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The noctuid moths Agrotis segetum and Noctua pronuba
show peak auditory sensitivity between 15 and 25 kHz, and
a maximum sensitivity of 35 dB SPL. A. segetum shows a
temporal integration time of 69 ms. It is predicted that bats
using high-frequency and short-duration calls will be
acoustically less apparent to these moths. Short-duration
frequency-modulated (FM) calls of Plecotus auritus are not
significantly less acoustically apparent than those of other
FM bats with slightly longer call durations, based on their
combined frequency and temporal structure alone. Long-
duration, high-frequency, constant-frequency (CF) calls of
Rhinolophus hipposideros at 113 kHz are significantly less
apparent than those of the FM bats tested. The predicted

low call apparency of the 83 kHz CF calls of R.
ferrumequinum appears to be counteracted by their long
duration. It is proposed that two separate mechanisms are
exploited by bats to reduce their call apparency, low
intensity in FM bats and high frequency in CF bats. Within
the FM bats tested, shorter-duration calls do not
significantly reduce the apparency of the call at the
peripheral level, though they may limit the amount of
information available to the central nervous system.

Key words: noctuid moths, audition, call apparency, bats, auditory
sensitivity, Agrotis segetum, Noctua pronuba, echolocation, sonar.

Summary
Moths from the families Noctuidae, Notodontidae,
Geometridae, Pyralidae and some Sphingidae have auditory
systems sensitive to ultrasound (Roeder et al. 1968; Roeder,
1974; Spangler and Takessian, 1983; Surlykke, 1984). It is
proposed that these auditory systems have evolved in relation
to predation by echolocating bats which forage using ultrasonic
sonar (Roeder, 1967a; Miller, 1984; Fullard, 1987; Surlykke,
1988). Stimulation of the auditory system triggers a variety of
escape responses from negative phonotaxis at low sound
intensities (Roeder, 1967b) to complex loops, spirals and dives
at high sound intensities (Roeder, 1962, 1975). The auditory
system is simple, consisting of only two cells per ear in the
Noctuidae, the A1 cell and the less-sensitive A2 cell. The
characteristics of the peripheral system appear to be matched
to the call characteristics of the sympatric bat community
(Fullard, 1984, 1987, 1988; Surlykke, 1988). It has been
proposed that bats using calls mismatched to the moths’
auditory system could gain a foraging advantage (Fenton and
Fullard, 1979, 1981; Fenton, 1980). The ultimate currency by
which the acoustic apparency of the call can be measured is
the distance from the moth at which the bat is initially detected.
A number of studies have used echolocating bats in free flight
as stimuli to tympanic preparations to determine the distance
at which the A1 cell detects the bat (Roeder, 1966; Fenton and
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Fullard, 1979; Faure et al. 1990, 1993). While this reveals the
overall apparency of the call, it does not reveal the mechanism
by which this level of apparency is produced; the frequency
structure, the temporal structure, the emitted intensity, or a
combination of these factors. It is necessary to eliminate the
factor of emitted intensity to separate the mechanisms
governing call apparency into those dependent on time and
frequency structure and those dependent on emitted intensity
and foraging strategy. Even once this is done, the way in which
apparency is defined can depend on how the signal level
necessary to stimulate the auditory system is measured and
how this interacts with the physiology of the auditory system
itself. This study generates hypotheses as to the types of call
structure which would render the bat acoustically less
conspicuous to the moth. We test the hypothesis that bats
which have diets containing a high proportion of Lepidoptera
have search-phase calls that have frequency and temporal
structures which are relatively inaudible to moths. We then
assess the contribution of call intensity to the overall level of
apparency and examine how call apparency can be reduced.

Materials and methods
Two European noctuid moths were selected for the

experiments. Agrotis segetum (Denis & Schiffermuller) was
S2 9JT, UK.
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Fig. 1. (A) A1 cell spike train in response to a 10 ms 50 kHz pulse at
70 dB SPL. (B) A1 cell spike train and A2 cell action potential
(marked with an asterisk) using the same stimulus at 75 dB SPL.
(C) Superimposed A1 and A2 action potentials with the same stimulus
at 80 dB SPL. At this stimulus level, it is not possible to differentiate
separate A1 and A2 cell action potentials since they coincide.
supplied from an existing culture and Noctua pronuba
(Linnaeus) was captured from the wild using a mercury vapour
light trap. All experiments were performed in a
4 m34 m32.6 m room lined with 1 cm thick foam. Tympanic
preparations were made, derived from the methods of Roeder
(1966) and Agee (1967). Briefly, the moth was decapitated and
the legs removed. The thorax and abdomen were fastened dorsal
side up in a shaped polystyrene block with the wings clamped
spread open. A groove in the block allowed sound to reach the
tympanic organ situated at the base of the hindwing. The notum
was brushed free of scales and a circular incision made around
it. On removal of the notum, the mesophragma was gripped
with a pair of forceps and pulled free, the longitudinal flight
muscles being severed at the anterior end. The resulting cavity
was flooded with saline (Fielden, 1960). A bipolar silver hook
electrode was scanned over the surface of the exposed
dorsoventral muscle until the tympanic nerve IIIN1 was
encountered, characterised by the regular firings of the non-
auditory B cell. The nerve was then hooked over the tip of the
electrode. Output was preamplified (CEP 8120) and bandpassed
between 50 Hz and 10 kHz with a gain of 10003. Output was
passed to an audio amplifier and Tektronix 5113 dual-beam
storage oscilloscope. Recordings were made with the nerve still
attached to the metathoracic ganglion. The nerve was left in the
saline solution except when threshold determinations were
made, when it was pulled gently out of the solution. Between
these determinations, it was returned to the saline bath. The
movement of the nerve in and out of the saline was not
sufficient to increase the discharge rate of the B cell, which
appears to encode stress in the tympanal region. Once
established, preparations remained stable for between 2 and 6 h,
with no sign of lowered auditory sensitivity. All experiments
were completed within 1 h of establishing the preparation.

Ultrasonic stimuli were generated by a custom-made sine-
wave generator and pulse shaper, amplified and broadcast
through an Ultra Sound Advice amplifier and matched
capacitance loudspeaker (frequency response ±4dB 10–120kHz,
total harmonic distortion <1%). Where required, oscilloscope
voltages were converted to sound pressure levels immediately
after the experiments by a Brüel and Kjær 2204 sound pressure
meter equipped with a 6.35mm type 4135 microphone (grid off)
with a frequency response of ±2dB 0.01–120kHz. In order to
take account of the local sound field at the preparation, the moth
was removed and the microphone placed in the slot in the
polystyrene block at the position of the moth’s ear.

Frequency sensitivity

Audiograms were constructed by playing sine-wave carrier
pulses of 10 ms duration and 1.5 ms rise/fall time at the
preparation. Pulses were manually triggered at a rate of between
0.2 and 1 Hz. The threshold criterion was 1–2 action potentials
in four out of five stimulus presentations, the threshold being
measured as a speaker voltage. The carrier frequency of the
pulse was incrementally increased in 5 kHz stages over the
range 10–115 kHz. At the completion of the first data set, the
threshold values were remeasured at 20 kHz intervals and any
preparation which deviated by more than 2 dB was discarded.
Repeated measurements were usually within 1 dB. The
sensitivity of the A2 cell was measured in the same way. At
threshold values of the A2 cell, A2 cell action potentials could
be differentiated within the A1 cell spike trains by their short
interspike intervals, which were too short to be consecutive A1
cell action potentials (Fig. 1). Owing to fatty deposits around
the tympanic nerve of N. pronuba resulting in a poor signal-to-
noise ratio, only representative measurements of A2 threshold
values were established as A2 cell spikes could not be reliably
differentiated from A1 cell spikes over the full frequency range.

Integration time

Constant-frequency pulses with the carrier frequency set to
50kHz were generated and broadcast at preparations of A.
segetum. Pulse duration was varied between 1.5ms and 1000ms
with the rise/fall time set to 10% of the plateau duration. This
constant proportion of ramp time ensures that a constant
percentage of the energy transmitted in the pulse is within the
ramp (Faure et al. 1993). Threshold values were obtained as 1–2
action potentials in four out of five stimulus presentations. For
stimuli over 250ms long, spontaneously generated action
potentials occurring at rates of approximately 7Hz made
threshold determination difficult. In these instances, the first
detectable rise in action potential number was taken as threshold.
Stimuli were presented in halved durations from 1000ms to
1.5ms, and then in reverse. The means of the two threshold
values at each stimulus duration were used and usually fell within
2dB of each other. For all stimulus durations, peak pressure from
the speakers was found to be proportional to speaker voltage.
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Bat echolocation call playbacks

Search-phase calls from the bats Pipistrellus pipistrellus,
Myotis brandtii, M. nattereri, Plecotus auritus, Rhinolophus
hipposideros and R. ferrumequinum were used to broadcast at
tympanic preparations of A. segetum and N. pronuba. Bats were
recorded flying in a 4 m34 m32.6 m room lined with sound-
attenuating foam using a Brüel and Kjær type 4135 microphone
(grid off) attached to a 2204 sound pressure meter recording
onto a Racal Store 4DS recorder at 76 cm s21 onto a DR channel
(total system linear ±3 dB 200 Hz to 120 kHz). The trajectory
of the bats flying towards the microphone was recorded using
multiflash stereophotogrammetry, and sequences of calls were
selected only if the bat was flying directly towards the
microphone (Waters and Jones, 1995). These calls were
characterised by high bandwidth and good signal-to-noise ratio
(>40 dB). These calls were sampled from the tape by an Ultra
Sound Advice S-350 memory bat recorder at a sampling rate of
400 kHz and played into a Kay DSP 5500 Sonagraph at 103
time expansion. Calls from R. ferrumequinum were recorded
from the wild in a stone mine using an Ultra Sound Advice S-
25 bat detector, sampled by the S-350 memory bat recorder and
downloaded at 103 time expansion onto metal tape using a
Sony WM-DC6 Professional Walkman. Single calls were
edited and compiled with 11 s of silence on either side to create
a 22 s sequence. This was downloaded onto a Sony TCD-D3
digital audio tape (DAT) recorder. Three calls from one
individual of each of the six species were selected and spaced
evenly throughout the tape. An identical sequence was created
using a different individual bat from each species to control for
intraspecific differences in call structure between bats. To
broadcast call sequences, they were replayed into the S-350 at
a sampling rate of 40 kHz and recompressed back to real time.
The signals were high-pass-filtered at 18 kHz prior to the input
to the Ultra Sound Advice amplifier. This process did not
significantly affect the structure of any of the calls (Waters and
Jones, 1995). While call structures obtained in the laboratory
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Fig. 2. Audiograms for (A) A. segetum
(N=9) and (B) N. pronuba (N=8). Data
are means ± S.D. A2 cell values for N.
pronuba are derived from 28 paired A1
and A2 thresholds from the eight
individuals.
may not mimic those from free-flying bats in the field, the calls
we recorded were similar to search-phase calls obtained from
the same species in the wild (Ahlén, 1981; Jones and Rayner,
1989), and laboratory recordings under controlled conditions
probably better represent the actual call structure than do calls
collected in the field using non-linear apparatus at unknown
distances or angles to the emitted call (Pye, 1993).

Each call was replayed individually at a rate of 0.5 Hz to the
preparations. Threshold was taken as 1–2 A1 action potentials
in four out of five presentations, peak-to-peak speaker voltage
levels being converted to absolute dB peSPL (peak-equivalent
SPL, after Stapells et al. 1982) after the experiment. The root
mean square (rms) pressure levels over the duration of the call
were calculated following the method of Waters and Jones
(1995) and Prestwich et al. (1989) using the analogue impulse
response of a sound pressure meter and compensating for the
call duration. The rms value provides a measure of the mean
sound pressure level over the duration of the call and is a more
accurate representation of the energy content of the call and of
the mean rate of transmitted energy, since it makes no
assumptions about the shape of the pressure–amplitude
envelope. Both sets of recordings (i.e. each set of six species)
were replayed to individuals of A. segetum; however, owing to
seasonal availability of N. pronuba, only the first set was used
for this species. Three types of control sounds were used
randomly interspersed within the stimulus set to test for
apparatus or tape noise triggering the A1 cell. These consisted
of a 5 ms and 50 ms sequence of tape noise from the Racal and
a 50 ms sequence of tape noise from the Sony Walkman.
Thresholds to these noises were determined as above.

Results
Frequency sensitivity

Both species of moth show a marked sensitivity to lower-
frequency ultrasound, and mean audiograms of both species
are presented in Fig. 2. The best frequency for the A1 cell in
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Fig. 3. Reduction in preparation sensitivity with reduced stimulus
duration (N=6). The model (dotted line) is plotted with a value for
the integrating time constant t of 69 ms (see text). Data are means ±
S.D.
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Fig. 4. Representative sonograms and waveforms of bat calls used
during playback experiments. P.p, P. pipistrellus; M.b, M. brandtii;
M.n, M. nattereri; P.a, P. auritus; R.h, R. hipposideros; R.f, R.
ferrumequinum.
A. segetum is 25 kHz at 40±7.0 dB SPL and 15 kHz at
35.4±5.7 dB SPL in N. pronuba. In A. segetum, the difference
in sensitivity between the A1 and A2 cells is 21.8±18.9 dB, and
in N. pronuba it is 22.1±14.0 dB (28 determinations of paired
A1 and A2 sensitivities from eight individuals).

Integration time

The sensitivity of preparations of A. segetum to a stimulus
as the stimulus is reduced in duration is shown in Fig. 3.
Sensitivity is reduced as the stimulus duration falls below
approximately 500 ms, i.e. the stimulus must be increased in
amplitude as it decreases in duration to maintain the same
threshold level. A model is fitted to the data as proposed by
Plomp and Bouman (1959) defined as:

S = 1 2 e2t/t ,

where S is the sensitivity (dB), t is the stimulus duration (ms)
and t is an integrating time constant.

The line was fitted manually to the data and t (ms) was
altered to minimise the overall mean square value. The best
estimate for t was 69 ms. The linear part of the line followed
a slope of 2.5 dB loss in sensitivity per halved stimulus
duration.
Table 1. Characteristics of the bat ca

Maximum
frequency 

Call type (kHz)

P. pipistrellus FM 129±4.5
M. brandtii FM 126±2.5
M. nattereri FM 132±3.4
P. auritus FM 84±2.4
R. hipposideros CF 113±2.5
R. ferrumequinum CF 86±1.5

Data are means ± S.D., N=6.
FM, frequency-modulated; CF, constant-frequency.
Response to echolocation call playbacks

Structures and sonograms of the rebroadcast calls are given
in Table 1 and Fig. 4 as recorded at the preparation by a Brüel
and Kjær microphone type 4135 (grid off) attached to a 2204
sound pressure meter and recording onto a Racal Store 4DS
recorder at 76 cm s21. The calls of P. pipistrellus, M. brandtii,
M. nattereri and P. auritus are frequency-modulated (FM)
calls. The calls of R. hipposideros and R. ferrumequinum are
constant-frequency (CF) calls with initial and terminal FM
sweeps. The structures of the rebroadcast calls are similar to
those exhibited by these species in the wild (Ahlén, 1981;
Jones and Rayner, 1989).

Threshold values of each call are presented for both sets in
Fig. 5. Threshold levels in response to the control noises were
at 45.1±2.22 dB peSPL, less than 20 dB below the maximum
threshold value to any call. Since the measured signal-to-noise
lls used in the playback experiments

Minimum Peak
frequency frequency Duration 

(kHz) (kHz) (ms)

43±1.4 49±1.9 3.1±0.48
33±2.1 50±5.1 2.8±0.58
24±1.3 73±19.4 2.8±0.36
26±2.2 49±12.1 2.1±0.35
84±2.7 110±1.2 50.5±1.61
64±3.4 83±0.3 51.5±4.77



851Auditory responses of moths to bat echolocation calls
ratios of the call sequences were greater than 40 dB, noise
levels would have to have been over 20 dB greater to interfere
with the response to broadcast calls. A three-factor analysis of
variance (ANOVA) was performed on each data set with the
three calls of each bat nested within that of the individual bat.
The model was run on SPSS using the error term of the
moth3bat species interaction as the denominator in the F tests.
Prior to analysis, data on threshold levels were tested for
normality (Shapiro–Wilks test) and heterogeneity of variances
(Fmax test) to satisfy the underlying assumptions of ANOVA
(Zar, 1984). A posteriori multiple comparisons are based on
the SPSS Contrasts test allowing the pairwise comparisons of
‘bat species’ as a factor. The significance level was adjusted
for multiple comparisons following the Bonnferoni method
(Altman, 1991). Results from pairwise comparisons are
presented in Table 2.
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Fig. 5. Threshold values of broadcast calls. Presentation set 1
broadcast to A. segetum and N. pronuba, set 2 broadcast to A.
segetum only. Set 1 and set 2 differ only in that the calls were
recorded from different individuals bats. Within each set and
species, results from three individual calls are presented. Both
measures, dB peSPL and dB rms, are presented, data are
means + S.D., N=6. (A,B) Set 1 to A. segetum. (C,D) Set 1 to
N. pronuba. (E,F) Set 2 to A. segetum. P.p, P. pipistrellus;
M.b, M. brandtii; M.n, M. nattereri; P.a, P. auritus; R.h, R.
hipposideros; R.f, R. ferrumequinum.
For the threshold values using the dB peSPL values, the calls
of R. hipposideros in presentation set 1 are significantly
acoustically less apparent to A. segetum and N. pronuba than
those of all other species with the exception of M. nattereri
(Table 2A,B). This pattern is repeated in set 2, with the
exception that only the calls of R. hipposideros are
significantly acoustically less apparent than those of all other
bat species (Table 2C). The calls of R. ferrumequinum are
more acoustically apparent than all other calls for N. pronuba
in presentation set 1 and for A. segetum in presentation set 2.
The data are clearer for the measurements using rms pressure
values. In both sets, the calls of R. hipposideros are
significantly less acoustically apparent than the calls of all
other bats. In set 1, the calls of M. nattereri are also less
acoustically apparent than the calls of P. pipistrellus, M.
brandtii and P. auritus (and R. ferrumequinum for N. pronuba).
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Table 2. Contrast pairwise comparisons for the factor ‘bat’ in the playback presentations of the echolocation calls

M. brandtii M. nattereri P. auritus R. hipposideros R. ferrumequinum

A P. pipistrellus NS P<0.001 NS P<0.001 NS
NS P<0.001 NS P<0.001 NS

M. brandtii NS NS P<0.001 NS
P<0.0033 NS P<0.001 NS

M. nattereri NS NS p<0.001
P<0.0033 P<0.001 NS

P. auritus P<0.001 NS
P<0.001 NS

R. hipposideros P<0.001
P<0.001

B P. pipistrellus NS P<0.001 NS P<0.001 P<0.001
NS P<0.001 NS P<0.001 NS

M. brandtii NS NS P<0.001 P<0.001
P<0.001 NS P<0.001 NS

M. nattereri P<0.001 NS P<0.001
P<0.001 P<0.001 P<0.001

P. auritus P<0.001 P<0.001
P<0.001 NS

R. hipposideros P<0.001
P<0.001

C P. pipistrellus NS NS NS P<0.001 P<0.001
NS NS NS P<0.001 NS

M. brandtii NS NS P<0.001 P<0.001
NS NS P<0.001 NS

M. nattereri P<0.001 P<0.001 P<0.001
P<0.001 P<0.001 NS

P. auritus P<0.001 P<0.001
P<0.001 NS

R. hipposideros P<0.001
P<0.001

In each cell of the table, the top value corresponds to the dB peSPL measure and the bottom one corresponds to the rms measure.
A, call set 1 presented to A. segetum; B, call set 1 presented to N. pronuba; C, call set 2 presented to A. segetum.
NS, not significant.
This pattern is not repeated for the M. nattereri calls in set 2,
which are no less acoustically apparent than the calls of the
other FM bats and R. ferrumequinum.

Discussion
The frequency sensitivity exhibited by A. segetum at a best

frequency of 25 kHz is broadly consistent with that found in
other species of noctuids, which are generally between 20 and
40 kHz (Fenton and Fullard, 1979; Fullard and Barclay, 1980;
Fullard and Thomas, 1981; Surlykke and Miller, 1982; Fullard
et al. 1983; Surlykke, 1986; Faure et al. 1990, 1993). The
15 kHz best frequency exhibited by N. pronuba is, however,
lower than any previously encountered with the exception of
those of female gypsy moths Lymantria dispar (Cardone and
Fullard, 1988) and the Hawaiian noctuid moth Elydna
nonagrica (Fullard, 1984). The low-frequency sensitivity of
the former is argued to be due to the flightless females having
ears in a state of evolutionary degradation. The sensitivity of
the latter appears to be adapted to the low-frequency social
calls of the only bat species present on the island of Hawaii.
Individuals of N. pronuba are large moths with typical
wingspans of 50–60 mm and are probably only taken by larger
bats. In the United Kingdom, species which are known to take
N. pronuba include P. auritus (Robinson, 1990) and R.
ferrumequinum (Jones, 1990). Neither of these bats uses calls
as low as 15 kHz, so low-frequency sensitivity would be of
little benefit in detecting these bats. Two species of bats with
low-frequency calls occurring in the United Kingdom are
Nyctalus noctula, with a call frequency in the range 16–22 kHz
(Ahlén, 1981), and N. leisleri, with calls with peak energy
between 24 and 28 kHz (Waters et al.1995). It is possible that
this low-frequency sensitivity may have evolved specifically in
response to calls from these large species of bat.



853Auditory responses of moths to bat echolocation calls

8

6

7

0

1

2

3

4

5

9
C

al
cu

la
te

d 
de

te
ct

io
n 

di
st

an
ce

 (
m

)

P.p M.b M.n P.a R.h R.f
Species

A2 cell A1 cell

Fig. 6. Calculated distances at which the A1 and A2 cells of A.
segetum are predicted to detect the search-phase echolocation calls of
the bats tested. Call intensity data are from Waters and Jones (1995)
and excess atmospheric data are from Bazley (1976). P.p, P.
pipistrellus; M.b, M. brandtii; M.n, M. nattereri; P.a, P. auritus; R.h,
R. hipposideros; R.f, R. ferrumequinum.
Schiolten et al. (1981) have measured the resonant
frequency of the tympanum of A. segetum to be 25±5 kHz, in
good agreement with the best frequency of 25 kHz from this
study. Surlykke and Miller (1982) have also produced an
audiogram for A. segetum showing a best frequency of 30 kHz
at 51 dB SPL, some 11 dB less sensitive than that measured in
this study. The difference may have arisen as a result of the
different stimulus protocol used (5 ms pulses delivered at
10 Hz, as opposed to 10 ms pulses delivered at >1 Hz, this
study) or of time spent in culture, as this is known to affect
audiogram variability (Cardone and Fullard, 1988) and
auditory interneurone morphology (Pallas and Hoy, 1986).

The data on frequency sensitivity support the hypothesis that
bats using echolocation calls with a high peak frequency
should be less acoustically apparent than calls with a low peak
frequency.

A reduction in the stimulus duration results in a reduced
sensitivity of the tympanic preparation. This reduction closely
fits the function proposed by Plomp and Bouman (1959),
which has been fitted to data from a variety of vertebrates
(Dooling 1980). In the parakeet Melopsittacus undulatus, the
value of the integrating time constant is approximately 200 ms
(Dooling, 1980) and this value appears to be universally
accepted for vertebrates (Green, 1985). The flat part of the
curve in Fig. 3 represents the region where only the amplitude
of the stimulus has an effect on the auditory threshold. Below
this, the function is dependent on the integral of stimulus power
over stimulus duration (Adams, 1971). This predicts a line of
constant energy of a 3 dB increase in stimulus amplitude with
halved duration. This is close to the 2.5 dB found in the present
study and correlates with the 2.5 dB determined for A. segetum
by Surlykke et al. (1988), though the integrating time constant
of 25 ms from that study is considerably less than that of 69 ms
reported here. The discrepancy between the measured
integration times may have arisen from the different rise/fall
times used by Surlykke et al. (1988) of 0.05 ms and the
constant 10 % of plateau duration used in this study. The
problem with using a constant-duration short time course
rise/fall time is that of sidebands which produce frequencies
outside that of the carrier (Pye, 1983). These sidebands may
stimulate a more sensitive area of the frequency response
outside that of the carrier and so produce an erroneous
threshold value. The use of slower rise/fall times means that
sidebands are reduced, but that stimulus duration is less well
defined. Since we have plotted plateau duration against
threshold SPL, and used a longer rise/fall time to minimise
sidebands, more energy is contained within the pulse than is
represented by the duration, and this may lead to a different
(and higher) integrating time constant from that obtained by
Surlykke et al. (1988). The value of 69 ms for the integrating
time constant is at odds with the requirements of the moth to
detect most FM bats. Many species of bats using FM calls have
call durations shorter than 10 ms (data from Obrist et al. 1993).
A reduction in integrating time constant would allow detection
of FM bats at greater range without affecting the ability to
detect the generally long-duration calls of CF bats. This level
of time integration may be physiologically limiting in that a
finite amount of energy may be required to stimulate firing of
the A1 cell within the sensillum attached to the tympanic
membrane. It may also be that this time constant allows the
filtering out of transient noise events caused by the flexion of
the tympanal frame during flight or of the noises produced
from the wing-beat cycle, which can raise the A1 cell discharge
rate (Waters and Jones, 1994). The overall effect of this value
of the integrating time constant is to render short-duration calls
acoustically less apparent than long-duration calls of the same
amplitude (Surlykke et al. 1988). It is predicted that bats using
short-duration FM calls are acoustically less apparent than
those using long-duration CF calls to these moths and that,
within FM bats, shorter-duration FM calls also confer an
advantage.

P. auritus, R. hipposideros and R. ferrumequinum have diets
which contain a high proportion of Lepidoptera, including
noctuid moths (Swift and Racey, 1983; McAney and Fairley,
1989; Jones, 1990). M. nattereri and P. pipistrellus have diets
which contain only a small proportion of moths (Shiel et al.
1990; Swift et al. 1985). Only the calls of R. hipposideros can
be considered to be less acoustically apparent on the basis of
the combined effects of the frequency and temporal structure.
The high-frequency calls of this species at approximately
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113 kHz probably render the bat less acoustically conspicuous
to the moths since both A. segetum and N. pronuba have
sensitivities at this frequency 32 dB below that at their most
sensitive frequency.

The calls of R. ferrumequinum and P. auritus would be
predicted to be acoustically less apparent since these species
prey heavily on moths; however, this is not the case
considering the combined frequency and temporal data alone.
It appears that any advantage of using high-frequency CF calls
at 83 kHz in R. ferrumequinum is counteracted by the
disadvantage of the longer duration of 50 ms. In addition, the
calls of R. ferrumequinum are moderately intense at
approximately 110 dB peSPL at 10 cm (Schnitzler, 1968;
Schnitzler and Grinnell, 1977; Konstantinov et al. 1973). The
calls of P. auritus are, however, of comparatively low
intensity, between 87 and 95 dB peSPL at 10 cm, compared
with the calls of the other FM bats tested, which are generally
103–109 dB peSPL at 10 cm (Waters and Jones, 1995). The
lower intensity of the search-phase calls of P. auritus probably
allows the bat to approach more closely to a noctuid moth
before being initially detected, despite the actual call structure
being no less acoustically apparent than those of the other FM
bats tested (using the threshold criteria we have defined). The
net effect of reduced call intensity would thus confer a foraging
advantage during aerial hawking. The benefit of low-intensity
calls to avoid detection by the moths when this species is
gleaning is less easy to predict since tympanate moths exhibit
reduced auditory sensitivity at rest when the folded wings
cover the tympanic recess (Faure et al. 1993). When gleaning,
P. auritus also often ceases echolocation prior to prey capture
and occasionally does so during aerial attacks (Anderson and
Racey, 1991). While ceasing echolocation prior to prey capture
may prevent the initiation of a last-minute escape response, the
low search-phase echolocation call intensity of this species will
avoid alerting the moth while the bat is too far from the prey
to detect it by passive sounds.

We can estimate the distances at which the A1 and A2 cells
would detect the search-phase echolocation calls of the bats
tested since the threshold values of the calls are known (this
study) and the echolocation call intensities are also available
(Waters and Jones, 1995). Using typical excess atmospheric
data for the field in the United Kingdom of 12 °C and 80 %
relative humidity (Bazley, 1976) and applying it to the peak
frequency of the calls recorded, the distance at which the
arbitrary threshold we have defined for the A1 cell is elicited
can be calculated (the threshold for the A2 cell to the calls is
assumed to be 22 dB above that of the A1 cell). These data are
presented in Fig. 6. As can be seen, the calls of R. hipposideros
and P. auritus would allow these species to approach more
closely to A. segetum before being detected. For R.
hipposideros, this is a consequence of the high frequency of
the call at 113 kHz being outside the moths’ zone of best
hearing, and also the high excess attenuation at this frequency
(approximately 3.5 dB m21), lowering the received intensity at
the moth. These factors combine to reduce the overall
apparency. For P. auritus, the actual call structure is no more
or less apparent than those of the other FM bats tested, but it
is predicted to allow the bat to approach a moth more closely
by virtue of the low emitted intensity.

The ability of R. ferrumequinum to capture noctuid moths
remains problematic, since Lepidoptera account for almost
100 % of faecal volume in early summer (Jones, 1990).
Airapet’yants and Konstantinov (1973) have reported that
individuals of this species may switch off their echolocation
in the final approach to a flying insect. This would allow the
bat to pursue its prey using passive acoustic cues, which may
explain the marked sensitivity to lower ultrasound frequencies
outside its normal echolocation frequencies (Neuweiler,
1970). This startling observation has never been repeated
however. Ceasing echolocation prior to prey capture is
documented in bats which hunt for prey on the ground or
foliage (Bell, 1982; Neuweiler, 1990), but rarely occurs
during active aerial hawking (Anderson and Racey, 1991).

This study cannot address the problems of call plasticity
dependent on foraging situation or phase of prey capture.
Gleaning bats, such as P. auritus and M. nattereri, are expected
to reduce call duration considerably prior to prey capture from
a surface (Faure et al. 1990, 1993; Faure and Barclay, 1994),
as well as reducing call intensity (Neuweiler, 1990). While this
will reduce the overall apparency of the call, it may have an
additional effect in that it is unclear which level of activity
from the A1 cell is necessary to trigger the negative
phonotactic escape mechanism, although indirect evidence
suggests it is close to the threshold level of the A1 cell (Roeder,
1967b). Since shorter-duration stimuli produce fewer A1
action potentials (Faure et al. 1993), this may reduce the
apparency of the call still further since the A1 cell response to
the call may be lost in the noise from the cell’s spontaneous
activity.

The data presented here suggest that the bats studied use two
mechanisms to reduce their call apparency. R. hipposideros
uses high-frequency calls which render them less acoustically
conspicuous to noctuid moths with their lower-frequency
biased auditory systems. In addition, the high frequency of the
CF call means that excess atmospheric attenuation reduces the
received intensity at the moth. These factors combine to render
the call less apparent, and would allow the bat to approach the
moth more closely before being detected. P. auritus uses a call
structure which, at least in the search phase, is no more or less
apparent than those of other FM bats, but which is much lower
in amplitude. The lowered amplitude would allow this species
to approach noctuid moths more closely before being detected.

The long duration of CF calls is a consequence of the need
to detect frequency and amplitude glints from flying prey
(Schnitzler et al. 1983). This increased duration, however,
imposes a cost to the bat in that these calls are also more
apparent to tympanate moths. The evolution of higher-
frequency CF calls may thus have been driven by the need to
counteract this increased apparency. A positive correlation has
been found between call frequency and the proportion of
Lepidoptera in the diet for CF bats from the families
Rhinolophidae and Hipposideridae (Jones, 1992). The option
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of raising the call frequency may not be available to FM bats
since the amount of echo energy returning to each frequency
bin in the cochlea will be severely reduced by atmospheric
attenuation. Since virtually all the energy of the call of a CF
bat returns to the same frequency bin, CF bats may be able to
exploit a greater detection range (Neuweiler, 1983). Reducing
call duration over the range 4–2 ms does not have a significant
effect on the apparency of FM calls at the peripheral level,
though the encoding of information in A cell action potentials
may be limited at very short durations. In these instances,
reducing emitted call intensity appears to be the only available
option to gain a foraging advantage over tympanate moths.
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