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Passive sound-localization ability of the big brown bat (Eptesicus fuscus)
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Abstract

The passive sound-localization ability (i.e. minimum audible angle) of the big brown bat, Eptesicus fuscus, was determined using a
conditioned avoidance procedure in which the animals were trained to discriminate left sounds from right sounds. The mean
threshold of three bats for a 100-ms broadband noise burst was 14°, a value that is about average for mammals. A similar threshold
of 15° was obtained for one animal when it was retested with one of its own recorded echolocation calls as the stimulus. The two bats
tested on pure-tone localization were able to localize high-frequency, but not low-frequency tones, even when a low-frequency tone
was amplitude modulated, a result indicating that these bats are not able to use binaural time-difference cues for localization.
Finally, given the width of the bat’s field of best vision, as determined by a count of its ganglion-cell density, its sound-localization
acuity is consistent with the hypothesis that the role of passive sound localization is to direct the eyes to the source of a sound. ©

1998 Published by Elsevier Science B.V.
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1. Introduction

All microchiropteran bats use active echolocation,
and they do so by emitting a series of brief frequency-
modulated, mostly ultrasonic, sounds and detecting the
fine changes in the returning echoes that result from the
reflection of the sound off a target. Some species from
both the Old World (Rhinolophus spp.) and New World
(Pteronotus spp.) have supplemented this frequency-
modulated pulse with the addition of a long constant-
frequency component (for a review of echolocation, see
Neuweiler, 1989). In the case of big brown bats (Epte-
sicus fuscus) their frequency-modulated echolocation
calls enable them to distinguish between objects based
on size, shape, distance, direction, and motion, all ac-
complished by sensing the modifications of the emitted
pulses that are reflected back to their ears (Simmons et
al., 1975). They are able to do this because their audi-
tory system, which although similar in its basic plan to
that of other mammals, has evolved the ability to make
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fine discriminations of their returning echoes that are
believed to be beyond the capacities of non-echoloca-
tors (Grinnell, 1995).

Given the specialization of bats for echolocation, the
question arises as to how this ability might have af-
fected the non-echolocating aspects of their hearing.
In particular, because bats use active echolocation to
locate objects in their environment, one might ask
whether this has affected their ability to localize sounds
produced by other animals. In other words, is their
passive sound localization similarly acute? On the one
hand big brown bats, using sonar, can distinguish tar-
gets that differ in their spatial separation by only 1.5°,
suggesting that their nervous system can sustain very
good sound localization (Simmons et al., 1983). On
the other hand, it might be argued that because of their
echolocation ability, they have little need for passive
sound localization and should thus have poor localiza-
tion acuity.

Currently, our knowledge of the passive sound-local-
ization ability of big brown bats is based on field stud-
ies. These studies indicate that big brown bats tend to
fly towards areas where natural environmental sounds
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are loudest and, presumably, concentrations of prey are
the greatest (Buchler and Childs, 1981). However, such
studies cannot tell us how accurate the bats are at local-
izing sound nor what sound-localization cues they use.

A knowledge of the passive sound-localization ability
of echolocating bats is of interest for two reasons. First,
such information has relevance to the anatomical and
physiological study of sound localization in bats. Thus,
a knowledge of the big brown bat’s localization acuity
and its use of binaural locus cues can help us under-
stand the significance of anatomical variation in the
brainstems of bats as well as the physiological response
properties of auditory neurons (e.g. Grothe et al., 1996;
Kuwabara and Zook, 1992). Second, the passive sound-
localization acuity of bats is of interest to the compar-
ative study of hearing in mammals. Specifically, it has
been noted that the ability of mammals to localize
sound is related to the width of their field of best vision.
This relation is based on the role of sound localization
in directing the gaze to the source of a sound (Heffner
and Heffner, 1992b; Heffner et al., 1994). Although big
brown bats roost and fly in lighted environments, retain
functional vision, and have been observed to fly toward
the glow of sunset (Buchler and Childs, 1982), they
nevertheless rely primarily on echolocation rather than
vision to navigate and capture prey. Thus the question
arises as to whether they conform to the relationship
between vision and sound localization established in
non-echolocating mammals.

The present study was a four-fold investigation of
the passive sound-localization ability of big brown
bats. First, the animals’ left-right sound-localization
acuity was determined using a standard 100-ms noise
burst as well as one of their echolocation calls. Second,
their use of binaural intensity- and time-difference cues
for localization was examined by determining their abil-
ity to localize pure tones at a fixed angle of 60° hori-
zontal separation. Third, an estimate of the interaural
intensity difference available to them was obtained by
measuring the spectra of the noise reaching an ear from
different azimuthal locations. Finally, the packing den-
sity of a bat’s retinal ganglion cells was determined in
order to evaluate the relation between the width of the
field of best vision and sound-localization acuity.

2. Methods

The behavioral sound-localization tests used a con-
ditioned avoidance procedure in which a hungry animal
ate steadily from a food spout while sounds were pre-
sented from a loudspeaker to its right, but ceased eating
when sounds were presented from a loudspeaker to its
left in order to avoid a mild shock (Heffner and Heff-
ner, 1995). An estimate of the interaural intensity differ-
ences available to the bats was obtained by measuring

the spectra of a broadband noise reaching an ear from a
loudspeaker located 30° to the left and 30° to the right
of their midline. The anatomical procedure involved
mapping the ganglion-cell densities throughout the ret-
ina of a big brown bat.

2.1. Subjects

Four wild-caught big brown bats (E. fuscus), one
female (labelled A) and three males (labelled B, C,
and D), were used in the behavioral tests while a fifth
bat was used for the anatomical analysis of the retina
and a sixth bat was used for the interaural spectral
measures. The animals were individually housed with
free access to water (supplemented with vitamins) and
received a meal worm food paste during the daily test
session. The animals typically consumed 8-10 cc of
meal worm paste in sessions lasting 40-60 min. Addi-
tional supplements of meal worms were given as needed
to maintain body weight comparable to that of wild
bats.

2.2. Behavioral apparatus

Testing was conducted in a carpeted, double-walled
acoustic chamber (IAC model 1204; 2.55%2.75%2.05
m), the walls and ceiling of which were lined with egg-
crate foam. The equipment for behavioral control and
stimulus generation was located outside the chamber
and the animals were observed via closed-circuit tele-
vision.

The animals were tested in a cage (37 X22X23 cm)
constructed of 0.5-in (1.26-cm) hardware cloth,
mounted 70 cm above the floor on a tripod (see Koay
et al., 1997 for an illustration of the test cage). A food
spout (2-mm diameter brass tube topped with a 4X6-
mm ‘lick’ plate) was mounted vertically so that it pro-
jected up through the bottom of the cage 6 cm above
the cage floor. The spout was attached to a 10-cc sy-
ringe located below the cage that served as the food
reservoir. A meal worm paste consisting of a mixture
of 40 meal worms, 1 tablespoon cottage cheese, and
2 tablespoons water, finely blended and sieved through
a tea strainer (0.5X1.0-mm openings), was dispensed
through the spout by a syringe pump similar to that
described elsewhere (Thompson et al., 1990).

During testing, the bats were placed on a small plat-
form (10X 6.5X6.5 cm) located directly behind the
spout. The platform was covered with a 2-mm thick
dampened cellulose sponge to facilitate electrical con-
tact. The tip of the food spout was placed in front of
and approximately 5 mm below the front of the plat-
form to minimize obstructions between the animal’s
ears and the loudspeaker. The bat positioned itself
above and slightly behind the spout while eating such
that the lick plate was entirely covered by its jaw and
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could not interfere with the sound field. A contact cir-
cuit, connected between the food spout and platform,
served to detect when an animal made contact with the
spout and activated the syringe pump. Requiring the
bat to maintain mouth contact with the spout served
to fix its head within the sound field.

Finally, a mild shock was delivered by a shock gen-
erator connected between the food spout and platform.
The shock was adjusted for each individual to the low-
est level that produced a consistent avoidance response
to a readily detected signal. The mildness of the shock
was indicated by the readiness of the animals to return
to the spout after the shock had been delivered. A 25-
watt light, mounted 0.5 m below the cage, was turned
on whenever the shock was on so that turning off the
light indicated that the shock was over and that the
animal could return to the spout.

2.3. Acoustical apparatus

Three types of acoustic stimuli were used to assess
sound-localization ability: broadband noise bursts,
pure tones, and an echolocation call recorded from
one of the bats. The sounds were presented through
ribbon tweeters (Foster E110T02) mounted on a perim-
eter bar (102 cm radius, 75 cm height) that was centered
on the position occupied by an animal’s head while it
was eating from the food spout.

2.3.1. Noise

Broadband noise bursts, 100 ms in duration, were
generated by a noise generator (Grason-Stadler 1285;
set to produce energy up to 100 kHz) and its output
was randomly attenuated over a 7-dB range (Coul-
bourn S85-08 programmable attenuator) from one trial
to the next to reduce the possibility of the animals re-
sponding on the basis of small intensity differences that
may have appeared between the speakers. The signal
was then sent to a rise-fall gate (Coulbourn S84-04;
0.1 ms rise/fall), split into left and right channels, am-
plified to 64-dB sound pressure level (SPL) (Crown D-
75 amplifier), and routed to the speakers. Training was
carried out using trains of noise bursts (2/s) and final
testing was conducted using single 100-ms noise bursts.
See Fig. 1 for the spectrum of the noise.

2.3.2. Tones

Sine waves were generated by a tone generator
(Krohn-Hite 2400 AM/FM Phase Lock Generator)
and randomly attenuated over a 3-dB range (Coul-
bourn S85-08 programmable attenuator) from one trial
to the next. The tones were pulsed, 100 ms on and 500
ms off, for three pulses, shaped by a rise-fall gate (Coul-
bourn S84-04; 10 ms rise/fall) and bandpass filtered
(Krohn-Hite 3202; set 1/3 octave above and below the
frequency of the tone). Finally, the signal was split into
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Fig. 1. Spectrum of the broadband noise used for sound localization
(upper curve) and spectrum of the background noise (lower curve).
The signal was presented at a level of 64-dB SPL. As big brown
bats hear from 3.6-105 kHz at a level of 60-dB SPL (Koay et al.,
1997), this signal encompassed most of their hearing range.

left and right channels, separately amplified (Crown D-
75) and sent to the loudspeakers. The acoustic signal at
the location of a listening bat was analyzed for over-
tones using a spectrum analyzer (Zonic 3525) and any
harmonics in the acoustic signal were at least 40 dB
below the fundamental and below the animal’s thresh-
old.

Testing was conducted in half-octave steps from 5.6
kHz to 64 kHz with the loudspeakers 60° apart (30° to
the left and right of midline). The tones were presented
at a constant level of 50 dB above the average absolute
threshold for the big brown bat (see Koay et al., 1997).
Additional testing was conducted by amplitude modu-
lating the 5.6 kHz tone at the rate of 500, 750, and 1000
Hz (100% modulation depth; Krohn-Hite 2400 AM/
FM Phase Lock Generator).

2.3.3. Echolocation call

Big brown bats use frequency-modulated sweeps usu-
ally less than 2 ms in duration for echolocation. The
echolocation calls produced by bat C were recorded in
the acoustic chamber using a 1/4-in (6.4-mm) micro-
phone (Briiel and Kjaer 4135), preamplifier (Briiel and
Kjaer 2619), measuring amplifier (Briiel and Kjaer
2608), and spectrum analyzer (Zonic 3525). The micro-
phone was held approximately 5 cm in front of the bat
while it was scanning its surroundings and the signals
were digitized at a sampling rate of 256 kHz and stored
in the spectrum analyzer. The call selected for use as a
sound-localization stimulus (Fig. 2) was played back by
the spectrum analyzer during testing.

For testing, the echolocation call, which was approx-
imately 1.5 ms in duration, was repeated every 16 ms
for a total duration of 96 ms (6 repetitions) during each
trial. The signal was led from the spectrum analyzer to
an attenuator (Coulbourn S85-08), gated on at the be-
ginning of each trial with a rise-fall gate (Coulbourn
S84-04, 10 ms rise and fall), split into left and right
channels, amplified (Crown D-75), and sent to the loud-
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Fig. 2. Time-amplitude display (top) and power spectrum (bottom)
of the echolocation call that was used as a localization stimulus.
Note that the duration was approximately 1.5 ms and there were
two peaks of energy at approximately 34 and 68 kHz.

speakers. The intensity of the train of echo pulses was
set to 64-dB SPL, the same level as the noise bursts.

2.3.4. Sound level measurement

The sound pressure levels of the stimuli (SPL re 20
uNewton/m?) were measured and the left and right
loudspeakers equated daily with a 1/4-in (0.64-cm) mi-
crophone (Briiel and Kjaer 4135), preamplifier (Briiel
and Kjaer 2619), measuring amplifier (Briiel and Kjaer
2608), and filter (Krohn-Hite 3202). The measuring sys-
tem was calibrated with a pistonphone (Briiel and Kjaer
4230). Sound measurements were taken by placing the
microphone in the position occupied by the animal’s
head and pointing it directly towards a loudspeaker
(0° incidence).

2.3.5. Interaural intensity difference

An estimate of the interaural intensity differences
available to the big brown bat was obtained for com-
parison with the results of the tone-localization test.
This was accomplished by inserting a 1/8-in microphone
(3.2-cm, Briiel and Kjaer 4138) with probe tube through
a ventral incision at the base of the concha of a pre-

served bat. The probe tube was placed so that the tip
was located between the entrance to the auditory mea-
tus and the base of the tragus. The signal from the
microphone was amplified (Briiel and Kjaer 2169 pre-
amplifier and Briiel and Kjaer 2608 measuring ampli-
fier), filtered (Krohn-Hite 3202, 0.500 kHz to 100 kHz),
and fed to a spectrum analyzer (Zonic 3525).

Measurements were taken with the bat placed in the
same sound field as used for the behavioral tests. A
loudspeaker (Foster E110T02 ribbon tweeter) was
placed 30° to the left or right of the animal’s midline
and 26 cm from the center of its head. The difference in
the intensity of a broadband noise at the two ears was
then determined for selected frequency bands 1/6 octave
in width.

2.4. Behavioral procedure

The animals were first trained to eat steadily from
the food spout in the presence of a series of four 100-ms
broadband noise bursts (400-ms interburst intervals),
presented from a loudspeaker located 90° to the right
of the animal. Next, the animals were trained to break
contact with the spout (a ‘detection response’) whenever
the noise bursts were presented from a loudspeaker lo-
cated 90° to their left in order to avoid a mild electric
shock delivered via the spout (1.8 s after left signal
onset). Breaking contact with the spout usually lasted
for the entire trial and indicated that the animal had
detected the shift in locus. The light bulb located under-
neath the cage was turned on while the shock was
present at the spout (0.5 s). The light provided feedback
for a successful avoidance (since in those cases no shock
was actually received by the bat) and permitted the
animals to distinguish between successful avoidance of
a shock and false alarms (breaking contact when they
did not need to since no signal and no shock were
presented). After the animals were trained in the basic
avoidance procedure, the signals were reduced to one
noise burst per trial.

Test sessions consisted of a series of 1.8-s trials that
began with the onset of a stimulus. In order to present
the trials at a slower pace, the 1.8-s trial intervals were
separated by 1.5-s intertrial intervals during which no
signals were presented with the result that the animals
received one signal every 3.3 s and made a decision
after each as to whether to break contact or to continue
eating. The response of an animal on each trial (i.e.
whether or not it made a detection response) was opera-
tionally defined as the duration of contact with the
spout during the last 150 ms of each trial which gave
the animal sufficient time to react to the signal. If the
animal broke contact for more than half of this 150-ms
period, a detection response was recorded. The response
was classified as a ‘hit’ if the preceding signal had come
from the animal’s left side and as a ‘false alarm’ if it
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had come from the animal’s right. (Breaking contact
during the intertrial interval had no effect on the pres-
entation of trials. However if the bat was not in contact
with the spout during the 1 s preceding a trial, data
from that trial were not recorded even though the trial
proceeded as usual. This avoided using trials when the
animal was grooming, or otherwise not participating.)

Each trial had a 22% probability of containing a left
signal. The sequence of left-right trials was quasi-ran-
dom and is described in detail elsewhere (Heffner and
Heffner, 1995). Both hit and false alarm rates were de-
termined for each block of 8-10 left trials and the as-
sociated right trials for each stimulus type and angle.
The hit rate was then corrected for the false alarm rate
to produce a performance measure according to the
formula: Performance = hit rate—(false alarm rate X hit
rate). This measure varies from 0 (no hits) to 1 (100%
hit rate with no false alarms). Note that the calculation
proportionately reduces the hit rate by the false alarm
rate observed for each angle rather than the false alarm
rate averaged for the session as a whole.

Noise-localization thresholds were determined for a
single 100-ms broadband noise burst and for a 100-ms
train of echolocation pulses. The angular separation
between the left and right loudspeakers was gradually
reduced symmetrically around the midline, with blocks
of trials containing 8-10 left signal trials given at each
angle, until the animal could no longer perform the
discrimination (binomial distribution, P > 0.05). Daily
testing continued until performance no longer improved
at any angle. The mean of the best three sessions was
then plotted as the asymptotic performance curve for
each individual. Threshold was defined as the angle
yielding a performance score of 0.50, which was usually
determined by interpolation. The actual angles tested
were 180°, 120°, 90°, 60°, 45°, 30°, 20°, 15°, 10°, and
in one case 5°.

Tone-localization tests were conducted at a fixed an-
gular separation of 60° (30° to the left and right of the
animal’s midline), with the animal’s performance calcu-
lated for blocks of trials containing 8-10 left trials.
Testing was carried out using a single frequency per
session for frequencies that sustained good perform-
ance. However, if an animal had difficulty or was un-
able to localize a particular frequency, as happened at
the lowest two frequencies tested, tones of a localizable
frequency were presented for several trials to verify that
the animal was sufficiently motivated. Each frequency
was tested over several non-consecutive sessions for an
average of 168 warning trials. The top 25% of the
scores were averaged to represent the best performance
of which the animals were capable.

2.5. Anatomical procedure

A bat was anesthetized with an overdose of ketamine

(80 mg/kg) plus xylazine (4 mg/kg) intramuscularly and
perfused with 0.9% saline, followed by 10% formalin.
The superior surface of the eyes was marked with fine
suture and the eyes were removed and the retinae dis-
sected free from the sclera. The retinae were then
mounted on gelatinized slides with the ganglion-cell
layer uppermost, and stained with thionine (Stone,
1981). The density of the ganglion cells was determined
throughout the retina in 0.1-mm steps through the ho-
rizon of the retina and in 0.2-0.3-mm steps in the supe-
rior and inferior periphery. The number of ganglion-cell
nucleoli within a sampling rectangle 37X25 pum
(0.000925 mm?) were counted using a 100 X oil immer-
sion objective. The horizontal width of the region en-
compassing ganglion-cell densities equal to or greater
than 75% of maximum density was determined as an
indication of the width of the field of best vision for
comparison between species. The maximum number of
cells/degree? was used to calculate the maximum theo-
retical resolvable spatial frequency in cycles per degree
(i.e. the maximum number of cycles of a square wave
grating—alternating black and white bars that can be
resolved per degree of visual angle) using Shannon’s
sampling theorem (e.g. DeBruyn et al., 1980). For addi-
tional details of the method see Heffner and Heffner
(1992b).

These experiments were carried out with the ap-
proval of the University of Toledo Animal Care and
Use Committee.

3. Results
3.1. Noise localization

The ability of the three big brown bats to discrim-
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Fig. 3. Sound-localization performance of three big brown bats for
the 100-ms noise burst. Letters represent individual animals and the
horizontal dashed line indicates the 0.50 performance level used to
define threshold. Chance performance was approximately 0.40 in
this task.
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inate 100-ms noise bursts emitted from loudspeakers
centered symmetrically about midline is illustrated in
Fig. 3. The animals performed reliably at large angles,
achieving average performances of 0.80 or better with
performances rapidly declining as the angle of separa-
tion fell below 30°. The thresholds (minimum audible
angles) for animals A, B, and C were 16°, 12°, and 13°
respectively for an overall average of 14°. The close
agreement between the three animals suggests that the
thresholds obtained are representative for big brown
bats.

3.2. Localization of an echolocation call

The ability of bat C to passively localize one of its
own echolocation calls is shown in Fig. 4. As can be
seen, the animal’s performance in localizing playbacks
of its own call parallels its performance in the noise-
localization task. Localization threshold for the call was
15°, which is within the range of the thresholds for
localizing noise and very close to its own 13° noise-
localization threshold. Thus, there is no noticeable dif-
ference in thresholds for passively localizing a noise
burst or an echolocation call.

3.3. Pure-tone localization

To determine the ability of the big brown bat to use
binaural time- and intensity-difference cues to localize
sound, two animals were tested for their ability to local-
ize brief tone-pips ranging in frequency from 5.6 kHz to
64 kHz. This test is based on the absence of binaural
intensity-difference cues at low frequencies because low
frequencies bend around the head with little or no at-
tenuation. On the other hand, binaural time cues, in the
form of the phase-difference cue, become ambiguous at
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Fig. 4. Sound-localization performance of bat C for a train of six
echolocation calls (C). Shaded line indicates performance of the
same bat localizing a single 100-ms burst of noise (taken from Fig.
3). Note that the two performances are not noticeably different.
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Fig. 5. Sound-localization performance of two big brown bats as a
function of the frequency of a pure-tone stimulus for a fixed angle
of separation (+30° azimuth). Letters represent individual animals;
arrow indicates the upper limit of the physical availability of the
binaural phase-difference cue for the big brown bat. Note that per-
formance falls to chance at frequencies below 11.2 kHz and does
not improve when the 5.6-kHz signal is sinusoidally amplitude
modulated (SAM) at 500, 750, or 1000 Hz. Vertical bar indicates
the range of scores of the two bats for the amplitude-modulated sig-
nals.

high frequencies. At a 60° angle of separation between
sound sources, the calculated frequency above which
the phase cue becomes physically ambiguous for an
adult big brown bat with an interaural distance of 55
ps is 21 kHz (for the formula for calculating the fre-
quency of ambiguity, see Kuhn, 1977). Thus, animals
that use both binaural cues are able to localize both low
and high frequencies, although they often show a dip in
performance in the midrange where neither cue is max-
imally effective (e.g. Heffner and Heffner, 1992a; Mas-
terton et al., 1975). Animals that lack the ability to use
the binaural phase cue are unable to localize low fre-
quencies whereas those that cannot use binaural inten-
sity differences are unable to localize high frequencies.

The performances of the two bats on this test indi-
cate that the big brown bat can use binaural intensity,
but not binaural time cues. As shown in Fig. 5, the
performance of each bat was quite good at 45 and 64
kHz, the highest frequencies tested, but declined stead-
ily with decreasing frequency, falling to chance at 8 and
5.6 kHz, the lowest frequencies tested. This pattern of
performance is typical of an animal that lacks the abil-
ity to use the binaural time-difference cue (cf. Master-
ton et al., 1975). That is, performance is good at high
frequencies where binaural intensity differences are
maximal, declines with frequency as the head and pin-
nae are becoming less effective in attenuating the sound,
and finally falls to chance at low frequencies where the
binaural intensity differences approach zero.

During testing, it occurred to us that the bats might
be capable of using binaural time cues, but that their
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Table 1
Performance of bats C and D in discriminating the locus of a 5.6-
kHz tone that was amplitude modulated at three modulation rates

Modulation rate Performance scores

Bat C Bat D
Unmodulated 0.24 0.36
500 Hz 0.30 0.31
750 Hz 0.22 0.30
1000 Hz 0.21 0.23

Loudspeakers were located at +30° azimuth. Note that modulating
the 5.6-kHz tone did not improve performance and that none of the
scores were above chance (P> 0.05).

use of binaural phase was limited for physiological rea-
sons to frequencies below 5.6 kHz. However, because
the absolute sensitivity of the bats declines rapidly be-
low 8 kHz, it was not possible to present frequencies
lower than 5.6 kHz at sufficient intensities without no-
ticeable distortion. To circumvent this problem, we
tested the animals with a 5.6-kHz tone that was sinus-
oidally amplitude modulated at rates of 500, 750, or
1000 Hz to provide them with binaural time cues in
the form of the envelope of the modulated tone. How-
ever, once again, both animals failed to perform above
chance at any of the amplitude modulation rates, there-
by indicating that they could not use the binaural time
cues provided by the envelope of the signal (Fig. 5 and
Table 1). In short, we found no evidence that the big
brown bat could use binaural time-difference cues.

3.4. Interaural intensity difference

The decline in interaural intensity differences as fre-
quency decreases was demonstrated by measuring the
spectra of a broadband noise reaching one ear for loud-
speaker locations of 30° to the left and right of midline.
As can be seen in Fig. 6, interaural intensity differences
are approximately 10 dB at 32 kHz and decline steadily

Interaural Difference (in dB SPL)

Frequency (in kHz)

Fig. 6. Interaural intensity differences across frequency as deter-
mined by measuring the spectra of a broadband noise reaching one
ear for loudspeaker locations of 30° to the left and 30° to the right
of midline (0° elevation).
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Fig. 7. Retinal ganglion-cell isodensity contours in the right retina
of a big brown bat. Density is expressed as a proportion of the
maximum density (8649 cells/mm?); dark grey indicates densities at
least 75% of maximum, light grey indicates densities at least 50% of
maximum, and white indicates densities at least 25% of maximum
(minimum densities did not fall below 25% of maximum). OD, optic
disk.

to 0 dB by 2 kHz. At 8 kHz, the frequency at which the
bats’ pure-tone-localization performance fell to chance
(cf. Fig. 5), the interaural intensity difference was ap-
proximately 3 dB. These results show good agreement
with those of Jen and Chen (1988) who obtained differ-
ences in big brown bats of approximately 7 dB for
frequencies as low as 25 kHz (lower frequencies not
tested). Measures in a similar-sized mouse also pro-
duced differences of 3 dB or less at frequencies below
10 kHz (Chen et al., 1995). Thus, the decline in pure-
tone-localization performance by big brown bats as fre-
quency decreases is accompanied by a corresponding
decrease in the availability of interaural intensity differ-
ences.

3.5. Retinal ganglion-cell densities

The retina of the big brown bat is avascular and
approximately 2.9 mm in diameter. The ganglion cells
are relatively small (5-10-um diameter) with large ec-
centric nuclei and usually a clearly distinguishable nu-
cleolus. The ganglion cells reach a relatively high peak
density of 8649 cells/mm? in small regions of both the
nasal and temporal retina. This density approximates
that found in cats, but owing to the very small size of
the eye, it corresponds to a maximum theoretical acuity
of only 0.75 cycles/degree. This estimate of acuity
agrees well with the 0.5 cycles/degree determined by
the optomotor response (Bell and Fenton, 1986) and
the 0.7 cycles/degree obtained by a previous analysis
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of the retinal ganglion-cell density (Marks, 1980). The
visual acuity of the big brown bat is thus less than the
60 cycles/degree of humans, the 9 cycles/degree acuity
of cats, and the ~ 1.5 cycles/degree acuity of domestic
rats, and is on par with the 0.4 cycles/degree estimated
for subterrancan mole rats (Birch and Jacobs, 1979;
Heffner and Heffner, 1993; Hughes, 1977; Jacobson
et al., 1976). Compared with other bats, the visual acui-
ty of big brown bats, like that of other nocturnal in-
sectivorous bats, is relatively poor as opposed to the
visual acuity of crepuscular insectivorous and nocturnal
fruit-eating bats (e.g. Bell and Fenton, 1986; Pettigrew
et al., 1988).

The density of the ganglion cells falls irregularly to-
ward the periphery as illustrated in Fig. 7, but remains
greater than 50% of peak density nasally and greater
than 25% of peak density temporally. Such shallow
density gradients are typical of microchiropteran bats
(Pettigrew et al., 1988) and the irregular isodensity con-
tours we observed confirm the observations of others
for the big brown bat (Marks, 1980).

The isodensity contour demarcating densities at least
75% of maximum reveals an irregular visual streak
passing through the optic disk and encompassing 139°
of the horizon. As discussed below, the association of
this relatively broad field of best vision with relatively
poor passive sound-localization acuity corresponds to
the pattern seen in non-echolocating mammals.

4. Discussion

4.1. Passive localization acuity of big brown bats
compared with other mammals

Although no previous measure of the passive sound-
localization ability of the big brown bat exits, an indi-
rect estimate based on echolocation acuity has been
offered by Simmons and his colleagues (Simmons et
al., 1983). Based on the observation that the big brown
bat can discriminate differences in spacing between
pairs of vertical rods with an acuity of 1.5°, which
they believed to be mediated by a binaural mechanism,
they suggested that the passive localization acuity of big
brown bats might also be 1.5°. As the present results
show, their actual passive localization threshold, 14°, is
much larger. This difference suggests that active and
passive localizations are distinct abilities relying on dif-
ferent mechanisms. Indeed, a similar distinction be-
tween active and passive localization has been proposed
for the little brown bat (Myotis lucifugus) on the basis
of midbrain responses that suggest that different mech-
anisms may be used in the neural analysis underlying
the two types of localization (Condon et al., 1996). The
potential mechanisms are broad and remain to be iden-
tified, however it should be noted that a distinction

between active and passive perception has precedent
in another sensory system: somatosensation (Hutson
and Masterton, 1986; Semmes, 1973).

Compared with other mammals, the 14° threshold of
the big brown bat is not unusual. As shown in Fig. 8, it
lies in the midrange of those species tested so far. More-
over, the big brown bat conforms to the general mam-
malian plan in which species with narrow fields of best
vision have better sound-localization acuity than those
with broader fields, a relationship described in detail in
Section 4.3.

One species of bat for which a passive sound-local-
ization threshold is available is the pallid bat, Antrozous
pallidus. Using a procedure in which a bat flew from a
fixed perch to an anesthetized cricket tossed onto the
floor, Fuzessery et al. (1993) estimated the species’ pas-
sive localization threshold to be *1°. Such acuity is
rare among mammals and would make the pallid bat
one of the most acute mammals yet tested (cf. Fig. 8),
placing its acuity very near that of humans (Mills,
1958). Although surprising, such acuity could be a re-
sult of the pallid bat’s reliance on passive localization
for prey capture, relegating echolocation primarily to
navigation (Fuzessery et al., 1993). However, the re-
markable acuity of the pallid bat raises questions such
as why it requires better localization acuity to hunt its
prey than do other small carnivorous mammals (e.g. the
least weasel, Fig. 8), what mechanisms it uses to achieve
such accuracy, and whether it fits the relationship be-
tween size of the field of best vision and sound-local-
ization acuity seen in other mammals. Thus, it would be
of interest to confirm the pallid bat’s threshold using
standard psychophysical procedures.

4.2. Use of binaural locus cues

The ability to localize pure tones has been used to
demonstrate the duplex theory of sound localization in
which the ability to localize low frequencies is attrib-
uted to the use of the binaural time- or phase-difference
cue and the ability to localize high frequencies is attrib-
uted to the use of the binaural intensity-difference cue
(Stevens and Newman, 1936). Although most mam-
mals, including humans, monkeys, cats, and rats, are
able to use both binaural locus cues, it has become
apparent that others lack the ability to use one or the
other, or even both cues (Heffner and Heffner, 1992a).
Specifically, the hedgehog and spiny mouse do not use
binaural time cues, the Indian elephant, horse, cattle,
domestic goat, and domestic pig lack the ability to use
binaural intensity cues over part or all of their high-
frequency hearing range, and the pocket gopher, blind
mole rat, and naked mole rat lack the ability to localize
sound using either cue (Heffner and Heffner, 1990,
Heffner and Heffner, 1992a, Heffner and Heffner,
1992¢, Heffner and Heffner, 1993).
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Fig. 8. Azimuthal sound-localization acuity for 29 species of mammals. All thresholds were obtained using stimuli of 100 ms or less with the
exception of the subterranean species and pallid bat, indicated by parentheses. The subterranean species required longer duration sounds before
they could successfully localize and, even then, the gopher could barely localize above chance. For references, see Heffner et al. (1994).

The results reported here indicate that the big brown
bat can use the binaural intensity-difference cue, but
not the binaural phase-difference cue, to localize sound.
That is, the bats were able to localize pure tones from
11.2 to 64 kHz, indicating that they could use the bin-
aural intensity cue, but they were unable to localize 5.6
and 8 kHz, suggesting that they could not use the bin-
aural phase cue. The interaural intensity differences
available to big brown bats for sources located at 0°
elevation and 30° to the left or right of midline were at
least 10 dB for frequencies above 22.8 kHz, but fell to
5 dB at 16 kHz and continued falling to 3 dB or less at
8 kHz and below — frequencies that the bat could not
localize. In the absence of the ability to use the inter-
aural phase cue, the animals were left with a declining
interaural intensity difference (Fig. 6) on which to base
their localization judgements and their performance fell
accordingly as frequency decreased.

Because the poor low-frequency sensitivity of the big
brown bat makes it difficult to generate lower frequen-
cies at sufficient intensities without noticeable distor-
tion, the animals were further tested with a 5.6-kHz
tone that was amplitude modulated at 0.500, 0.750
and 1 kHz. Such a signal provides time or phase infor-
mation in its envelope. Specifically, it has been shown
that humans can lateralize a high-frequency signal when
it is modulated at a low frequency (e.g. McFadden and
Pasanen, 1976). Unlike humans, however, the bats were
unable to localize the amplitude-modulated tone. We
interpret this result to indicate that the big brown bat
cannot use the binaural phase cue down to at least 500
Hz and, therefore, is probably incapable of using bin-
aural time cues at all. Since the hearing range of the big
brown bat extends only down to about 3.7 kHz (Koay
et al., 1997), its hearing does not include the frequencies
below 3 kHz where phase locking occurs in other mam-
mals (cf. Johnson, 1980). From our results it seems
that, despite their other auditory specializations, big
brown bats have not developed an auditory system cap-
able of phase locking to high frequencies even though
that is not beyond the capacity of a vertebrate brain, as

demonstrated by barn owls (Sullivan and Konishi,
1984).

Because previous studies have indicated that the abil-
ity to use binaural locus cues is reflected in the mor-
phology of the auditory brainstem (e.g. Masterton et
al., 1975; Heffner and Heffner, 1992a), the question
arises as to the morphology of the big brown bat’s
brainstem nuclei. In the big brown bat, the lateral supe-
rior olivary nucleus, which receives high-frequency in-
put from the two ears and is believed to mediate the
binaural intensity-difference cue, is well developed, as
are the intermediate and ventral nuclei of the lateral
lemniscus, which receive monaural input. However,
the medial superior olivary nucleus, which in non-echo-
locating mammals receives low-frequency input from
the two ears and is believed to mediate interaural
time differences, is very small in the big brown bat
(Casseday and Covey, 1987; Huffman and Covey,
1995). In addition, unlike the common mammalian pat-
tern of strong excitatory input from both cochlear nu-
clei, the medial superior olive in big brown bats receives
largely monaural input, with both excitatory and inhib-
itory input arising from the contralateral ear (e.g. Ku-
wabara and Zook, 1992). Although it has been pro-
posed that timing could be accomplished by
comparing the excitatory input from one ear with the
small inhibitory input from the other (Grothe et al.,
1994), this has not yet been demonstrated. Thus, the
inability of the big brown bat to use binaural time
cues is supported by the lack of evidence for processing
those cues in the auditory brainstem.

With the addition of the big brown bat, there are
now three species of mammals that appear to be unable
to use binaural time cues for localizing sound: the
hedgehog (Paraechinus hypomelas, Masterton et al.,
1975), spiny mouse (Acomys cahirinus, Heffner and
Heffner, 1992a), and now the big brown bat. One fea-
ture these animals have in common is that they have
relatively small heads or, more specifically, small inter-
aural distances. The time it takes for sound to travel
around the head from one auditory meatus to the other
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is 55 us, 64 us, and 167 us for the big brown bat, spiny
mouse, and hedgehog, respectively. Because the magni-
tude of the binaural time cue for a given angle is de-
pendent on head size, animals with very small heads
might relinquish the use of the binaural time cue be-
cause their heads are too small to generate useful time
differences. However, while this explanation may ac-
count for the inability of the big brown bat and the
spiny mouse to use binaural time cues, it does not ac-
count for the hedgehog, as there are a number of spe-
cies of mammals with interaural distances smaller than
the hedgehog, but larger than the big brown bat and
the spiny mouse, that are able to use binaural time
cues; for example, the least weasel (76 us), gerbil (87
us), and kangaroo rat (90 us) (Heffner and Heffner,
1987, 1988; Heffner and Masterton, 1980). Thus,
although the small interaural distances of the big brown
bat and spiny mouse may have rendered binaural time
cues too small to be useful, the same cannot be said for
the hedgehog.

4.3. Role of vision in sound localization

We have previously proposed that a major selective
pressure influencing the variation in sound-localization
acuity among mammals is the need to direct the field of
best vision toward a sound source for further scrutiny
(Heffner and Heffner, 1992b). Just how accurate sound
localization must be to direct the eyes seems to depend
on the width of an animal’s field of best vision: Ani-
mals with narrow fields of best vision, such as humans,
require good sound-localization acuity in order to direct
their gaze so that the visual image of the sound source
falls upon their fovea, whereas animals with broad
fields of best vision, such as those with visual streaks,
do not require such acuity.

However, exceptions to this relationship are known
to occur — specifically, among subterranean animals
adapted to living in dark burrows where visual scrutiny
of sound sources is not possible. Not only is their vision
reduced, but such animals usually have reduced high-
frequency hearing and little or no ability to localize
sound. Thus, the results of studies on the pocket go-
pher, blind mole rat, and naked mole rat support the
view that vision and sound-localization ability are
closely linked by demonstrating that animals that do
not use vision also relinquish the ability to localize
sound, apparently because they no longer need it to
direct their gaze (Heffner and Heffner, 1990, Heffner
and Heffner, 1992a, Heffner and Heffner, 1993). Like
some of these subterranean species, big brown bats also
have small eyes, but unlike the subterraneans, they do
forage in the light of dawn and dusk and often roost in
places such as eaves of buildings that admit light.
Moreover, they orient to the sunset glow (Buchler and
Childs, 1982) and have retained measurable vision,

although it is relatively poor even compared to that
of other bats (Pettigrew et al., 1988; Suthers and Wallis,
1970). Because big brown bats have reduced vision and
rely on echolocation instead of vision for navigation
and the pursuit of prey, it occurred to us that they,
like subterranean mammals, might prove to be unusual
compared to other mammals. However, this turned out
not to be the case.

The relationship between the width of the field of
best vision and passive sound-localization acuity is il-
lustrated in Fig. 9. As can be seen, animals with narrow
fields of best vision, such as humans, are more accurate
localizers than animals with broader fields of best vi-
sion, such as cattle. Among the 23 species of mammals
for which data are available, the correlation is very
strong and reliable (r=0.922, P=0.0001), accounting
for 85% of the variance. Moreover, despite its reliance
on echolocation, the big brown bat does not deviate
significantly from the mammalian pattern as its passive
sound-localization threshold falls close to the value pre-
dicted by the width of its field of best vision (z=—1.34,
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Fig. 9. Relationship between width of the field of best vision (de-
fined by ganglion-cell densities of at least 75% of maximum) and
sound-localization threshold for 23 species of mammals. Species
with narrow fields of best vision have better localization acuity than
species with broad fields of best vision. The big brown bat does not
deviate significantly from the regression line (1=-—1.34, P=0.21).
Key: 1, Virginia opossum (Didelphis virginiana); 2, Japanese ma-
caque (Macaca fuscata); 3, human (Homo sapiens); 4, domestic rab-
bit (Oryctolagus cuniculus); 5, eastern chipmunk (Zamias striatus);
6, groundhog (Marmota monax); 7, black-tailed prairie dog
(Cynomys ludovicianus); 8, pocket gopher (Geomys bursarius); 9,
wood rat (Neotoma floridana); 10, grasshopper mouse (Onychomys
leucogaster); 11, hamster (Mesocricetus auritus); 12, gerbil (Meriones
unguiculatus); 13, wild Norway rat (Rattus norvegicus); 14, spiny
mouse (Acomys cahirinus); 15, domestic mouse (Mus musculus); 16,
chinchilla (Chinchilla laniger); 17, naked mole rat (Heterocephalus
glaber); 18, dog (Canis familiaris); 19, least weasel (Mustela nivalis);
20, ferret (Mustela putorius); 21, cat (Felis domesticus); 22, pig (Sus
scrofa); 23, cow (Bos taurus). The two subterranean species (indi-
cated by *) do deviate significantly from the regression line and
their inclusion lowers the correlation to 0.855. See Heftner et al.
(1994) for references.
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P=0.21). The poor visual acuity of the big brown bat is
not likely a factor affecting its sound-localization acui-
ty; it appears that mammals use sound localization to
direct their best vision to the source of a sound regard-
less of the absolute acuity of that vision (Heffner and
Heftner, 1992b).

It is not impossible, however, that the passive sound-
localization acuity of the big brown bat might be linked
to its echolocation ability. For example, some bats
might conceivably use passive sound localization to di-
rect their echolocation signal instead of, or in addition
to, directing their best vision. If so, then one might
expect sound-localization acuity to vary as a function
of the width of the echolocation beam. However, there
is insufficient information on beam width and passive
sound-localization acuity of bats to test this hypothesis
and no independent evidence that bats coordinate their
passive localization with echolocation. Thus, it would
appear at this time that the eyes have it and that big
brown bats, like other mammals, use their passive
sound localization to direct their best vision to the
source of a sound.

Acknowledgments

Supported by NIH grant R01 DC02960.

References

Bell, G.P., Fenton, M.B., 1986. Visual acuity, sensitivity and binoc-
ularity in a gleaning insectivorous bat, Macrotus californicus (Chi-
roptera: Phyllostomidae). Anim. Behav. 34, 409-414.

Birch, D., Jacobs, G.H., 1979. Spatial contrast sensitivity in albino
and pigmented rats. Vis. Res. 19, 853-857.

Buchler, E.G., Childs, S.B., 1981. Orientation to distant sounds by
foraging big brown bats (Eptesicus fuscus). Anim. Behav. 29, 428—
432.

Buchler, E.G., Childs, S.B., 1982. Use of the post-sunset glow as an
orientation cue by big brown bats (Eptesicus fuscus). J. Mammal.
63, 243-247.

Casseday, J.H. and Covey, E. (1987) Central auditory pathways in
directional hearing. In: Yost, W.A. and Gourevitch, G. (Eds.),
Directional Hearing. Springer-Verlag, New York, pp. 109-145.

Chen, Q.-C., Cain, D., Jen, P.H.-S., 1995. Sound pressure transfor-
mation at the pinna of Mus domesticus. J. Exp. Biol. 198, 2007—
2023.

Condon, C.J., White, K.R., Feng, A.S., 1996. Neurons with different
temporal firing patterns in the inferior colliculus of the little brown
bat differentially process sinusoidal amplitude-modulated signals.
J. Comp. Physiol. A 178, 147-157.

DeBruyn, E.J., Wise, V.L., Casagrande, V.A., 1980. The size and
topographic arrangement of retinal ganglion cells in the galago.
Vis. Res. 20, 315-327.

Fuzessery, Z.M., Buttenhoff, P., Andrews, B., Kennedy, J.M., 1993,
Passive sound localization of prey by the pallid bat (Antrozous p.
pallidus). J. Comp. Physiol. A 171, 767-777.

Grinnell, A.D. (1995) Hearing in bats: An overview. In: Popper, A.N.
and Fay, R.R. (Eds.), Hearing by Bats. Springer-Verlag, New
York, pp. 1-36.

Grothe, B., Covey, E., Casseday, J.H., 1996. Spatial tuning of neurons
in the inferior colliculus of the big brown bat: Effects of sound
level, stimulus type and multiple sound sources. J. Comp. Physiol.
A 179, 89-102.

Grothe, B., Schweizer, G.D., Pollak, G.D., Schuller, G., Rosemann,
C., 1994. Anatomy and projection patterns of the superior olivary
complex in the Mexican free-tailed bat, Tadarida brasiliensis mex-
icana. J. Comp. Neurol. 343, 630-646.

Heffner, H.E. and Heftner, R.S. (1995) Conditioned avoidance. In:
Klump, G.M., Dooling, R.J., Fay, R.R. and Stebbins, W.C.
(Eds.), Methods in Comparative Psychoacoustics. Birkhduser-Ver-
lag, Basel, Switzerland, pp. 79-93.

Heftner, H., Masterton, B., 1980. Hearing in glires: domestic rabbit,
cotton rat, feral house mouse, and kangaroo rat. J. Acoust. Soc.
Am. 68, 1584-1599.

Heffner, R.S., Heffner, H.E., 1987. Localization of noise, use of bin-
aural cues, and a description of the superior olivary complex in the
smallest carnivore, the least weasel (Mustela nivalis). Behav. Neu-
rosci. 101, 701-708, 744-745.

Heffner, R.S., Heffner, H.E., 1988. Sound localization and use of
binaural cues by the gerbil (Meriones unguiculatus). Behav. Neuro-
sci. 102, 422-428.

Heffner, R.S., Heffner, H.E., 1990. Vestigial hearing in a fossorial
mammal, the pocket gopher (Geomys bursarius). Hear. Res. 46,
239-252.

Heftner, R.S. and Heffner, H.E. (1992a) Evolution of sound local-
ization in mammals. In: Webster, D.B., Fay, R.R. and Popper,
A.N. (Eds.), The Evolutionary Biology of Hearing. Springer-Ver-
lag, New York, pp. 691-715.

Heffner, R.S., Heffner, H.E., 1992b. Visual factors in sound localiza-
tion in mammals. J. Comp. Neurol. 317, 219-226.

Heftner, R.S., Heffner, H.E., 1992c. Hearing and sound localization in
blind mole rats, Spalax ehrenbergi. Hear. Res. 62, 206-216.

Heftner, R.S., Heffner, H.E., 1993. Degenerate hearing and sound
localization in naked mole rats (Heterocephalus glaber), with an
overview of central auditory structures. J. Comp. Neurol. 331,
418-433.

Heffner, R.S., Heffner, H.E., Kearns, D., Vogel, J., Koay, G., 199%4.
Sound localization in chinchillas. 1: Left/right discriminations.
Hear. Res. 80, 247-257.

Hughes, A. (1977) The topography of vision in mammals of contrast-
ing life style: Comparative optics and retinal organization. In:
Criscitelli, F. (Ed.), Handbook of Sensory Physiology, Vol. VII/
5, The Visual System in Vertebrates. Springer-Verlag, New York,
pp. 613-756.

Huffman, R.F., Covey, E., 1995. Origin of ascending projections to
the nuclei of the lateral lemniscus in the big brown bat, Eptesicus
Sfuscus. J. Comp. Neurol. 357, 532-545.

Hutson, K.A., Masterton, R.B., 1986. The sensory contribution of a
single vibrissa’s cortical barrel. J. Neurophysiol. 56, 1196-1223.
Jacobson, S.G., Franklin, K.B.J., McDonald, W.I., 1976. Visual acui-

ty of the cat. Vis. Res. 30, 527-528.

Jen, P.H.-S., Chen, D., 1988. Directionality of sound pressure trans-
formation at the pinna of echolocating bats. Hear. Res. 34, 101-
118.

Johnson, D.H., 1980. The relationship between spike rate and syn-
chrony in responses of auditory-nerve fibers to single tones.
J. Acoust. Soc. Am. 68, 1115-1122.

Koay, G., Heffner, H.E., Heffner, R.S., 1997. Audiogram of the big
brown bat (Eptesicus fuscus). Hear. Res. 105, 202-210.

Kuhn, G.F., 1977. Model for the interaural time differences in the
azimuthal plane. J. Acoust. Soc. Am. 62, 157-167.

Kuwabara, N., Zook, J.M., 1992. Projections to the medial superior
olive from the medial and lateral nuclei of the trapezoid body in
rodents and bats. J. Comp. Neurol. 324, 522-538.

Marks, J.M. (1980) Retinal ganglion cell topography in bats. Masters
Thesis, Indiana University.



48 G. Koay et al. | Hearing Research 119 (1998) 37—48

Masterton, R.B., Thompson, G.C., Bechtold, J.K., RoBards, M.J.,
1975. Neuroanatomical basis of binaural phase-difference analysis
for sound localization: A comparative study. J. Comp. Physiol.
Psychol. 89, 379-386.

McFadden, D., Pasanen, E.G., 1976. Lateralization at high frequen-
cies based on interaural time differences. J. Acoust. Soc. Am. 59,
634-639.

Mills, A.W., 1958. On the minimum audible angle. J. Acoust. Soc.
Am. 30, 237-246.

Neuweiler, G., 1989. Foraging ecology and audition in echolocating
bats. Trends Ecol. Evol. 4, 160-166.

Pettigrew, J.D., Dreher, B., Hopkins, C.S., McCall, M.J., Brown, M.,
1988. Peak density and distribution of ganglion cells in the retinae
of microchiropteran bats: Implications for visual acuity. Brain
Behav. Evol. 32, 39-56.

Semmes, J. (1973) Somesthetic effects of damage to the central nerv-
ous system. In: Brookhart, J.JM. and Mountcastle, V.B. (Eds.),
Handbook of Sensory Physiology, Vol. 2. Springer-Verlag, New
York, pp. 719-742.

Simmons, J.A., Howell, D.J., Suga, N., 1975. Information content of
bat sonar. Am. Sci. 63, 204-215.

Simmons, J.A., Kick, S.A., Lawrence, B.D., Hale, C., Bard, C., Es-
cudie, B., 1983. Acuity of horizontal angle discrimination by the
echolocating bat, Eptesicus fuscus. J. Comp. Physiol. 153, 321-330.

Stevens, S.S., Newman, E.B., 1936. The localization of actual sources
of sound. Am. J. Psychol. 48, 297-306.

Stone, J. (1981) The Wholemount Handbook. Sydney, Australia,
Maitland.

Sullivan, W., Konishi, M., 1984. Segregation of stimulus phase and
intensity coding in the cochlear nucleus of the barn owl. J. Neuro-
sci. 4, 1787-1799.

Suthers, R.A., Wallis, N.E., 1970. Optics of the eyes of echolocating
bats. Vis. Res. 10, 1165-1173.

Thompson, M., Porter, B., O’Bryan, J., Heffner, H.E., Heffner, R.S.,
1990. A syringe-pump food-paste dispenser. Behav. Res. Methods
Instr. Comp. 22, 449-450.



