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Sound localization in common vampire bats: Acuity and use
of the binaural time cue by a small mammal
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Passive sound-localization acuity and the ability to use binaural time and intensity cues were deter-
mined for the common vampire bat (Desmodus rotundus). The bats were tested using a conditioned
suppression/avoidance procedure in which they drank defibrinated blood from a spout in the pres-
ence of sounds from their right, but stopped drinking (i.e., broke contact with the spout) whenever a
sound came from their left, thereby avoiding a mild shock. The mean minimum audible angle for
three bats for a 100-ms noise burst was 13.1°—within the range of thresholds for other bats and
near the mean for mammals. Common vampire bats readily localized pure tones of 20kHz and
higher, indicating they could use interaural intensity-differences. They could also localize pure
tones of 5 kHz and lower, thereby demonstrating the use of interaural time-differences, despite their
very small maximum interaural distance of 60 us. A comparison of the use of locus cues among
mammals suggests several implications for the evolution of sound localization and its underlying

anatomical and physiological mechanisms. © 2015 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4904529]
[ANP]

I. INTRODUCTION

The ability of mammals to localize sound is not uni-
form, but varies between species in two important ways.
First, sound-localization acuity as measured by the minimum
audible angle for brief sound ranges from about 1° for
humans and elephants to more than 25° in mice, rabbits, and
cattle, with subterranean rodents being virtually unable to
localize brief sounds at all (Heffner and Heffner, 2003). This
variation can be accounted for by the relationship between
auditory localization and vision in which species with nar-
row fields of best vision appear to require more acute locus
information to direct their gaze to the source of a sound than
do species with broad visual fields or visual streaks (Heffner
and Heffner, 1992c¢).

The second way in which the sound-localization ability
of mammals varies is in the use of the binaural time and in-
tensity cues for locus, which are demonstrated by the ability
of an animal to localize low- and high-frequency pure tones
(e.g., Heffner and Heffner, 2003). Specifically, low-
frequency pure tones that bend around the head with little or
no attenuation are localized by comparing the time of arrival
of the phase of each cycle of the tone at the two ears and this
is thus often referred to as the binaural phase-difference cue.
The phase-difference cue becomes ambiguous for pure tones
at higher frequencies when successive cycles arrive too
quickly for the nervous system to match the arrival of the
same cycle at the two ears. The exact “frequency of
ambiguity” depends on an animal’s head size and the angle
of the sound source relative to its midline—it is higher for
smaller heads and sound sources closer to midline. Pure
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tones above the frequency of ambiguity, then, must be local-
ized using interaural intensity differences if they are
available.

Using the ability to localize low- and high-frequency
pure tones as an indication of the ability to use the binaural
time and intensity cues, it has been found that although
most mammals use both binaural cues, many do not. For
example, it is now known that hedgehogs, rats, and some
bats do not use binaural time cues, whereas pigs, horses,
cattle, and alpacas do not use binaural intensity cues
(Heffner and Heffner, 1986, 1989; Heffner and Heffner,
2003; Heffner et al., 2014). Subterranean rodents appear to
use neither binaural cue, as they are virtually incapable of
localizing brief sounds (Heffner and Heffner, 1990, 1992b,
1993). Moreover, the highest-frequency pure tone that can
be localized using the interaural phase-difference cue also
varies considerably, from 250 Hz for the Indian elephant to
6.3kHz for the Jamaican fruit bat (Heffner and Heffner,
1982; Heffner et al., 2001c). Why some animals fail to use
one or the other binaural locus cue and why the upper fre-
quency limit for the binaural phase cue varies is not cur-
rently known.

To further explore this variation in mammalian sound
localization, the ability of the common vampire bat
(Desmodus rotundus) to localize sound was determined.
Common vampire bats are best known for their highly speci-
alized digestive physiology and behavior that enables them to
live on blood, primarily of large bovids. However, their hear-
ing abilities are also of interest because they are more sensi-
tive to low frequencies than any of the bats tested so far
(Heffner et al., 2013). With such relatively good low-
frequency sensitivity for a small bat, their performance on a
task requiring the use of the low-frequency-based binaural
phase cue, despite the small magnitude of the available time
difference, was of special interest.
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Il. METHODS

Sound-localization thresholds (i.e., minimum audible
angles) were obtained using the conditioned suppression/
avoidance procedure in which a bat was trained to break con-
tact with a reward spout if a brief noise burst was presented
from its left side, and to continue feeding from the spout if
the noise came from its right. The ability to localize pure
tones at an angle of 60° separation was used to determine the
ability to use the binaural locus cues.

A. Subjects

Three male Desmodus rotundus (referred to as A, B, and
C) were approximately 3-3.5 years old at testing and
weighed 23-29 g. They were individually housed in wood
and plastic mesh cages (48 x 39 x 95cm). They had free
access to water and received their meals of defibrinated
blood (Barnard, 1995) during the test sessions. Supplemental
feedings were provided as needed to maintain healthy body
weight. Blood was collected from local cattle at slaughter
time and each gallon was immediately mixed with 11g so-
dium citrate, 4 g citric acid, and 12.5 g dextrose. The blood
was strained and frozen in 100-ml quantities and stored up to
3 months; thawed blood was refrigerated and discarded after
two days. Animal use was approved by the University of
Toledo Animal Care and Use Committee.

B. Behavioral apparatus

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

The test cage (28 x 21 x 24 cm) was constructed of 1.5-
cm wire mesh, and sat on a tripod 92 cm above the floor (for
a drawing of the test cage, see Koay er al., 2002a). The
reward spout consisted of a 3-mm-diameter brass tube
topped with a brass bowl (8-mm diameter x 5-mm deep). It
was attached with silicone tubing to a 10-cc plastic syringe
that contained the blood reward. The blood was dispensed
using a syringe pump (Yale Apparatus YA-12) housed in a
high-density particleboard box (40 x 30 x 30cm) and lined
with egg-crate foam to eliminate pump noise. The box was
placed on the carpeted floor behind the cage.

During testing, a bat climbed onto a small platform
(15 x 8 x 6cm) and approached the reward spout to feed.
The tip of the spout was 1cm in front of the platform and
lIcm above it. This arrangement eliminated obstructions
between the animal’s ears and the loudspeaker while it was
eating from the spout. The platform was covered with a
piece of damp carpet to provide good traction and facilitate
electrical contact with the spout. A contact circuit, connected
between the spout and platform, was used to detect when an
animal contacted the spout and to activate the syringe pump.
Requiring the bat to maintain mouth contact with the spout
served to keep its head in a fixed position relative to the
loudspeakers.
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A shock generator (Coulbourn AC-Resistive Small
Animal Shocker) was connected between the reward spout
and platform. The shock was adjusted for each individual to
the lowest level that consistently caused the bat to back
away slightly or lift its head from the spout. Shock levels
ranged from 0.05mA to 0.15mA. A 25-W light, mounted
0.5m below the cage, was turned on and off with the shock
to provide feedback for a successful avoidance and to indi-
cate when it was safe to return to the spout.

C. Acoustical apparatus

Passive minimum audible angle was determined using a
100-ms broadband noise burst. The noise bursts were digi-
tally generated (Zonic A & D 3525) to include energy up to
100 kHz, and presented through loudspeakers mounted at ear
level on a perimeter bar (102cm radius) centered on the
position of an animal’s head while it was feeding from the
spout. The signal was gated on with an abrupt onset (0.1 ms
rise/fall, Coulbourn S84-04), split into left and right chan-
nels, amplified to 60dB sound pressure level (SPL) re
20 pPa (Coulbourn S82-24), and routed to the loudspeakers.
During testing, the signal intensity was randomly attenuated
up to 3.5dB on each presentation (Coulbourn S85-08 pro-
grammable attenuator) to reduce the possibility of the ani-
mals responding on the basis of small intensity differences.
The electrical signal going to the speakers was continuously
monitored during test sessions with an oscilloscope
(Tektronix TDS 210).

Four pairs of ribbon tweeters (Panasonic EAS-
10TH100A) that had been matched for similarity of detail in
their noise spectra were used. Thus, within a single session,
the bats could be tested at four different angles of separation
before the loudspeakers had to be moved. The loudspeakers
within each matched pair were switched before each session
to reduce the possibility that the bats might respond based on
speaker quality. At least one pair of loudspeakers was always
placed at an angular separation that was too small to be dis-
criminated by the bats to quickly reveal any artifacts that
might arise. Failure to discriminate small angles demon-
strated that the bats were responding based on locus cues
and not quality, intensity, or some unknown artifact.

The ability to use binaural locus cues for localization
was assessed using pure tones. Low-frequency tones bend
around the head with little or no attenuation, but can be
localized by comparing the time of arrival of the phase of
each cycle at the two ears (hence the term, phase-difference
cue). This cue becomes ambiguous at frequencies for which
one half or more cycles of a tone occurs during travel from
one ear to the other. The frequency of ambiguity can be cal-
culated using the formula F = 1/[6(a/C)sink], where a is the
radius of the head (in mm), C is the speed of sound
(0.3434 mm/us), and £ is the angle (in radians) of the sound
source from the animal’s midline (Kuhn, 1977). For common
vampire bats (with an approximate maximum interaural
delay of 61 us) all frequencies below 8.5 kHz are calculated
to provide an unambiguous phase difference at any angle; at
the smaller test angle of 60°, all frequencies below 17 kHz
provide an unambiguous cue. These low frequencies are not
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attenuated by the head and pinnae, therefore the binaural
intensity-difference cue is not available and localization
must rely on time cues (Mills, 1972; Plack, 2005).
Specifically, sound-level measurements available for this
species revealed that any intensity difference below 5kHz is
negligible at an angular separation of =30° (Obrist et al.,
1993). Instead, binaural intensity cues are most effective at
frequencies whose wavelength is shorter than the head diam-
eter (or presumably pinna dimensions for species with rela-
tively large pinnae). Small intensity differences may be
available at somewhat lower frequencies depending on the
actual shape of the head and pinnae (for computations, see,
e.g., Christensen-Dalsgaard, 2005). For common vampire
bats, the intensity-difference cue is calculated to be present
at frequencies above approximately 25.7 kHz. Because this
is above the frequency of phase ambiguity, it permits assess-
ment of the ability to localize using a pure interaural
intensity-difference cue. These values serve as a guide to our
interpretation of the performance of the bats with pure-tone
stimuli.

The pure tones for this test were generated using a digi-
tal tone generator (Zonic A & D 3525). As with the noise,
the tones were randomly attenuated over a 3.5-dB range in
[1/2]-dB steps (Coulbourn S85-08 programmable attenua-
tor). Because tone localization is difficult for most species,
two 100-ms tone pulses were presented on each trial, with
the second tone pulse coming 1s after the first pulse. Each
pulse was shaped by a rise-fall gate (Coulbourn S84-04;
10ms rise/fall) and bandpass filtered (Krohn-Hite 3550;
[1/3] octave above and below the frequency of the tone).
Finally, the signal was split into left and right channels, sepa-
rately amplified (Crown D75) and sent to one of a pair of
loudspeakers. The acoustic signal at the location of a listen-
ing bat was analyzed for overtones using a spectrum ana-
lyzer (Zonic A & D 3525); any harmonics in a signal were at
least 40 dB below the fundamental frequency and below the
animal’s detection threshold. Tones were calibrated at the
beginning and the end of each test session.

Testing was conducted with the loudspeakers placed 30°
to the left and right of midline at the following frequencies:
2,4,5,6.3,8, 12.5, 16, 20, 40, and 71 kHz. A pair of 6-in.
woofers (Infinity RS 2000) was used to produce the 2-kHz
tone; higher frequencies were presented using ribbon twee-
ters (Panasonic EAS10TH400C). The tone pulses were pre-
sented at 50dB above the mean absolute threshold at that
frequency except for 2 kHz, which was tested at an intensity
of 40 dB above threshold to avoid overtones (Heffner et al.,
2013).

Additional tests were conducted with an 8-kHz carrier
tone that was sinusoidally amplitude modulated (Krohn-Hite
2400 AM/FM Phase Lock Generator) at 250Hz and at
500 Hz (100% modulation depth) to provide an ongoing bin-
aural time-difference cue in the envelope of the signal.

D. Sound level measurement

The sound pressure levels of the noise bursts and pure
tones (SPL re 20 uPa) were measured before and after the
daily testing for each speaker pair using a [1/4]-in. (0.64 cm)
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microphone (Briiel & Kjaer 4939), preamplifier (Briel &
Kjaer 26609), measuring amplifier (Briiel & Kjaer 2608), and
spectrum analyzer (Zonic A & D 3525). The measuring sys-
tem was calibrated with a pistonphone (Briel & Kjaer
4230). Sound measurements were taken by placing the
microphone (corrected for protection grid) in the position
occupied by the animal’s head and pointing it directly to-
ward a loudspeaker (0° incidence). The noise spectrum was
relatively flat (*4 dB) between 3 and 45 kHz, with energy
above background level up to 100kHz (for an illustration of
the noise spectra, see Heffner et al., 2007). Thus the signal
contained audible energy throughout the hearing range of
this species (Heffner et al., 2013).

E. Behavioral procedure

All bats had previously been trained for sound detection
and their audiograms determined (Heffner et al., 2013).
Thus they were accustomed to the apparatus and to the
avoidance task. For sound localization, they were trained to
feed from the spout as long as sounds emanated from the
right of midline (safe trials). Whenever a sound came from
the left of midline (warning trials), they had to break contact
to avoid the mild shock, delivered from the spout 2.2 s after
signal onset.

Test sessions consisted of a series of 2.2-s trials sepa-
rated by 0.8-s intertrial intervals. Thus the bats received one
noise burst every 3 s. The response of an animal on each trial
(i.e., whether or not it made a detection response) was
defined as the duration of contact with the spout during the
last 150 ms of each 2.2-s trial. If the bat broke contact for
more than half of the 150-ms period, a response was
recorded. The response was classified as a hit if the preced-
ing signal had come from the animal’s left and as a false
alarm if it had come from the animal’s right. If the bat was
not in contact with the spout during the 0.5 s preceding a trial
(e.g., if it were grooming), the data from that trial were not
recorded even though the trial was presented as usual.

Each trial had a 22% probability of containing a left sig-
nal warning of shock. The sequence of left-right trials was
quasi-random and is described in detail elsewhere (Heffner
and Heffner, 1995; Heftner et al., 2006). Hit and false-alarm
rates were determined for each block of approximately 7-8
left trials and 25-35 associated right trials given at a particu-
lar angle. The hit rate was then corrected for the false alarm
rate to produce a performance measure according to the for-
mula: performance = hit rate — (false alarm rate x hit rate).
This measure, which can range from 0 (no hits) to 1 (100%
hit rate with no false alarms), gives a corrected hit rate by
subtracting the proportion of hits that can be attributed to
false alarms for each block of trials at each stimulus condi-
tion, rather than by the average false alarm rate for a session.
This results in a more precise corrected performance mea-
sure as false alarm rates normally vary within a session,
depending on the animal’s satiety and the difficulty of the
discrimination.

Noise localization thresholds (minimum audible angle)
were determined by gradually reducing the angular separa-
tion between the speakers in blocks of trials until a bat could
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no longer discriminate reliably between left and right sounds
(i.e., the hit rate no longer differed significantly from the
false alarm rate, binomial distribution, p > 0.05). This was
always followed by testing at a larger angle to verify the
bat’s motivation and continued good performance before
again decreasing the angle of separation. Daily testing con-
tinued until performance no longer improved at any angle.
Asymptotic performance was calculated by averaging the
three blocks of trials with the highest scores; these were
taken from at least two, and usually three, different sessions.
These means were then plotted as the asymptotic perform-
ance curve for each bat. Threshold was defined as the angle
yielding a performance score of 0.50, which was determined
by interpolation. The angles tested were 180°, 120°, 90°,
60°, 30°, 20°, 15°, 10°, and 5°.

Localization performance for pure-tones and amplitude
modulated tones was determined using a fixed angle of 60°
separation, a relatively easy angle for this species and one
that allows direct comparison with data from many other
species (e.g., Masterton et al., 1975). Pure tones throughout
the hearing range were used as long as they could be pro-
duced at 40-50dB above threshold without distortion.
Testing was carried out in blocks of eight warning trials with
a single frequency per session for frequencies that sustained
good performance. However, if a bat had difficulty or was
unable to localize a particular frequency, broadband noise
was presented for several trials intermittently throughout the
session to verify that the bat remained sufficiently motivated
to respond to localizable sounds. Each frequency was tested
for at least four sessions for 120-216 warning trials for bats
A and B; bat C was a reluctant performer in the tone-
localization task and data were obtained in two to four ses-
sions. The top 50% of the trial blocks for each frequency
was then averaged to represent the best overall performance
each bat was capable of sustaining.

lll. RESULTS
A. Minimum audible angle

Figure 1 illustrates the performance for the three com-
mon vampire bats localizing a single 100-ms noise burst.
The three individuals showed excellent agreement consistent
with our experience that healthy, well-trained observers of
the same species do not vary much in their auditory abilities.
All three bats were capable of excellent performance at
angles of 90° and greater separation, thereby demonstrating
good motivation and ability to perform the behavioral task.
Performance declined rapidly at angles smaller than 30° and
the mean threshold for the three bats was 13.1°.

B. Use of binaural locus cues

Figure 2 shows the performances of the vampire bats
localizing pure tones as well as the 8-kHz tone at two rates
of amplitude modulation. As indicated by the arrows just
above the x axis, at an angular separation of 60°, the binaural
phase-difference was physically unambiguous up to 17 kHz.
Binaural intensity differences were calculated to be available
at frequencies above approximately 25.7 kHz. These values
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FIG. 1. Sound-localization performance of three common vampire bats
(Desmodus rotundus). The performances of the three individuals are plotted
with the line representing the mean. The 50% corrected detection threshold
is 13.1°. Chance performance for this task was approximately 30%—-35%
corrected detection.

serve as a guide to our interpretation of the performance of
the bats with pure-tone stimuli.

Again the three bats showed good agreement in their
performances and easily localized low and high frequencies
as well as the amplitude modulated tones. Their performance
at low frequencies (2 and 4 kHz) was similar to their per-
formance with the broadband noise at an angle of 60° separa-
tion, indicating that this species, unlike many other bat
species, is able to use the binaural phase-difference cue. As
frequency increased through the midrange of hearing, per-
formance declined. The highest frequency that could be con-
sistently localized using the phase-difference cue was 5 kHz,
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FIG. 2. Sound-localization performance at 60° separation for three common
vampire bats as a function of the frequency of a pure tone stimulus or the
frequency of sinusoidal amplitude modulation (SAM) of an 8-kHz tone. The
ability of the bats to localize high- and low-frequency pure tones demon-
strates their ability to use both the binaural intensity and time locus cues,
respectively. Although they were unable to use either of the binaural cues to
localize pure tones from 6.3 to 16 kHz, they were able to localize 8 kHz if a
time cue was introduced by modulating the tone at 250 or 500 Hz. Note that
vampire bats can barely detect a 500-Hz pure tone at 70dB SPL and are
unable to hear 250-Hz tones (Heffner et al., 2013). Arrows indicating cue
availability are estimates based on physical calculations.
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and performance fell to chance from 6.3 to 16kHz, even
though the cue was physically available at these frequencies.
As pure-tone frequency increased further and the binaural in-
tensity cue became available, performance rose and again
reached 90% or higher corrected detection. The ability to
localize pure tones above the frequency of phase ambiguity
showed good use of the binaural intensity-difference cue. As
a further test of their ability to use the phase cue, an 8-kHz
pure tone, which they could not localize, was amplitude
modulated at 250 and 500Hz. With the low-frequency-
modulated envelope, performance improved dramatically,
showing that they can extract a binaural time difference
using the envelope of a sound regardless of the localizability
of the carrier tone.

IV. DISCUSSION
A. Acuity

The mean minimum audible angle for passive sound
localization for the three common vampire bats is 13.1°.
This threshold places them within the range of 9.5° to 14.7°
observed in seven other species of bats, including both echo-
locators and non-echolocators (Table I). This threshold also

TABLE 1. Functional head size (the time it takes for sound to travel around
the head from one ear to the other), sound localization acuity, and the high-
est frequency at which the binaural phase-difference cue is used in bats.

Functional ~ Minimum  Highest frequency

head audible angle using binaural
Species size (us) (deg.) phase cue (kHz)!
Echolocators
Greater spear-nosed bat™" 108 9.5 Cue not used
(Phyllostomus hastatus)
Jamaican fruit bat® 89 9.9 6.3
(Artibeus jamaicensis)
Common vampire bat’ 61 13.1 5.0
(Desmodus rotundus)
Big brown bat® 50 14 Cue not used
(Eptesicus fuscus)
Short-tailed fruit bat™" 47 14.7 Cue not used

(Carollia perspicillata)

Atypical echolocator

Egyptian fruit bat" 135 11.6 5.6
(Rousettus aegyptiacus)

Non-echolocators

Straw-colored fruit bat® 145 11.7 Cue not used
(Eidolon helvum)
Dog-faced fruit bat®" 86 10.5 Cue not used

(Cynopterus brachyotis)

2Heffner et al., 2007.

"Heffner et al., 2010b.

“Heffner et al., 2001c.

dCurrent report.

“Koay et al., 1998.

fHeffner et al., 1999.

&Heffner et al., 2008.

"Heffner ez al., 2010a.

"This value is the highest frequency that could be localized using the binau-
ral phase cue; the next higher test frequency (within one octave or less) was
not localized above chance. Thus, the true limit could be slightly higher
depending on the actual frequencies tested.
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places vampire bats at the median for more than 40 terres-
trial mammals. The relatively good passive localization acu-
ity of such small species as vampire bats and other small
bats supports the observation that the size of the available
binaural cues is not the determining factor in sound-
localization acuity (Heffner and Heffner, 1992a). Sound-
localization acuity near the mean for mammals is possible
even in mammals whose interaural distances are among the
smallest. It is likely that pinna cues contribute to their good
acuity, especially when the signal includes frequencies of
25-35 kHz, for which the pinna of this species is highly
directional (Obrist et al., 1993).

It is important to note that the variation in sound local-
ization acuity is not accounted for by differences in the mag-
nitude of the sound localization cues that result from
differences in head size, but to selective pressures involved
in the evolution of hearing. Specifically, the variation in
sound localization is closely correlated with the width of an
animal’s visual field such that animals with narrow fields of
best vision have better sound localization acuity than those
with wider fields of best vision (Heffner and Heffner, 1992c;
Heffner and Heffner, 2003; Heffner er al., 2008). This holds
true regardless of the magnitude of the binaural cues for
locus available to an animal and regardless of whether a spe-
cies uses only one or both of the binaural cues for localiza-
tion. It also applies to echolocating and non-echolocating
bats, even though echolocators do not rely on vision as much
as most mammals and their best visual acuity is relatively
poor (Heffner ez al., 2007; Pettigrew et al., 1988). Although
we do not have direct data on the distribution of resolution
across the retina of the common vampire bat, their vision is
thought to be very similar to that of other Phyllostomidae
(Bell and Fenton, 1986; Hope and Bhatnagar, 1979; Manske
and Schmidt, 1976; Schmidt, 1988) and is likely to be con-
sistent with the reported relationship between localization
acuity and field of best vision (Heffner et al., 2008).

It may be noted that the 13.1° threshold reported here
for the common vampire bat, as well as the minimum audi-
ble angles for other bats (Table I), are larger than the 2°
localization accuracy reported by Fuzessery and his col-
leagues for the pallid bat, Antrozous pallidus (Fuzessery
et al., 1993; Barber et al., 2003). The reason for this lies in
the different nature of the measurements themselves.
Specifically, the pallid bats were tested by having them fly to
the source of a brief sound, which gives a measure of accu-
racy. The bats in our studies were tested by determining the
smallest angular separation they could resolve (that is, the
minimum audible angle), which gives a measure of precision
or acuity. Minimum audible angle has long been used in psy-
chophysics and has proven to be a useful measure of sound
localization not only for comparing different species, but
also for studying the impact of auditory neural damage on
sound localization and hearing (e.g., Heffner and Heffner,
2014; Heffner et al., 2001b; Koay et al., 2002b). In addition,
it is often easier to rule out potential confounds when deter-
mining minimum audible angle, especially when using con-
ditioned suppression/avoidance. For example, in training
their bats to fly to the source of a sound to obtain a meal-
worm, Barber er al. (2003) reduced or eliminated the use of
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vision by conducting their experiments in red light and used
dummy mealworms made of duct tape. The use of olfaction
was controlled by coating the dummy mealworms with
mealworm paste. Detectable echolocation calls were
recorded, which showed that although the bats emitted echo-
location calls during the first half of a trial, no calls were
detected on their final approach to the food. Such potential
use of other senses is inherently ruled out in the conditioned
suppression/avoidance minimum audible angle task. That is,
there are no potential visual or olfactory cues and the bats in
the present study could not echolocate while they were eat-
ing at the food spout. Moreover, the determination of mini-
mum audible angle includes trials at angles below threshold,
a procedure that unequivocally demonstrates that animals
are discriminating the locus of a sound source and not arti-
facts. Finally, the conditioned suppression/avoidance proce-
dure makes minimal demands on an animal’s cognitive and
motor skills, as it uses the natural freezing response that vir-
tually all animals show when they detect danger. Thus,
determining the minimum audible angle using conditioned
suppression/avoidance provides a uniform procedure for
comparing sound localization acuity of most species of
mammal or bird.

B. Use of binaural locus cues

Common vampire bats are able to localize both high-
and low-frequency pure tones at 60° separation, showing
excellent performance that is comparable to their perform-
ance with broadband noise at that angle. This result indicates
they can use not only the high-frequency-dependent binaural
intensity-difference cue, but that they can also use the low-
frequency binaural phase-difference cue. Common vampire
bats use the phase-difference cue at frequencies from 2 kHz
(the lowest frequency tested) to 5 kHz. The inability of the
bats to localize intermediate frequencies from 6.3—16kHz
indicates that they could use neither binaural cue at those
frequencies. When frequency was increased further to 20
kHz, at which the binaural intensity cue is estimated to be
physically available to provide a basis for localization (e.g.,
Christensen-Dalsgaard, 2005), performance again became
excellent.

It may be noted that there is another binaural locus cue,
the onset cue, which occurs between the time a sound
reaches the near ear and the later arrival of the sound at the
far ear. Although the onset cue is sometimes thought of as a
binaural time-difference cue, it appears to be a transient
intensity-difference cue (Elfner and Tomsic, 1968; Perrott,
1969). Moreover, it is a weak cue that at best allows an ani-
mal to maintain performance above chance levels, but well
below its asymptotic abilities (Wesolek et al., 2010).
Because the bats’ performances fell to chance at 6.3 to
16kHz, they could not have been using an onset cue for
those midrange frequencies. Thus, there is little reason to at-
tribute their good performance at frequencies below or above
that range to use of a transient onset difference.

Nor can the bats’ ability to localize frequencies below
6.3 kHz be attributed to any small ongoing interaural inten-
sity differences that might exist at low frequencies. Free-
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field tone localization tests have long been used to investi-
gate the ability of humans and animals to use the binaural
locus cues (e.g., Masterton et al., 1975) and the available
binaural intensity difference declines steadily as frequency is
decreased for large and small animals (e.g., Mills, 1958;
Obrist et al., 1993; Wesolek et al., 2010). For example, inter-
aural intensity differences have been measured in a variety
of bat species at frequencies as low as 5 kHz, with differen-
ces at lower frequencies being unmeasurable. Those meas-
ures revealed differences of 3dB or less at angular
separations of 90° and requiring, in some cases, a 76° separa-
tion to achieve a difference of only 1dB (Obrist et al.,
1993). Thus, one would not expect to see the binaural inten-
sity cue become unusable at 16 kHz and then reappear at 2
and 4 kHz, as shown in Fig. 2.

Finally, although we noted above that the binaural phase
cue is a “low-frequency” locus cue, this does not mean that
the binaural time cue requires low-frequency sounds. As
shown in Fig. 2, the bats were easily able to localize 8 kHz
when the signal was modulated at 250 or 500 Hz. This find-
ing is consistent with the human studies showing that high
frequency noise and tone complexes can be lateralized on
the basis of interaural time differences (e.g., McFadden and
Passanen, 1976). That is, while the binaural time cue is
available from low-frequency pure tones up to the ability of
the nervous system to perform a cycle-by-cycle analysis of
the binaural input, it is also available from any complex sig-
nal, high or low frequency, in which the envelope of the sig-
nal varies sufficiently such that the nervous system can
match the waveform arriving at one ear with the arrival of
the same part of the waveform at the other ear. Because the
analysis of the binaural time cue available in low-frequency
pure tones is performed on a cycle-by-cycle basis, it is often
referred to as the binaural phase cue. However, there is no
reason to believe that the nervous system determines the bin-
aural arrival times of sine waves differently from those of
other sounds. As such, we view the ability to localize low-
frequency pure tones as a test of the ability to use the binau-
ral time cue in general.

1. Does interaural distance determine the use of time
cues?

It may be noted that those species that show no evidence
of using the binaural time cues are all small with compara-
tively small heads, suggesting that perhaps their functional
interaural distances may be too small for the nervous system
to extract useful time information. The common vampire bat
is now the smallest mammalian species so far to use time
cues (Fig. 3). It is also the third bat to demonstrate an ability
to localize using time cues, with five other species of bat
demonstrating that they cannot use the cue (Table I). Thus,
small head size and the accompanying small interaural
delays do not appear to impose an insurmountable constraint
on the ability to use the delays for localization. Indeed, the
delay available to the common vampire bat at the test angle
of =30° is approximately 20 us, which is near the threshold
delay for humans using either broad band noise or pure tones
(Klumpp and Eady, 1956), and well below the 50-60 us

Heffner et al.: Localization in vampire bats 47



interaural time-difference thresholds of domestic rabbits
obtained using earphones (Ebert et al., 2008). Figure 3
reveals that the maximum functional interaural distances of
species capable of using time cues (shown on the left) fall
well within the range of interaural distances of species that
do not use time cues (shown on the right). Many species
retain the ability to process interaural time delays for local-
ization despite having only very short delays available to
them. This includes not only the common vampire bat with a
calculated maximum interaural delay of about 61 us, but also
Jamaican fruit bats, Artibeus jamaicensis (89 us), gerbils
(87 us), and least weasels (76 us) (Heffner and Heffner,
1987, 1988; Heffner et al., 2001c). Thus, although the ab-
sence of the binaural time cue has been found only in very
small mammals, a small interaural distance, with its conse-
quent small interaural time delays, does not seem an insur-
mountable obstacle to wusing time cues for sound
localization, just as it is not an obstacle to good localization
acuity. Other factors must be involved.

Neural responses to time delays have been recorded in
many species and at many levels of the auditory system, with
the goal of finding the mechanism(s) underlying the ability to
use these delays for localization. These studies are usually
limited by a lack of data on the behavioral abilities of the
recorded species so that we cannot always relate the neural
responses to behavioral functions. In many cases, neural
responses are elicited to delays much longer than can occur
naturally, further complicating their interpretation and lead-
ing some to suggest the responses may be related to functions
other than sound localization, or may even be epiphenomena
(e.g., Grothe and Neuweiler, 2000). Useful insight into the
significance of the neural responses to interaural delays could
be gained by comparing responses in closely related species
that nevertheless differ in their ability to use binaural time
cues. For example, within the family Phyllostomidae, com-
mon vampire bats and Jamaican fruit bats both use the binau-
ral time cue, whereas short-tailed fruit bats (Carollia
perspicillata) and greater spear-nosed bats (Phyllostomus
hatatus) do not use the cue. Among the Pteropodidae, the
Egyptian fruit bat (Rousettus aegyptiacus) uses the binaural
time cue whereas the straw-colored fruit bat (Eidolon hel-
vum) and dog-faced fruit bat (Cynopterus brachyotis) do not
(Fig. 3). Such comparative studies, coupled with recognition
of species differences in localization acuity, would circum-
vent the temptation to use the neural responses of one species
with poor acuity, such as rabbits, to explain the good acuity
of another, such as humans (Skottun, 1998).

2. The medial superior olivary nucleus and the use of
time cues

The neural analysis of binaural locus cues relies on a
convergence of the input from the two ears that first occurs
in the superior olivary complex (e.g., Erulkar, 1972; Irvine,
1992). Of the nuclei in this complex, the medial superior oli-
vary nucleus (MSO) is the site at which the temporal relation
between the inputs is encoded. Based on this view,
Masterton and his colleagues assessed the ability of four spe-
cies of mammals to use the binaural time-difference cue.
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FIG. 3. Use of the binaural phase-difference cue among small to medium
sized mammals; all larger species tested so far have been able to use this
cue. The common vampire bat, with its estimated interaural delay of 61 us,
is the smallest species to use time cues in the form of interaural phase-
differences. Note that there is considerable overlap in the calculated maxi-
mum interaural delays of species that use the cue versus species that do not
use the cue.

They did this by determining the ability to localize pure
tones that were too low in frequency to be localized using
the intensity-difference cue, thereby requiring the animals to
rely on a time cue in the form of a phase difference
(Masterton et al., 1975). The asymptotic performances of the
four species varied directly with the relative size of their
MSO. Cats had the best performance and largest MSO, fol-
lowed in order by tree shrews and rats; hedgehogs, which
lack an MSO, were completely unable to localize low-
frequency tones. Although this suggested that the primary, if
not sole, purpose of the MSO is to analyze binaural time dif-
ferences, that interpretation was weakened by more recent
testing (with better control of acoustic artifacts) that revealed
rats to be unable to use the phase cue despite the presence of
a small MSO (Wesolek et al., 2010). Other exceptions to a
simple correspondence between the presence of an MSO and
the use of the binaural phase cue have also begun to appear,
making it worthwhile to reexamine the relation between the
presence of an MSO and the use of binaural time cues in the
light of new data.

The MSO is an extraordinarily variable nucleus and the
question of whether an animal possesses an MSO depends
on how it is identified (Grothe and Park, 2000). The classic
anatomical description of the MSO is that of a distinct sheet
of bipolar (or disk shaped) neurons located medially to the
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lateral superior olivary nucleus, with dendrites extending
medially and laterally, receiving bilateral input from the an-
teroventral cochlear nuclei, and sending output to the ipsilat-
eral inferior colliculus (e.g., Grothe, 2000; Schwartz, 1992).
The important physiological characteristics of an MSO are
sensitivity to interaural time differences, responses limited
primarily to low frequencies, excitatory responses to input
from each ear, and a more recent recognition of the impor-
tance of bilateral inhibition (Brand et al., 2002; Grothe,
2003). However, there appear to be many likely exceptions
to this typical configuration. For example, we know that
some MSO cells in some species respond to higher frequen-
cies and in “atypical” fashion, and the MSOs of some small
mammals are “non-classic” in that they do not possess all
these standard features, leading some to suggest that those
MSOs are not involved in the analysis of interaural time dif-
ferences for sound localization (e.g., Grothe, 2000; Grothe
and Park, 2000; Grothe et al., 2010). Although the auditory
brainstems of many species have been studied (e.g., Baron
et al., 1996; Grothe, 2000; Schwartz, 1992), not all of the an-
atomical and physiological characteristics are known for
each species. For example, the presence of an MSO is often
based on the location and appearance of a cell group, with
little information on its anatomical connections or the binau-
ral response properties of its neurons. Nevertheless, based on
the limited information now available for bats, we can search
for correspondence between the presence of an MSO and the
ability to use binaural time cues by determining whether
those animals that are known to use the time cue are thought
to have an MSO and those that do not use the cue appear to
lack an MSO. Considering the eight species in Fig. 3 that use
binaural time cues, all but one are known to have an MSO,
including the vampire bat (Kuwabara and Bhatnagar, 1999).
The only exception, the Jamaican fruit bat, does not have an
identifiable MSO (Zook and Casseday, 1980), yet it is able
to localize low-frequency pure tones for which an interaural
phase difference is the only available cue (Heffner et al.,
2001c¢). The neural structures in this species that analyze the
interaural time differences are not known. It is possible that
more powerful anatomical techniques would reveal a nu-
cleus that might be classified as an MSO. Alternatively, cells
in the LSO that respond to time differences have been
reported (e.g., Joris and Yin, 1995) and may have become
more prominent in this species and more sensitive to very
small delays, thereby enabling it to use time cues in the ab-
sence of an MSO.

Of the eight species in Fig. 3 that do not use binaural
time cues, information about the MSO is available for only
five. Of these, only the hedgehog lacks an MSO, whereas the
other four species, the laboratory rat, laboratory mouse,
short-tailed fruit bat, and big brown bat (Eptesicus fuscus)
are reported to have an MSO (e.g., Grothe et al., 2001;
Huffman and Covey, 1995; Hutson, 2000; Masterton et al.,
1975). However, the MSO’s in each of these species departs
from the classic MSO. For example, the MSO of the rat does
not have the expected cytoarchitecture, much of its input is
monaural, and its inhibitory input is atypical (Grothe, 2003;
Inbody and Feng, 1981; Kapfer et al., 2002). The MSO of
the mouse is the smallest relative to its brain size among 53
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mammals (Glendenning and Masterton, 1998). The big
brown bat’s MSO is also very small, with only about half of
the cells receiving binaural input, and its output is bilateral
rather than ipsilateral (Covey, 2005; Grothe et al., 2001;
Huffman and Covey, 1995)—all of which are atypical fea-
tures that call into question its participation in a binaural
time analysis for localization. Finally, the MSO of the short-
tailed fruit bat, although described as “prominent,” is based
on its microscopic appearance; its physiology and anatomi-
cal connections are unknown (Hutson, 2000), leaving open
the question of whether it is homologous to that of species
known to use time cues. Whether or not the MSQO’s of these
four species function in the classic manner, we leave for
others to determine. Yet we now know that users as well as
non-users of time cues include species that have an MSO
and species that do not. Taken together we can only con-
clude that our understanding of the role of the MSO in proc-
essing binaural cues for sound localization remains
incomplete and the MSO may have functions in addition to
binaural time analysis (e.g., Grothe, 2000). With the possi-
bility for multiple functions within the MSO, it seems likely
that different functions may be retained and lost in different
species, thereby accounting for the different appearance of
the nucleus and the variation in ability among species that
possess what at first appears to be the “same” nucleus.
Knowing this, we can take advantage of the variation in
cytoarchitecture, innervation, and ability, especially among
bats (Baron et al., 1996), to better understand both the mech-
anisms underlying sound localization and its evolution.

3. Low-frequency hearing and use of the binaural
phase-difference cue

The highest-frequency pure tone that an animal can
localize using the binaural phase cue is of interest because it
indicates that its auditory system is able to follow, or phase
lock, at a frequency at least that high. Not only does the
upper limit of the binaural phase cue vary between species,
but it appears to be related to an animal’s ability to hear low-
frequency sounds. To understand this relationship, it must be
noted that low-frequency hearing limits, defined as the low-
est frequency audible at 60 dB SPL, are bimodally distrib-
uted—one group with good low-frequency hearing is able to
hear below 125Hz and another group with poor low-
frequency hearing is typically unable to hear much below
500Hz (Heffner et al., 2001a, 2013). Although little is
known about the significance of this dichotomy in low-
frequency hearing, we have suggested it may demarcate
those animals that do, and those that do not use temporal
processing for encoding pitch. Taking this dichotomy into
account, it can be seen that all species tested so far that have
good low-frequency hearing also use the binaural phase cue.
On the other hand, whereas the majority of species that do
not have good low-frequency hearing do not use the binaural
phase cue, there are some exceptions. As shown in Fig. 4,
there are three species of bats, including the common vam-
pire, with 60-dB SPL hearing limits extending only as low as
2800 to 710 Hz, that nevertheless do use the binaural phase
cue. Clearly, the absence of good low-frequency hearing
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does not preclude the use of the binaural phase-difference
cue and this raises questions about the limits of neural phase
locking on which the phase cue is thought to depend.

4. Upper limit of phase locking in the auditory system

If an animal is to use the binaural phase cue, then it
must hear frequencies low enough to permit synchronous fir-
ing (neural phase locking) to support a binaural phase com-
parison. Similarly, the highest frequency at which the cue
can be used would seem to be affected by the ability of the
nervous system to phase lock at high frequencies. In other
words, a species should be able to use the phase cue at fre-
quencies as high as the highest frequency at which its audi-
tory system can phase lock, as long as the cue is physically
unambiguous. It has been shown that the upper limit of
strong phase locking in mammals is about 3 kHz, with syn-
chrony statistically detectable up to about 5 kHz (e.g.,
Bremen and Joris, 2013; Grothe et al., 2010; Simmons and
Simmons, 2011). If we accept that the highest frequency at
which the phase cue is used is an estimate of the upper limit
of phase locking, then bats reveal that useful phase locking
can occur at frequencies up to 6.3 kHz in the Jamaican fruit
bat, which is somewhat higher than heretofore seen in mam-
mals (Fig. 4). Since so few bats have been examined for their
ability to use the binaural phase-difference cue, higher fre-
quencies may yet be demonstrated. This suggests that a com-
parative exploration of physiological phase locking in a
wider range of species might reveal a capacity for phase
locking in mammals at higher frequencies than currently rec-
ognized and lead us to new questions regarding the selective
pressure to develop such abilities. Yet we must also recog-
nize the substantial number of species with similar auditory
sensitivities that forego the use of the phase cue and presum-
ably phase locking (gray region in Fig. 4); understanding the
difference between those species and the three bats in the
upper right quadrant of Fig. 4 may provide unexpected
insight into basic hearing capabilities of mammals.
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This brings us, finally, to ask, what does limit the use of
the binaural phase cue in mammals? For small mammals
that use the binaural phase-difference cue, there is always a
range of unlocalizable frequencies for which a phase differ-
ence is nevertheless physically present and unambiguous
(less than one-half cycle occurs during the interaural delay).
For common vampire bats these frequencies are between
approximately 6.3 and 17 kHz, based on a spherical head
model and sound sources 30° from the midline. This gap in
localizable pure tone frequencies is not unusual among bats
and other small species that use the phase-difference cue,
including chinchillas, Jamaican and Egyptian fruit bats, and
least weasels (Heffner and Heffner, 1987; Heffner er al.,
1994, 1999, 2001c). It seems that none of the smaller species
examined so far use the phase cue throughout the range for
which it is physically available. Thus it follows that even if a
phase difference is physically present and unambiguous, the
nervous system may not make use of it throughout the entire
range over which it is available. It is likely that the physio-
logical limits may extend to somewhat higher frequencies
than so far recorded, as indicated by the bats that use the cue
above 5kHz. However, phase locking may not extend far
beyond this point because there may be little selective pres-
sure to do so, since sounds that are above the range of an ani-
mal’s ability to use the binaural phase cue can still be
localized using a binaural time cue if they are modulated, as
is the case for most natural sounds, including both transients
and communication calls.
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