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The authors determined the ability of two old-world non-echolocating bats, Eidolon helvum and
Cynopterus brachyotis, to use binaural time and intensity difference cues for localization. The bats
were trained to localize pure tones throughout most of their hearing range from loudspeakers located
30° to the left and right of midline. Both species easily localized high frequency tones, indicating
they could use the interaural intensity difference cue. However, neither was able to localize low
frequency tones even when the tones were amplitude modulated thereby indicating that they could
not use ongoing phase difference cues. The authors now know of eight mammals that do not use
binaural phase cues for localization, and some possible reasons for this inability are explored.
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I. INTRODUCTION

The sense of hearing allows animals to detect and locate
other animals even if they remain unseen. Despite the adap-
tive value of such universal functions, hearing and sound-
localization abilities vary widely among different species,
and these differences can provide insight into the evolution
and physiology of the auditory sense. For example, hearing
ranges vary so widely that even within mammals, there are
species that live in entirely different auditory worlds—
pocket gophers, blind mole rats, and elephants hear few or, in
some cases, no sounds in common with many bats and some
rodents, such as spiny mice and house mice. These differ-
ences are explained almost entirely by the adaptive value of
high frequency hearing for sound localization in small spe-
cies �Heffner and Heffner, 1998�. Similarly, the ability to
localize sound sources varies from the highly acute �e.g.,
1°–2° resolution of humans, elephants, and pigs� to the near
inability to localize sources separated by as much as 180°
seen in some subterranean species �Heffner and Heffner,
1992b, 1993; Heffner et al., 2008�. We can account for much
of this variation in sound localization by the requirement for
more precision in species that must foveate a sound source
compared to those whose vision is spread into a broad hori-
zontal streak �Heffner and Heffner, 1992b; Heffner et al.,
2007�.

Mammals also differ in the bililivh 1 k
2.4ybes they use
sound localization, but the amount of variation in this fea-
ture, and its likely basis, remain poorly understood as too



headphones in small wild animals that must remain awake
and unrestrained for behavioral testing �Masterton et al.,
1975; Mills, 1972�. Low frequency tones permit comparison
of the arrival time of corresponding parts of a sine wave at
the two ears �the phase difference cue�; with no attenuation
by the head and pinnae, they present no interaural intensity
difference cue �e.g., Plack, 2005�



frequency and below the animal’s detection threshold. Tones
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and 5 kHz. Modulating the 5.6-kHz tone at 1 kHz for C.
brachyotis produced side lobes at 4.6 and 6.6 kHz. As shown
in Figs. 1 and 2, the modulation of the envelope and the
presence of side lobes did not improve the localization per-
formance for either species as both continued to perform at
chance. Thus, neither species was able to localize using in-
teraural time differences in the carrier wave or the envelope
of the signal.

IV. DISCUSSION

Both



Fig. 3, all bats localize high frequencies with their accompa-
nying interaural intensity differences, but not all are able to
localize lower frequencies that require reliance on interaural
phase differences. Like the two non-echolocating species,
three echolocating species, Big brown bats �Eptesicus fus-
cus�, Greater spear-nosed bats �Phyllostomus hastatus�, and
Short-tailed fruit bats �Carollia perspicillata�, also do not use
the binaural time cue in the form of phase differences �Hef-
fner et al., 2010; Koay et al., 1998b�. On the other hand, the
echolocating Jamaican fruit bat �Artibeus jamaicensis� and
the Egyptian fruit bat �Rousettus aegyptiacus� that uses
simple tongue clicks for echolocating were able to use inter-
aural phase differences with both low frequency pure tones
and amplitude modulated envelopes of an unlocalizable car-
rier tone �Heffner et al., 1999, 2001a�. Thus, the ability to
use time difference cues does not distinguish echolocating
from non-echolocating bats.

B. Use of binaural time cues by small mammals

For many years we believed that all mammals used both
the binaural time and intensity difference locus cues, just as
humans do �Stevens and Newman, 1936�. The first species
reported to be unable to use both cues was the Long-eared
hedgehog �Hemiechinus auritus� that, like the species re-
ported here, could not use binaural phase cues �Masterton
et al., 1975�. Since then altogether eight species in three
different orders have been discovered that lack the ability to
use interaural phase differences. Other mammals were later
found that are unable to use the binaural intensity difference
cue �Heffner and Heffner, 2003�, further indicating that the
binaural cues are subject to independent selective pressure

and that a comparative analysis of the use of locus cues will
increase our understanding of the evolution of sound local-
ization and its underlying mechanisms.

There are several plausible reasons that animals might
not use phase differences for sound localization: �1� They do
not hear the low frequencies that require the use of binaural



highe
that have relinquished the use of phase differences have done
so even though the cue is physically available to them over a
considerable range of frequencies, as shown in Table I. In-
deed, two of the species with the more limited availability of
the cue are those that nevertheless continue to use it. Thus
restricted low frequency hearing and limited cue availability
are not good explanations for foregoing the use of phase
difference time cues for localization.

2. Use of time cues and localization acuity

It might be considered that the species that do not use
the binaural time cues gave up that cue because they are
simply poor localizers and do not need the accuracy that
might be provided by the robust time cues. However, the
species that do use time cues have localization acuity within
the range of similar-sized species that do not use the cues
�Heffner et al., 2010�. Indeed, among the species that do not
use time cues, many have better localization thresholds �in-
cluding the 10.5°–12° thresholds of the two species reported
here, Heffner et al., 2008� than larger species that do use
time cues such as chinchilla, gerbil, horse, and cattle �Hef-
fner and Heffner, 1984, 1988, 1992c; Heffner et al., 1994�.
Thus, loss of the time cue does not necessarily compromise
sound-localization acuity and the idea that animals give up
the binaural time cue because they have less need for accu-
rate localization is not supported.

3. Use of time cues with short interaural delays

All the mammals that do not use binaural time cues are
relatively small species. Thus, it might be proposed that their
ears are so close together that the brief time differences
available �e.g., less than 100 �s� can provide only an ap-
proximate indication of locus and are thus not very useful for
localization. If so, then one would expect that animals with
head sizes below some minimum would not use binaural

FIG. 3. Sound-localization performance as a function of the frequency of e
tone. The left panel depicts five bats that could not localize frequencies b
interaural intensity difference—the calculated value of this frequency for eac
point. The right panel depicts two bats that localize high frequencies as wel
of these species there are frequencies at which performance fell to chance. T
an unambiguous phase difference is available. �Phase differences are ambigu
time it takes for the sound to travel from one ear to the other; that point is in
Thus the phase difference cue is physically ambiguous for these species at
time differences. To see if this is the case, we compared the
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maximum interaural time delay in the eight species unable to
use the phase difference cue with that of the seven smallest
species currently known to use the cue. As shown in Fig. 4,
there is considerable overlap between the two groups. Five
of the species that do use the binaural phase difference cue

a pure tone or the modulation frequency of an amplitude modulated carrier
which the head does not act as an effective sound shadow to produce an
cies is indicated by a small open circle and performances decline below that
ow frequencies that rely on interaural phase differences. Note that for both
frequencies appear to be those for which neither an intensity difference nor
t wavelengths short enough that more than one half cycle occurs during the

ed for Artibeus jamaicensis and Rousettus aegyptiacus by the closed circles.
r frequencies.� For references, see Table I.

FIG. 4. Species that do use time cues compared to those that do not. Species
are ranked according to the magnitude of their interaural time difference �the
amount of time it would take sound to travel around the head from the
opening of one auditory meatus to the other�. Note that four of the species
that do use time cues are quite small, but none of the species with interaural
ither
elow
h spe
l as l
hese
ous a
dicat
time differences shorter than 75 �s use time cues.
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fall well within the range of species that do not use the cue.
Thus, many species retain the use of interaural time delays
for localization despite the short delays available to them.
Even so, it remains possible that below some very small head
size, perhaps 75 �
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