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Introduction 
One of the most absorbing examples of predator-prey relations is the ‘arms 

race’ between echolocating bats and their night-flying prey (reviewed by 

Conner and Corcoran, 2012). An essential initial component of the 

escalation of this contest was the development, by the potential prey, of a 

mechanism for detection of the sonar generated by the bat, enabling escape 

responses. Roeder (1962, 1966) was among the first to describe in  detail 

the methods used by flying moths to escape from bats. These may be 

collectively described as a ‘startle response’ (Hoy et al., 1989; Fullard et 

al., 2004), involving a sudden change in behavior, such as a rapid change 

in flight direction, freezing or diving. More advanced responses  involve 

the ability to ‘jam’ or confuse the bat’s echolocation by emitting bursts of 

ultrasound (Fullard et al. 1994). 
 

The experiments reported here were planned to test whether the day-flying 

moth Nyctemera annulata was capable of responding behaviourally to 

sonar emitted by native bats, thus showing that they possessed functional 

ears. 
 

Methods: 

The moth Nyctemera annulata was until recently relatively common in the 

Auckland region, but development and herbicides have greatly reduced its 

abundance. Therefore, larvae of Nyctemera annulata were collected from 

the West Coast of the South Island, New Zealand, where it is  still 

abundant, and reared to adulthood on a diet of ragwort, Jacobaea vulgaris. 

Larvae of N. annulata are easily distinguished from a close Australian 

relative, N. amica, which occurs in New Zealand, and with which it readily 

hybridizes, by the presence of hair pencils protruding from the head region 
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of N. amica. Adult insects were used for experiments within a few days of 

emergence. 

Two species of bat presently occur in New Zealand, the short tailed bat, 

Mystacina tuberculata, and the long tailed bat, Chalinolobus tuberculatus. 
C. tuberculatus is an aerial insectivore which feeds  predominantly on 

small moths and other nocturnal insects, while M. tuberculata tends to 

locate its prey by foraging among leaf litter and low vegetation, eating 

both flying and non-flying insects. 
 

To examine the responses of the moth to ultrasound, experiments were 

conducted in an anechoic chamber. Moths were prepared for  experiment 

by cooling them to 4°C and after carefully removing scales from a small 

area of the thorax a light cotton thread was attached with a drop of 

‘superglue’. The other end of the thread was attached to a thin wire 

suspended from the roof of the chamber, and adjusted so that the moth was 

free to fly but remained with the field of view of a high-speed camera, and 

also within 10 cm of an ultrasonic loudspeaker. A period of 15 to 20 

minutes was allowed to elapse to bring the moth up to room temperature 

(20-24°C), prior to experiments. During this period the moth was allowed 

to clutch a small ball of soft paper to inhibit flight. When  this was 

removed the insect generally commenced flight and continued flying for 

some time. 
 

To examine the effect of sound stimuli, the moth was presented with short 

bursts (1 second) of either a cricket call, echolocation calls of the long- 

tailed bat or the short tailed bat, or a period of silence, in a random 

sequence. Bat calls had been previously recorded digitally at a sampling 

rate of 220 kHz with 12 bit precision, while the cricket call was recorded at 

44.1 kHz. Bat calls were replayed from a custom-built programme in 

MatLab (v7.1, Mathworks Inc., Nattick, MA), converted into an analogue 

signal using a D/A converter (National Instruments PXI-6070E), and 

adjusted so that the loudest call in the sequence was 110 dB at a distance 

of 10 cm., so as to simulate a hunting bat. Cricket calls were replayed 

through a standard speaker at a maximum intensity of 90 dB. 
 

Records of the responses of the moths to acoustic stimuli were recorded 

using a Marlin F131B digital video camera (Allied Vision Technologies, 

Germany) fitted with a 10 mm wide angle lens.  Illumination was provided 
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by a second camera with incorporated infra-red light emitting  diodes 

(LED) (CPcam Security CCD camera (CPC271P/F40). Output from the 

Marlin camera was recorded at 140 frames per second, with an image size 

of 400 by 180 pixels, using Active Cam Viewer software (Allied Vision 

Technologies) and later analysed using Virtual Dub software 

(www.virtualdub.org). To synchronise speaker output  and  moth 

responses, the sound stimulus was recorded using a microphone and 

amplifier, and a second channel was used to record a manually driven 

square wave which also pulsed a LED recorded by the camera. 
 

Experimental Procedure. 
Once the tether was ready, the moth was placed in the chamber and its 

holding surface removed, forcing it to take flight. Both camera and 

microphone were switched on, the lid of the chamber was shut and a trial 

sequence begun. Each trial consisted of a one second period of silence or a 

call of a cricket or one of the bats. The moth was then allowed a rest 

period of at least 30 minutes before a second  test.  Each  moth was 

exposed to one control stimulus (silence or a cricket call) and one test call 

(either C. tuberculatus or M. tuberculata), presented in a random order. 

Each trial involved 12 moths. 
 

A pilot study of ten moths was initially carried out to identify and 

characterize the range of behaviours of the moths observed when given 

acoustic stimuli. Responses of eared flying insects to bat sonar have been 

described as ‘freeze’, in which wings stop all movement (Hoy  et al., 

1989); ‘drop and freeze’, in which wings cease beating and the insect 

falls vertically (Roeder, 1966; Hoy et al., 1989); ‘controlled  dive’ in 

which the moth descends in a spiral motion (Roeder, 1966); and ‘power 

dive’ when the moth dives vertically (Roeder, 1966). Not observable in 

these tethered moths is a common activity described as a ‘turning and 

flying away’ behaviour (Roeder, 1966, 1975; Hoy et al., 1989;  Corcoran 

et al., 2011), although it was possible to detect when the moth changed 

direction. A number of other previously undocumented behaviours was 

also noted. 
 

Each experimental period was divided into three sections, before, during 

and after the stimulus, and the proportions of each behavior during each 
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section recorded. These were then compared across the different stimuli 

using two-way ANOVA followed by a Tukey HSD test. 
 

Results 

In all but a small number of occasions, once the holding surface was 

removed, flying began and in the absence of a stimulus would continue 

throughout the experimental period, although there was a tendency for 

some moths to cease flying. Initial study of the preliminary video 

recordings enabled ready identification, during application of a sound 

stimulus, of the behaviours previously described. In addition a number of 

other actions was found, none of which was repeated often enough to 

justify inclusion in an experimental analysis. These included gliding, in 

which the wings were spread out flat and immobile, alterations to  the 

shape and frequency of the wing beat, and erratic leg movements. 

 

Figure 1 illustrates the most significant changes in flight behavior when 

the moth was exposed to the control stimuli or the sound of the short-tailed 

bat, M. tuberculata. Prior to the stimuli, almost all moths flew regularly. 

They continued to do so when the experimental stimulus was either a 

period of silence or a cricket call, although flight activity fell away 

significantly during the post-stimulus period. In marked contrast, moths 

which were flying normally prior to exposure to the call of a short-tailed 

bat, showed an abrupt change in behavior. Most commonly the moths 

‘froze’, stopping flight altogether, and this occupied about 60% of the total 

experimental period. When the stimulus was removed most of the moths 

resumed flight, although a significant contribution (about 20%) was made 

by ‘freezing’. In addition, often a part of the time during the stimulus 

application was spent in ‘fluttering’, in which wing beats only involved the 

upper half of the full cycle. This continued after the stimulus ceased, 

although at a reduced level. Other activities were noted and recorded but 

these were not significantly repeated components of the behaviour. 
 

Figure 2 illustrates the most significant changes in behaviour when the 

moths were exposed to either the control stimuli or the sound of the long- 

tailed bat, C. tuberculatus. The histogram reveals a similar pattern in the 

response, although this is less dramatic. While the two control stimuli fail 

to make a large change in flight behavior before, during and after the 

stimulus,  there  is  a  very  significant  increase  in  ‘freeze’  behavior     in 
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response to the test stimulus, and this is continued after the stimulus 

ceases, although it is difficult, when the moth is tethered, to clearly 

distinguish between ‘freezing’ and a refusal to fly as a result of exhaustion. 
 

Discussion 

The experiments reported here demonstrate that adults of the moth 

Nyctemera annulata can detect and respond behaviourally to ultrasound 

emitted by New Zealand bats, although this response is not unequivocal, at 

least as determined under the slightly artificial conditions of the 

experiment. This raises a number of interesting questions. The most 

pertinent of these is why a diurnal moth should retain the ability to hear 

bats, when the possibility of predation will never arise. It might be 

expected that an organ for which there is no longer a use would be lost in 

evolution. Fullard and Dawson (1999) consider this problem at some 

length, suggesting that diurnal moths have retained ears for one of three 

reasons. First; it is possible that the ears are vestigial and  are  in the 

process of disappearing. Second, the moths although mainly diurnal, 

sometimes fly at dusk and thus the retention of ears for bat detection is still 

valuable. Third, the moths use the ability to detect sound for other 

interactions, either inter- or intra-specific. Fullard and Dawson (1997) 

argue that the evidence is equivocal, for while deafness has been 

demonstrated in habitats that are bat-free, e.g. French Polynesia (Fullard 

1994) or with a reduced bat population, e.g. Hawaii (Fullard 1994), moths 

from the Faroe Islands, which are also bat-free, have fully functional ears 

(Surlykke, 1986). 
 

Critical to arguments about the role of hearing in this moth would be 

knowledge of the spectral sensitivity of the auditory apparatus. The results 

suggest that the moth is relatively insensitive to auditory stimuli, since the 

time spent in inactivity, or escape responses, during the stimulus was 

relatively small. It is possible that this represents a relative reduction in 

sensitivity to high frequencies. An alternative and interesting possibility 

has been suggested by Fullard (1988). He considers that it is possible that 

the function of hearing in some insects may be to detect the crackling of 

the undergrowth of approaching predators. This would be of .potential 

value to an insect which is normally motionless at night. 
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