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Bats are supposed to have effective strategies for achieving a good balance between echolocation and flight
behaviors while capturing small moving insects in the field. To reveal their strategies for catching insects, we
successfully reconstructed 3-D flight trajectories for the bat to forage in the field by a four-microphone array
system, and conducted both acoustical and behavioral analyses for capturing behavior. Data show that the flying
bats changed their flight direction flexibly, and sometime repeated capturing insects every two to three seconds.
During the search phase, the bat moved 0.5-0.8 m during an interval between successive pulses (IPI) and then
decreased that the moving distance during an IPI up to 0.1 m just before capturing a prey. Interestingly, we
found that the bat tended to descend toward a prey from above when the approach phase started. This suggests
that foraging bats may effectively utilize gravity for an easy acceleration toward the prey to concentrate on the

complex echolocation for capturing moving insects.

1 Introduction

Echolocating bats can fly freely in complete darkness by
using highly developed sonar system [1]. Since
insectivorous bats capture a plenty of small airborne insects
a day during flight, they are supposed to have effective
strategies for achieving a good balance between
echolocation and flight behaviours while they repeat
capturing moving insects in the field.

So far, many field recordings of echolocation sounds
emitted by the bats have been conducted in various bat
species [2-4].  However, precise simultaneous
measurements of flight and echolocation have not been well
conducted due to technological difficulty. In this study, we
measured simultaneously echolocation sounds and 3-D
position of Japanese house bats (Pipistrellus abramus)
capturing prey in the field by using four-microphone array
system. The main purpose of this study is to understand the
relationship between flight path of the foraging bats and the
acoustic parameters of their echolocation pulse. We
investigated how P. abramus select their flight path for
capturing small airborne insects effectively.

2 Materials and Methods

2.1 Subject

The Japanese house bats (P. abramus) were observed in
this study. The body length of P. abramus is approximately
50 mm, the wingspread is 150 mm. The body mass ranges
from 5 to 10 g. The bats are regularly seen above large rice
field or waterfront for foraging during summer evenings.

Figure 1 shows an example of an echolocation pulse
emitted by P. abramus. The bats emit broadband
frequency-modulated pulses through their mouth with
harmonics. The fundamental component is downwardly
modulated from 100 kHz to 40 kHz [4].

2.2 Recording procedure

Sound recordings were conducted for 4 days (22 July, 14
October, 25 October, 9 November 2006) during a 1-hour
period before and after the sunset. The study site was the
large open area over a riverside near the campus of
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Doshisha University in southern Kyoto Prefecture, Japan.
Echolocation pulses by foraging P. abramus were recorded
with 4 condenser microphones (Knowles, FG-3329, Illinois,
USA) positioned about 2 m above the ground (Fig. 2).
Microphones were arranged in a symmetrical star-shaped
hydrophone array constructed by Au and Herzing [5].
Echolocation sounds obtained by these microphones were
band-pass filtered (10-250 kHz) and then digitized with 16
bit at a sampling rate of 500 kHz with a DAQ devise (NI,
PXI-6250, Tokyo, Japan). The signals were stored in a
personal computer.

Acoustic parameters were analyzed by using a custom
made program of MATLAB on a personal computer. The
arrival time difference of signals between the microphones
was computed by using cross-correlation functions (auto-
correlation functions). We then calculated 3-D coordinates
of the sound source by the equation (1).
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Fig. 1 Typical echolocation pulse emitted by the

Pipistrellus abramus during flight. (A) Temporal amplitude
pattern. (B) Spectrogram.
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Fig. 2 Four-microphone array system. Arrows in the left
picture indicate every microphone position.
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where R is the range from the center microphone to the
sound source, ¢ is the speed of the sound in air, a is the
length between center microphone and the other
microphones (0.9m), 7o: is the time of arrival difference
between the center microphone and the ith microphone
(i=1.2.3 in Fig. 2).

Prior to recording, reconstructed 3-D position by the
microphone array was calibrated using a loudspeaker
(Pioneer, PT-R7, Tokyo, Japan). The position of the sound
source was measured by using five pings at 40 kHz for
target ranges between 5 m and zero by 1 m interval. Figure
3 shows that the maximum deviation of measured range
was less than 3 %.

Acoustic parameters of the echolocation pulse were
analyzed from sonograms using the program of MATLAB.
Pulse duration was determined from the sonogram at -25
dB relative to the peak intensity of the pulse. We measured
inter-pulse interval (IPI) determined from the time interval
between beginnings of emitted pulse, and the terminal
frequency (Fmin). In addition, IPI was corrected by
subtracting the arrival time from bats to the central
microphone.
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Fig. 3 Calibration measurement for the microphone array.
The maximum deviation of the acoustically measured range
was less than 3 % within target range of 5 m. The
calibration was conducted at 40 kHz.
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3  Results

3.1 Acoustic parameter of echolocation
sounds

Figure 4 shows an example of echolocation pulse train
obtained by the central microphone when P. abramus
captured a prey. Each number in this figure indicates the
number of pulse before capturing. In the case, the bat
emitted 35 pulses for approximately only 1 s before
capturing an insect. Generally, the echolocation can be
described with 3 particular patterns, those indicates search,
approach, and terminal phases [2]. The flying P. abramus
started the approach phase from averaged 0.6 s before the
capturing. In the terminal phase, the bats emit pulses with
approximately 200 times per second (buzz) which started
from approximately 0.15 s before capturing (shown with
solid bar in Fig.4).

Flight trajectory with positions of pulse emission by the bat
is illustrated in three-dimensional image in Fig. SA. Figure
5B shows that changes in IPI, pulse duration, Fmin, moving
distance during an IPI (IPD; inter-pulse distance), range
resolution to the point where the bat captured. Each number
indicates the number of pulse before capturing, which
corresponded to the numbers in Fig. 4. Figure 5C shows
that acoustic waveforms, sonograms and auto-correlation
functions (ACRs) of the numbered pulses in Figs. 4, SA and
5B. Range resolution was estimated by using half width of
the ACR [6]. Within the distance of 3 m from capturing
point (search phase), IPI was maintained at around 80 20
ms. After the approach phase started, the pulse duration
decreased approximately from 8 =3 ms to 0.2 ms, and IPI
was decreased up to 5 ms just before the capturing. In
addition, bats are described to obtain the target information
such as range or shape by using cross-correlation between
emitted pulse and the echo [7]. We found that the peak of
the ACRs was sharpened as the target range, suggesting
that P. abramus get high resolution performance by
designing such echolocation pulse. In addition, the bat
upgraded the resolution estimated by ACRs to
approximately less than 10 mm just before capturing. In the
terminal phase (shown with solid bar in Fig. SA and Fig.
5B), the bat emitted buzz within 1 m from capturing point,
decreasing Fmin from approximately 39-42 kHz to 21-24
kHz.

We found that the flying bat sometime changed their flight
direction at the phase transition from search to approach,
emitting a long-duration pulse (30th pulse). Figure 5C
indicates that long quasi-constant frequency portions were
observed at the end of pulses (30th and 35th pulses in
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Fig. 5 (A) Three-dimensional
flight trajectory of flying bat
during foraging activity in the
field. Positions of pulse
emission were plotted along
with the flight trajectory. (B)
Changes in inter-pulse interval
(IPI), pulse duration, Fmin,
inter-pulse  distance (IPD),
range  resolution  during
foraging behaviour from the
distance of 5 m to capturing
point. (C)  Oscillograms,
spectrograms and ACRs of the
35th, 30th, 26th and 22nd
pulses in Figs. 4 and 5AB.
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Fig. 5C) which corresponded to the phase transition from
search to approach. In the case of Fig.5, the bat turned
left and simultaneously started decreasing IPI and pulse
duration.

3.2 Analysis for flight path

Figure 6 shows two other typical flight trajectories during
foraging. Pipistrellus abramus was found to change their
flight direction flexibly before capturing insect prey. One
bat approached the target prey with a sudden descend (Fig.
6A) while the other was a sudden circulation (Fig. 6B). In
the latter case, two capturing points were found from the
buzz patterns during for only about 1 s. We examined that
change in flight height of all trials before capturing insect
(Fig. 7). Interestingly, we found that the bats do not ascend
toward a prey from beneath, but tended to descend from
above when the approach phase started.

4 Discussion

Figure 8 shows changes in IPI, pulse duration and Fmin
while P. abramus was foraging in the field. The bat
captures the insect prey with decreasing these parameters
(see also Fig. 5B). Figure 8 also indicates that flying P.
abramus is capable of capturing insects 4 times every 2-3 s.
Therefore, the flight path to capture insects is supposed to
be effectively designed by the flying bat for the next target.
Our recording data show that P. abramus tended to select
flight path to approach a target prey from above (see Fig. 6).
This tendency suggests that foraging bats may utilize
gravity for an easy acceleration toward the prey to
concentrate on the complex echolocation for capturing
moving insects. The bats may have optimized their strategy
to effectively combine flight and echolocation through their
evolutional history. Such field 3-D recordings of dynamic
echolocation by bats will yield useful information to reveal
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Fig. 6 Two other three-dimensional flight trajectories of
flying bats. Each bat captured insect at the indicated
position by large arrows for swooping flight (A) and
sweeping flight (B). In the latter case, two capturing point

were determined from the buzz sounds.
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Fig. 7 Variations of flight height of foraging
approach phase started for capturing.
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Fig. 8 Inter-pulse interval (IPI), pulse duration and Fmin of
the pulse emitted by a bat exhibiting continuous foraging.
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legitimate approaching path to the small target in 3-D space.
Echolocation sounds would navigate the legitimate path of
the flying bat.
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