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Sonar Tracking of Horizontally Moving Targets by the

Big Brown Bat Eptesicus fuscus

Abstract. When following a moving target, echolocating bats (Eptesicus fuscus)
keep their heads aimed at the target’s position. This tracking behavior seems not to
involve predicting the target’s trajectory, but is achieved by the bat’s pointing its
head at the target’s last known position. The bat obtains frequent position updates
by emitting sonar signals at a high rate. After the lag between head and target
positions and the nonunity tracking gain were corrected for, bats’ tracking accuracy

in the horizontal plane was *1.6°.

Most species of echolocating bats are
insectivorous and use their sonar system
to locate, identify and capture flying
insects (/). During pursuit the bat keeps
its head aimed at the target as it follows
and finally intercepts it. The accuracy of
head-aim tracking as measured from
stroboscopic photographs of bats ma-
neuvering to catch prey is about =5° (2).
A bat’s capture success depends on
knowing the prey’s location throughout
the interception process. Head-aim
tracking keeps prey in front of the bat,
where angular acoustic resolution is
best, on the order of +1.5° as measured
with stationary targets (3). In addition,
by keeping prey in the middle of the
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echolocation sound beam, head tracking
functions as one of several gain control
mechanisms that reduce variation in the
perceived echo strength as the bat closes
in on its prey (4).

Bats hunting by sonar do not receive
continuous information about target lo-
cation, but, rather, the echo from each
sonar emission provides an acoustic
“‘snapshot’’ from which the bat updates
its current perception of range and posi-
tion. Through the use of these snapshots,
a bat could keep track of prey by two
general techniques. It could simply keep
its head pointed at the target’s last

. known position (a nonpredictive tracking

strategy), or it could attempt to predict
the target’s trajectory on the basis of the
history of target parameters such as posi-
tion, velocity, and acceleration (a predic-
tive strategy). Since photographic tech-
niques are not sufficiently accurate to
distinguish between these two types of

Fig. 1. Apparatus and procedure for studying
target tracking by bats. The bat was trained to
sit on the platform and keep its head aimed at
a target (a black styrofoam ball 3.6 cm in
diameter) suspended in space by four nylon
monofilament lines (diameter 0.18 mm, and
acoustically invisible to the bat) arranged te-
tragonally to keep the ball from swinging
relative to the frame. These lines were at-
tached to a t-shaped frame 1 m below the
platform that could be moved by the experi-
menter to control the ball’s position. To moni-
tor the bat’s head aim, light from two light-
emitting diodes attached to the head was
focused by a camera lens 60 cm above the bat
onto a position-sensing diode (8). The lens
and platform were mounted coaxially with the
attachment point on the ceiling and the pivot
of the ¢ frame. Two microphones (9) placed
slightly in front of and below the platform
were used to record the bat’s sonar emissions.
A detector circuit converted the sounds to
pulses, which were recorded on the tape
recorder.
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tracking strategies, we developed a new
method for monitoring the bat’s head
aim. We have found that bats can track
rapidly moving targets accurately and
that they seem to do so with a nonpredic-
tive strategy. The general assumption
that bats in the field catch prey by pre-
dicting its position has not, to our knowl-
edge, been demonstrated, and our labo-
ratory results support the hitherto un-
considered possibility that they may use
a nonpredictive strategy.

Two big brown bats (Eptesicus fuscus)
were trained to sit on a platform and to
track a small, spherical target being
moved horizontally along an arc in space
42 cm away (Fig. 1). The angular posi-
tion of the target, represented by the
voltage from a potentiometer, was re-
corded on one track of a frequency mod-
ulated tape recorder. Head aim was de-
termined from the position of two infra-
red light-emitting diodes mounted on the
bat’s head. The x and y coordinates of
these diodes were read 100 times a sec-
ond, under microprocessor control, with
a two-axis, position-sensitive photodi-
ode mounted above the bat. From these
coordinates the microprocessor calculat-
ed the direction of the vector joining the
diodes, which represents the azimuthal
angle of the bat’s head aim, and convert-
ed it to a voltage that was stored on the
second channel of the tape recorder.
Pulses marking the time of occurrence of

Fig. 2. Bat’s head aim (a) as
it tracked an irregularly
moving target (b). Subtract-
ing (b) from (a) gives the

tracking error (d), which is = ?g:
related to target velocity (c) ® |
(r = —0.76 in this example). g _124
That the bat’s head aim (a) 2 104
lags target position (b) is in- o 0
dicated by the later occur- g _104
rence of waveform features < -20
in (a). Cross-correlation of

(a) and (b) shows that the 120
bat’s head aim lags the target >2 604
by 60 msec in this example. Ky oA
Advancing the head-aim sig- 2§

nal by this amount and again ~ >2 ~%°
subtracting (b) gives the lag- -120
corrected tracking error (e),

which is not correlated with 10 7
target velocity, but is corre- o l
lated with target position

(r = —0.83). Correcting @ -10
head aim for nonunity gain ¢ 0]
[peak-to-peak ratio of (a) to o 0
(b) is 0.87 in this example], 3
results in error trace (f), s _}8 '
which is only slightly corre- n] o

lated with traces (b) and (c)
(r=-0.37 and —0.32, re-
spectively). The mean error

K

Target velocity

sonar emissions were recorded on the
third channel (5). For analysis, head aim
and target signals were low-pass filtered
at 30 Hz and digitized in 2.55-second
segments at 100 points per second.

An example of head-aim tracking is
shown in Fig. 2, a and b. The bat was
able to follow the target over a wide
angular range even when the target’s
angular velocity was high (Fig. 2c¢).
Tracking accuracy was measured by
subtracting the target signal (Fig. 2b)
from the head-aim signal (Fig. 2a) to
yield the tracking error (Fig. 2d). The
mean of the rectified error trace summa-
rizes tracking accuracy for that 2.5-sec-
ond sample. For 70 such samples from
two bats (6), the average mean error was
4.7° = 1.4°, that is, half the time the
bat’s head aim was within =4.7° of the
target’s true position, which agrees well
with the +5° error measured from photo-
graphs (2). Linear regression of error
against target velocity (Fig. 2, d and ¢)
generally gave a highly significant corre-
lation (mean r = —0.73 = 0.09), which
suggests that the error at a given moment
depends largely on target velocity. This
is to be expected if the bat tracks by
aiming at the target’s last-known posi-
tion (nonpredictive tracking), since the
greater the target velocity, the farther it
will have moved in the interval between
sonar pulses.

Another way of determining whether

Sonar emissions
LT T R R R Y LTI AT

Head aim

Target b

Tracking error

Error corrected for lag

Error corrected for lag and gain

in trace (f) is 1.6°. The bars
at the top of the figure indi-
cate the times of occurrence
of sonar sounds.
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predictive or nonpredictive tracking is
being used is to compare the lag between
head-aim and target position. Nonpre-
dictive tracking must always entail a lag
since the target will have moved while
the bat is determining where to point its
head. The lag should be longer than the
average interval between sonar emis-
sions since it includes the bat’s signal
processing and reaction times. On the
other hand, with an appropriate predic-
tive strategy the lag could be shorter
than the interemission interval. In our
experiments the lag, estimated by cross-
correlating the head aim and target sig-
nals, was 66 = 22 msec for one bat and
98 = 27 msec for the other, whereas the
average intervals between sonar emis-
sions were 46 = 15 and 55 = 8 msec,
respectively. That the lag is longer than
the interval between sonar emissions
suggests a nonpredictive tracking strate-
gy.

A further test of the nonpredictive
tracking hypothesis is to compare the
bat’s head-aim signal with the signal we
would expect on the basis of a nonpre-
dictive strategy to see if the discrepancy
between the two could reasonably be
attributed to ‘‘noise’’ in the system, that
is, to the bat’s inability to determine the
target direction precisely or to aim its
head exactly. Such errors should be ran-
dom with respect to target parameters.
The uncorrected error of Fig. 2d is not
random in this way, since it is correlated
with target velocity. If the bat’s strategy
is actually ‘‘aim at the target position
obtained from the last sonar emission,”’
given the high rate of sonar emissions
(top of Fig. 2), its head aim should mirror
target position but be slightly delayed;
that is, the expected tracking signal is
simply the target signal shifted in time to
account for lag. In Fig. 2, head aim lags
the target by about 60 msec. Advancing
it by this amount and again subtracting
the target signal gives the error corrected
for lag (Fig. 2e). The mean error correct-
ed for lag from all samples was
2.3° = 0.7°

However, we found that the lag-cor-
rected error was still not independent of
target parameters. The correlation be-
tween this error and target velocity
(r = —0.18 = 0.19) is smaller than the
uncorrected error, but there remains a
substantial correlation (r = —0.59 *=
0.27) with target position, that is, be-
tween traces b and e in Fig. 2. The
reason seems to be that the bats did not
track with unity gain. When the target
was off the midline, the bat tended not to
turn quite far enough, which resulted in
an error that was correlated with the
target’s angular displacement. Tracking

SCIENCE, VOL. 228



gain, estimated from the ratio of peak-to-
peak amplitude of tracking to target
waveforms, averaged 0.87 = 0.10. We
also found that the gain for a given
tracking trial was related to the correla-
tion coefficient between error corrected
for lag and target position (r = 0.78,
d.f. = 68, P < 0.001), suggesting that a
bat uses different gains at different times,
although what determines its choice is
not clear. If the tracking signal is adjust-
ed to bring the gain to unity for that trial
before subtracting the target signal, the
mean error, now corrected for lag and
gain (Fig. 2f), is reduced to 1.6° = 0.4°.
Small correlations between error and tar-
get position and velocity remain (r =
0.13 = 0.20 and r = —0.20 = 0.22, re-
spectively), but they account for rela-
tively little of the error signal’s variance,
suggesting that a nonpredictive tracking
strategy is a reasonable interpretation of
our data. The residual error of +1.6° is
comparable to the angular resolving abil-
ity of Eptesicus determined with station-
ary targets (3). It also indicates that bats
can locate prey at least as precisely as
other highly auditory hunters, such as
owls (7), that rely on passive listening.
W. MITCH MASTERS
ANNE J. M. MOFFAT
JAMES A. SIMMONS
Institute of Neuroscience,
University of Oregon, Eugene 97403
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Coral Community Reproductive Patterns:
Red Sea Versus the Great Barrier Reef

Abstract. In contrast to many corals of the Great Barrier Reef, Australia, which
are synchronous multispecific spawners, the abundant coral species in the northern
Red Sea, Israel, exhibit temporal reproductive isolation. Spawning dates of 12 of the
13 Red Sea species followed lunar periodicity and were consistent throughout 3 years
of study. Spawning periods of all species occurred in different seasons, different
months, or different lunar phases within the same month. The high abundance of the
corals studied at Eilat may be due in part to the advantages gained through not
having overlapping spawning periods and settlement times.

Our understanding of coral sexual re-
production is limited, and few general-
izations can be made about the physical
or biological factors responsible for the
observed reproductive patterns (/). In
particular, population ecology (2) and
community structure of scleractinian

corals is not well known. Until now, the
reproduction of only one Red Sea stony
coral (Stylophora pistillata) had been
studied (3). We examined reproductive
patterns of 13 ecologically important cor-
al species (4) at Eilat (northern Gulf of
Eilat, Red Sea). Major reproductive ac-

Table 1. Coral spawning dates at Eilat during 1981 and 1982. Data for 1980 is illustrated in Fig. 1.
The lunar month is divided into eight phases similar to those described by Atoda (8): 1, new
moon; 3, first quarter; 5, full moon; 7, last quarter; 2, 4, 6, and 8 indicate intermediate lunar

phases.
1981 1982
Spawning Lunar Spawning Lunar
dates phase dates phase
Stylophora pistillata*
January—-June December—June
Seriatopora caliendrum*

4-5 May 11 21-23 May 1t
31 May-2 June 1 17-19 June 11
28 June-3 July 8-1 16-20 July 8-1
27 July-1 August 8-1 13-18 August 8-1
27 August-1 September 8-1 13-18 September 8-1
26 September—1 October 8-1 12-17 October 8-1
23-28 October 8-1 12-17 November 8-1
26-28 November 1 13-15 December 11

Alveopora daedalea*
18-24 October 6-8 5-11 November 6-8
15-21 November 6-8 4-10 December 6-8
17-23 December 6-8 2-8 January 6-8
i Pocillopora verrucosa
1-2 July 1 19-20 July 1
31 July-1 August 1 19-20 August 1
Galaxea fascicularis
21-24 July 6-7 6-9 August 6-7
19-22 August 6-7 4-7 September 6-7
Goniastrea retiformis
24-27 July 7 9-12 August 7
Platygyra lamellina
30 June-S July 12 19-24 July 12
1-3 August 11 19-21 August 1t
Favia favus
21-26 June 6-7 9-14 July 6-7
20-22 July 6f 5-7 August 6t
Astreopora myriophthalma
16-18 July 3-5 August S
15-17 August S 1-3 September S
Acropora hyacinthus
9-11 July 26-28 July 3
Acropora scandens
16-18 June S ) 4-6 July 5
Acropora humilis
24-26 May 7 12-14 June 7
Acropora eurystoma
19-21 May 6-8 June S

*Brooding species.

tSporadic spawning (10 to 20 percent of population).
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