






(repeated-measures ANOVA: H. virescens, F3,21=143.4, P<0.001;
multiple species pooled, F3,57=134.1, P<0.001; Fig. 3). For
example, across all moths, the number of spikes per pulse within
the saturation range varied from 2 to 5 spikes per pulse for 2 ms
pulses whereas it varied from 8 to 18 spikes per pulse for 20 ms

pulses. For all eight H. virescens and 18 of the 20 other moths, the
number of A1 spikes per pulse saturated at or below the A2
threshold. In two moths (both C. habilis), however, the number of
A1 spikes per pulse continued to increase across the entire range of
amplitudes presented. The ISIs were greater for the spikes in
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Fig. 1. Neural thresholds for sounds in moths. (A) Example recording of the auditory nerve in the noctuid moth Heliothis virescens (top traces=nerve, bottom
traces=sound stimuli). A1 and A2 spikes aremarked in insets with blue and red dots, respectively. (B) Audiogram of A1 and A2 cell thresholds for the noctuid moth
H. virescens (left panel, N=18 moths) and individuals of multiple noctuid and erebid moth species (right panel, N=19 moths). See Materials and methods for
species and sample sizes. Points are means. Error bars are s.d.
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response to the first pulse (the lowest amplitude pulse) but otherwise
they did not change significantly across the saturation range
(repeated-measures ANOVA: first ISI per pulse: H. virescens,
F3,45=3.7, P=0.019; multiple species pooled, F3,57=6.3, P<0.001;
mean ISI per pulse: H. virescens, F3,45=5.0, P=0.005; multiple
species pooled, F3,57=10.4, P<0.001; Fig. 4).
The A2 cell also saturated at high amplitudes, with fewer spikes

per pulse for shorter- than longer-duration pulses, but this varied
across species (Fig. 2). For H. virescens, saturation of the A2 cell at
5 spikes per pulse was only evident for the 2 ms pulses, whereas
there was a general increase in the number of A2 spikes per pulse
with increasing amplitude for all longer-duration pulses. We might
not have provided high enough amplitudes to reach the A2
saturation range for these individuals. For the other species,
however, there is evidence that the A2 cell saturates for most
pulse durations, at about 5–6 spikes per pulse for 2 ms pulses, 7–8
spikes per pulse for 5 ms pulses and about 10 spikes per pulse for
10 ms pulses.

Influence of pulse duration on A cell thresholds
Both A1 and A2 thresholds were higher for shorter- than longer-
duration sound pulses (Fig. 5). This pattern occurs both within

species (H. virescens, repeated-measures ANOVA: A1 cell,
F3,21=54.7, P<0.001; A2 cell, F3,21=13.6, P<0.001) and when
multiple species are pooled (A1 cell, F3,57=40.7, P<0.001; A2 cell,
F3,57=36.6, P<0.001). For H. virescens, only the 2 ms pulse had a
significantly greater A1 threshold than the other duration pulses
(Tukey–Kramer HSD post hoc test, P<0.05), being 5.5 dB greater
than the mean threshold for the 5 ms pulse, whereas A2 thresholds
showed a more gradual reduction in threshold across durations
(Fig. 5, left panels). When multiple species are pooled, both the A1
and A2 thresholds were significantly higher for the shorter pulse
durations (Tukey–Kramer HSD post hoc test, P<0.05; Fig. 5, right
panels).

Pulse sequences simulating bat echolocation during search
and approach phases
For both the search-type and approach-type pulse durations and
repetition rates, the intensity–response curves of the mean number
of A1 spikes per pulse showed a regular increase with amplitude
(Fig. 6A, Table S3). However, for each individual moth, there was
usually a range of amplitudes below the A2 threshold across which
the mean number of A1 spikes per pulse remained almost constant,
showing saturation ranges similar to those seen for short-duration
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individual sound pulses (Fig. 6B). For bat-like sequences, we
considered saturation ranges to be the range of amplitudes across
which the mean number of A1 spikes per pulse did not vary by more
than 0.5. Saturation ranges for bat-like sequences ranged from 4 to
12 dB (mean: 7 dB). Interestingly, the mothC. habilis demonstrated
A1 saturation in response to these stimuli, even though the A1 cell
did not saturate in response to short-duration individual pulses
(Fig. 6B). Evidence for neural adaptation across bat-like sequences
was tested by taking the difference in the number of A1 spikes
between the first and last pulse of each sequence at a given
amplitude (e.g. the number of A1 spikes for pulse 1 minus pulse 8
for the search sequence and pulse 1 minus pulse 16 for the approach
sequence). There was evidence of neural adaptation for the
approach-like sequence at high amplitudes, but not at low
amplitudes and not for the search-phase sequence (Fig. 7). The
mean of the difference in the number of A1 spikes between the first
and last pulse increased significantly with increasing amplitude for
the approach sequence (N=10, P<0.001, R2=0.56) but not for the

search sequence (N=10, P=0.163, R2=0.07). The overall difference
between the number of spikes for the first and last pulse did not
exceed 0.5 spikes per pulse except for approach sequences greater
than 10 dB above the A1 threshold.

DISCUSSION
The first objective in this study was to replicate previous results
demonstrating differences in A1 cell activity in response to different
duration sound stimuli for a greater number of moth species. Our
results support previous studies showing that the dynamic range of
the A1 cell increases, and the A1 cell threshold decreases, with
increasing sound stimulus duration. The A1 cell usually saturated at
intensities below that of the A2 cell threshold, resulting in ranges of
sound amplitudes at which the moth ear could not encode increases
in intensity, which we refer to as the saturation range. The saturation
range was large for short-duration pulses and small for long-
duration pulses. We found these patterns to be consistent between
multiple individuals of one moth species (H. virescens) and these
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patterns were also found for individuals of 15 other noctuid and
erebid moth species, although the absolute values of the saturation
ranges differed among individuals across these species. The second
objective was to test whether the A2 cell shows similar response
properties. We found that, like the A1 cell, the dynamic range of the
A2 cell increased, and the threshold decreased, with increasing
sound stimulus duration. The third objective was to test if the
repetition rate of sound pulses, specifically those relevant to cues
produced by predatory bats, influenced these results. Although
saturation ranges were not found in response to the bat-like pulse
patterns for pooled data from multiple individuals of different
species, each individual moth showed A1 cell saturation ranges
below the A2 threshold typical of the individual pulse data.
The linear increase in number of A cell spikes with amplitude

provides moths with information about the distance of an
approaching bat but only for bat species that produced long-
duration (10–20 ms) echolocation calls. For the many bat species
that produce shorter-duration echolocation calls (2–5 ms), there is a
large range of call amplitudes that trigger the same response in the
moth ear (the saturation range), meaning that the moth is not
receiving information about the changes in distance between the bat
and the moth. However, information about distance might not be
important to moths at the distances encoded only by the A1
receptor. Most bats produce exceptionally intense echolocation
calls, in the range of 120–140 dB SPL at 10 cm (Waters and Jones,
1995; Holderied and von Helversen, 2003; Holderied et al., 2005;
Surlykke and Kalko, 2008). A few aerial-hawking bat species are

known to produce significantly lower amplitude echolocation calls,
and these bats largely escape detection by eared prey (Goerlitz et al.,
2010; Corcoran and Conner, 2017). Various studies have estimated
or measured maximum detection distance of moths for typical
aerial-hawking bats ranging from 15 to 40 m (Roeder, 1966;
Surlykke, 1988; Surlykke et al., 1999; Goerlitz et al., 2010). For the
mothH. virescens, the mean A1 threshold for a 2 ms pulse at 50 kHz
is 50 dB SPL, with the saturation range starting at approximately
6 dB above threshold. The mean saturation range is 12 dB, making
the range of sound levels across the saturation range 56–68 dB SPL.
As a rough estimate, for a bat producing echolocation calls at
120 dB SPL, the A1 receptor of H. virescens will produce three
spikes per echolocation call when the bat is between ca. 11.5 and
15 m away (calculation incorporating attenuation due to spherical
spreading and atmospheric attenuation at 20°C and 75% relative
humidity; Griffin, 1971; Møhl, 1988). These distances are greater
than the distances predicted for bats to detect the echo from the moth
(5–10 m; Surlykke, 1988; Surlykke et al., 1999; Goerlitz et al.,
2010). Therefore, moths might only need information about
direction, not distance, to fly away from bats that have not yet
detected their echo.

Noctuoid moths appear to show directional flight away from low-
amplitude ultrasound and more erratic or drastic evasive maneuvers
in response to high-amplitude ultrasound (Roeder, 1962). The body
of moths provides a sound shadow that reduces sound levels by 10–
20 dB from the ipsilateral to the contralateral ear (Payne et al., 1966;
Surlykke, 1984), allowing for information about the direction of
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sound based on differences in the number of spikes between ears
(Roeder, 1964). The directional cues provided by the sound shadow,
however, would no longer be encoded by the A1 cell at 10–20 dB
above the start of the saturation range because sound levels increase
such that the A1 cell is saturated on both sides. Based on our results,
this corresponds with the amplitude at which the A2 cell starts to fire
(ca. 20 dB above the A1 threshold). This is adaptive for two reasons.
First, close to the A2 threshold, the sound shadow might maintain
differences in amplitude between ears such that the difference in
activity of the A2 cell could be used for directional information
when the A1 cell can no longer encode this information. In support
of this idea, the last-ditch diving response of the erebid moth
Bertholdia trigona has a directional component (Corcoran and
Conner, 2012). Second, the A2 cell will provide information about
the distance of an approaching bat across its dynamic range.
In addition to the number of receptor cell spikes per stimulus, the

ISI or spike rate is known to be important for triggering behavioral
responses to sound in insects (Nabatiyan et al., 2003; Marsat and
Pollack, 2012). Bursts of spikes are thought to be more reliable
indicators of the presence of a stimulus and are more likely to trigger
the activity of the postsynaptic neuron(s) due to temporal
summation (Nabatiyan et al., 2003). In noctuoid moths, the A1
receptor cell exhibits spontaneous firing activity (Roeder, 1966;
Waters, 1996), meaning that the individual A1 spikes do not provide
information to the moth about the presence of a bat. These
spontaneous spikes, however, generally occur individually and not
in rapid succession, whereas multiple A1 spikes with short ISIs, i.e.
a burst of spikes at a high spike rate, are typical for responses

to sound (Roeder, 1966). Based on a combination of
electrophysiological and behavioral experiments, Roeder (1964)
estimated that an A1 ISI of 1.5–2.6 ms is needed to trigger evasive
flight in moths. In our recordings of multiple moth species, for 2 ms
pulses of sound, ISIs less than 2.6 ms occur at amplitudes 3.1±
1.5 dB greater than A1 threshold with an average of 2.4±0.5 A1
spikes per pulse. For 20 ms pulses of sound, ISIs less than 2.6 ms
occur at amplitudes 5.2±2.7 dB greater than A1 threshold with an
average of 7.2±1.7 A1 spikes per pulse. Therefore, there are some
subtle differences in the combination of number of A1 spikes per
pulse and ISIs that correlate with different pulse durations. Having
low ISIs in response to short-duration pulses at low amplitudes
might compensate for the production of only a few A1 spikes per
pulse.

A1 cell saturation at higher intensities appears to be the most
typical pattern for noctuid and erebid species but this is not
universal. Similar to results found by Pérez and Coro (1984), the A1
cell in two of the moths in our study did not saturate in response to
2 ms pulses but continued to produce more spikes per pulse with
increasing amplitude up to 40 dB above A1 threshold, reaching up
to 8 spikes per pulse, whereas the mean across all species was a
maximum of only 4.6±1.5 spikes per pulse. Interestingly, both these
moths were individuals of the species C. habilis, whereas
individuals of congeneric species (C. amatrix, C. cerogama and
C. relicta) showed the pattern of A1 cell saturation typical of the
other species tested. It remains unclear why the A1 cell shows
saturation at high sound levels in some moths and not in others.
Further tests across many species should be conducted to investigate
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phylogenetic patterns or possible correlations with other parameters
of A cell activity.
Our results suggest that A1 cell adaptation is negligible at

repetition rates typical of search-phase echolocation calls of bats,
even at high intensities. Adaptation, however, does result in a
decrease of the number of A1 spikes per pulse at high amplitudes for
calls produced at faster repetition rates typical of the approach
sequence of bats. Individual moths still had ranges of amplitudes

below the A2 threshold in which the number of A1 spikes per pulse
varied little (i.e. saturation ranges). Therefore, data collected using
individual pulses appear to provide valid information about the
limitations of the A1 cell to encode changes in amplitude relevant to
bat echolocation calls.

Despite decades of interest and research, the relationship between
receptor cell activity and moth behavior is still not well understood.
Many studies have reported that moths from various families have
two types of anti-bat behavior depending on sound intensity:
directional flight away from a quiet (distant) bat and more drastic
flight maneuvers in response to a loud (close) bat (Roeder, 1962,
1964; Agee, 1967, 1969; Surlykke, 1984; Rydell et al., 1997;
Svensson et al., 1999). Likewise, range fractionation by the two
receptor cells in the moth ear, with A1 encoding low-amplitude
sound and A2 encoding high-amplitude sounds, has also been well
documented (Roeder, 1964; Fullard, 1998). Therefore, Roeder
(1974b) suggested that the A1 cell might primarily function to
trigger directional flight away from an approaching bat and the A2
cell might trigger the last-ditch maneuvers seen in response to a
nearby bat. Other authors have since suggested that this might be a
simplification; notodontid moths, which have only one receptor cell
per ear, show both types of behavior (Surlykke, 1984) and arctiid
moths produce sounds back to bats as aposematic signals of toxicity
or to jam the bat’s echolocation (Hristov and Conner, 2005;
Ratcliffe and Fullard, 2005; Corcoran et al., 2009) when only the A1
cell is activated (Ratcliffe et al., 2009). Together with these results,
our data suggest the hypothesis that the A2 cell might be sufficient
but not necessary to elicit last-ditch behavior in noctuoid moths.
Perhaps a large number of A1 cell spikes would be sufficient to
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trigger last-ditch behavior in response to bats that produce long-
duration calls, whereas a few A1 spikes and the A2 cell firing could
trigger the same response to bats that produce short echolocation
calls. This hypothesis remains to be tested. Of particular interest
would be behavioural and neurophysiological data in response to
varying pulse durations from moth species belonging to the family
Notodontidae, with only one receptor cell per ear.
In conclusion, the A1 receptor of noctuid and erebid moths is able

to provide information about both the distance and direction of bats
that use long-duration calls but only direction for bats that use short-
duration calls. Directional information is useful for triggering the
‘far-bat’ directional flight response, and this might be all that is
needed for the distances between bats and moths for which only the
A1 cell is activated. Considering this result, the activity of the A2
cell at higher amplitudes appears to be an important adaptation to
provide information about the distance of an approaching bat that
produces short-duration echolocation calls.
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