by emission of ultrasonic impulBess, metepisternumCxs, hind coxa; arrow, direction of the force deformithe
metameronNlers). Scale bar 2 mm.

(Nymphalidae) (Mshl and Miller, 1976). However, no conformity to the parameters of the acoustic emisdy
functionally similar structures were found in nadtmoths.  noctuids. Other possible mechanisms of generatiod a
emission considered in our study do not fit in on@nother
parameter the system of the acoustic emission ctaaistics
of noctuid moths.

In conclusion, it should be mentioned that the uption
of wing integrity, e.g., partial fracture of veirg minor
ruptures of membranes can cause formation of zafies
acoustic impulse generation. The sounds generatehese As the most strained parts of the coupling areathef
zones mainly coincide with a certain phase of thpping fore wing (Az) and metascutun{Sz) are uncoupling, the
motion and exhibit spectral characteristics vemilsir to  boundary of the maximum force will move in discrsteps
the natural ones. On the one hand, the last cinamos over the surface of the interaction zone. As thletplace,
suggests that it is the wings that emits clicks defines the cascade repeat of the coupling-uncoupling eyite
their spectral features. On the other hand, thestacis possible at intervals several times as long asattwustic
markedly complicate the acoustic identificatiortled signal impulse duration. This creates the conditions fbe t
generator in moths. generation of time-separated paired clicks, as irmity

described by Kay (1969).

DISCUSSION The high variability of the physical parameters thé
By convention, the acoustic emission of a click iemitted impulses is a characteristic feature ofedh@ssion
divisible into two main stages: excitation of a ration in noctuids. Signals with complicated and changeabl
impulse (generation) and its transformation intourgb spectrum are most likely to be formed by the pratiareas
signal (emission). The processes associated watethtages of the fore wings with a complicated pattern of paniments
may be spatially separated and occur on differéwysigal (membranes), each potentially capable of resonatihg
structures. several frequencies (modes). The mechanical imppigearing

As the results of our study testify, the charastas of at the moment of uncoupling can serve as an eimitat
source for these structures.

clicks appearing at the moment of uncoupling of the
corresponding areas of the wing and body ("germrat- The fore-wing length of a moth (20-30 mm) is selera
coupling areas, "emission"—wings) show the closest times the wave-length of the significant compo-
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nents of the signal spectrum, (e.g., 8.5 mm fokHMg). At The possibility of occurrence of such regimes sstg¢he
such linear dimensions one would expect narrowihthe presence of a system of two-level control overahgssion
directional diagram of emission and appearancelditianal rhythm in the CNS.

directional lobes. A decrease in the average repetition frequencyhef t
These effects must become more pronounced wRFPbing clicks impairs the echolocator efficiencgnd
decreasing Wa\/e-|ength_ If the emitting surfacehaf fore- therefore, the effect of exact division must haveeatain
wing oscillated along the normal to its plane, fencipal biological sense. It is well known that the strostge
axis of the direction characteristic of emissionuWobe behavioral responses in bats have been recorded on
oriented perpendicular to the plane of the emissione. Presenting the bait insects with wing-beat perioki40-60 §'
However, the major lobes of the emission diagrarh v (Schnitzleret al., 1983). Another observation testifies that
oriented at different angles to the wing surfaceliferent small moths run the risk of bat attack to a greabetent
frequencies because of the finite speed of theatitior wave (Fullard, 1977). In turn, the noctuids of lesseesilap more
propagation along the wing. Inasmuch as the positb frequently on the average. Infrequent but rhythaficks can
moth wings varies from time to time at the momeots give to a bat an impression of the presence inathef a
emission, some spectral components at a point atenstic large and, thus, a strong insect, which is whysitquite
impulse recording will be intensified or, conveysesharpy Probable that the low frequency of the probingidicate in
suppressed in comparison with the mean level, dépgron noctuids (multiple division of the wing-beat frequg) is a
the instantaneous orientation of the directionadgchm direct consequence of the predatory pressure of bat
relative to the microphone. The fallout or increa$eertain
peaks in the spectra of clicks are attributable thas
mentioned effect (Fig. 1a-1c). The gradual changehie
amplitude of the recorded signals (Figs. 3a, 3kjrseto be
associated with a shift of the time of acoustic ufsp gen-
eration with respect to the flapping cycle, witle tiesult that
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