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Evolution of Sound Localization

in Mammals

Rickye S. Heffner and Henry E. Heffner

1. Introduction

The ability to locate the source of a sound too brief
to be either scanned or tracked using head or pinna
movements is of obvious advantage to an animal.
Since most brief sounds are made by other ani-
mals, the ability to localize such sounds enables an
animal to approach or avoid other animals in its
immediate environment. Moreover, it can be used
to direct the eyes, thus bringing another sense to
bear upon the source of the sound. Given the value
of sound localization to the survival of an animal,
it is not surprising that the need to focalize sound
has been implicated as a primary source of selec-
tive pressure in the evolution of mammalian hear-
ing (Masterton et al. 1969; Masterton 1974).

Because of the obvious survival vatue of sound
localization it might seem logical that all animals
are under strong selective pressure to localize
sound as accurately as possible. However, in the
last decade, it has become apparent that this is not
true. Not only are there poor localizers whose
limited acuity cannot be attributed to a reduction in
the availability of locus cues, but there exists at
least one species that lacks entirely the ability to
localize brief sounds (R. Heffner and Heffner
1990b). This situation indicates that selective pres-
sure for accurate sound localization must vary
between different species of mammals.

The purpose of this chapter is to review the
behavioral data on mammalian sound localization
in a search for the selective pressures that have
played a role in its evolution and also to examine
how the need to localize sound has exerted selected
pressure on mammalian hearing. [n doing so, we

will address the following points: What are the
basic sound-localization cues and how do mam-
mals vary in the use of these? What is the relation-
ship between the use of the binaural cues and the
morphology of the superior olivary compiex? How
has the need to localize sound influenced the evolu-
tion of high-frequency hearing? What accounts for
the variation in sound-localization acuity?

2. The Cues for Sound
Localization

The locus of a sound can be described in terms of
its azimuth, elevation, and distance from the ob-
server. At present, discrimination of elevation has
been determined for only a few species and almost
nothing is known concerning the comparative abil-
ity of mammals to discriminate distance, However,
there now exists a large body of information on the
ability of mammals to discriminate the azimuth of
sound sources and it is this aspect that is the
primary focus of this chapter.

In comparing the ability of mammals to localize
sound, it is helpful to review the cues that animals
use to determine the location of a sound source,
These cues can be divided into two general cate-
gories. The first are the binaural cues in which the
azimuth of a sound source is computed by compar-
ing the input from the two ears. The second are the
monaural spectral cues which arise from the varia-
tion in the spectrum of a sound due to the direction-
ality of the pinnae and the diffraction of sound by
the head and torso.
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TasLe 34, 1. Effect of head size and azimuth on interaurat time difference and the frequency at which binaural phase

becomes ambiguous

Intcraurai time dii'ﬁ:rcnce (in psecy

Radius of head

Frequency of phase umbiguity tin kHz)

Aztmuth Azimuth
Animal (in mm) 90° [0° 90° 3as
House mouse 4.5 39 7 12.700 25.400
Dog 47.5 415 72 1.210 2.410
Human 90.0 786 136 0.636 1.270
Elephant 366.0 3,200 555 0.156 0.313

Interaurai time difference and frequency of phase ambiguity calcutated using the formula from Kithn (1977).

Although most research has centered on the
contribution of the binaural cues, monaural spec-
tral cues, especially those generated by the pinnae,
provide the primary information needed to deter-
mine elevation and to prevent front-back reversals.
As we shall see, the need to use monaural spec-
tral cues appears to have played a greater role
than previously recognized in the evolution of
mammalian hearing.

2.1 Binaural Locus Cues

The two chiet binaural locus cues are the differ-
ence in the time of arrival of a sound at the two
ears, which can be abbreviated “At” and the differ-
ence in the frequency-intensity spectra of a sound
at the two ears, “Afi.” These two cues play a major
role in the localization of sound in the horizontal
plane. (For a review of the neural encoding of the
binaural locus cues, see Phillips and Brugge 1985).

2.1.1 Binaural Time Cue

The difference in the time of arrival of 1 sound at
the two ears, As, for a particular angle depends on
the size of an animal’s head. Animals with large
heads have much larger A¢’s available to them than
do smaller animals. For exaruple, the A cue avail-
able to the Indian elephant is approximately 80
times greater than that available to a wild house
mouse (Table 34.1). Thus the auditory system of a
small mammal would have to achieve much greater
resolution of binaural time differences than that of
a large mammal in order to attain the same degree
of sound localization acuity.

It should be noted that a physically large head
does not always result in a large Ar. Animals that
hear underwater have a smaller functional head

size because sound travels faster in water and,
in some cases, the sound travels through the
head instead of around it (McCormick et al. 1970;
Norris and Harvey 1974). Both of these factors act
to reduce the difference in the time of arrival of a
sound at the two ears.

In order for the auditory system to determine a
binaural time difference, it is necessary to compare
the time of arrival of a sound at one ear with the
arrival of the same portion of the sound at the other
ear. In the case of pure tones, this is done by com-
paring the time of arrival of the same phase of the
sine wave at the two ears. This cue is thus referred
to as the binaural phase-difference cue or “A¢ a
special case of Ar. The existence of a physiological
upper limit for the use of the interaural phase-
difference cue was suggested by Stevens and New-
man (1936}, who noted that the auditory nerve
is limited in its ability to synchronize with the
phase of a stimulus. It has been shown electro-
physiologically that phase locking usually begins
to decline at about ! kHz and, in mammals, has
not been observed higher than 5 kHz (Rose et al.
1967). Thus. the auditory system is incapable
of deriving binaural phase information from high-
frequency tones.

Even if the auditory system were capable of
phase locking to high frequencies, there is a physi-
cal fimitation to the upper limit of the usefulness of
A¢. Although the auditory system is able to deter-
mine the time of arrival of a particular portion of
the waveform at the two ears (c.g., the peak of a
sine wave) it cannot distinguish a pottion of one
cycle of a sine wave from the same porticn of
another cycle. Therefore, in order to use Ad, it is
necessary for a particular cycle to reach the far ear
before the next cycle reaches the ear nearest the
sound source.
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The frequency at which the Agbecomes physi-
cally ambiguous can be calculated according to the
following formula:

F = 1/[6(a/C)sinB)

where « is the radius of the head, C s the speed of
sound, and 8 is the angle of the sound source from
the animal’s midline.

Basically, A¢ becomes physically ambiguous
when the difference in the distance of the two ears
from the sound source equals one half of the wave-
length of a tone and remains ambiguous for all
shorter wavelengths (i.e., higher frequencies). As
ndicated by this formula, there are two factors
which determine the frequency of ambiguity, The
first is the size of an animals head (a): animals with
small heads will have a higher frequency of
ambiguity than those with large heads due to the
smaller time delay between the two ears (Table
34.1). Indeed, Ad may be physically available 1o
small mammals at such high frequencies that their
upper limit for Aé is determined solely by physiolog-
ical factors. i.e., their ability to phase lock and to dis-
criminate small binaural time differences. The sec-
ond factor is the angle of the sound source (@) from
midline: A¢ becomes physically available at progres-
sively higher frequencies as the azimuth of the sound
source moves from the side toward the midline
owing to the accompanying reduction in cffective
distance (ie., time delay) between the two ears
(Table 34.1). Thus, the angle of the sound source
may determine whether a particular frequency is
above or below the frequency of ambiguity.

In contrast to pure tones, mammals are able
to extract binaural time information from high-
frequency as well as low-frequency complex sig-
nals. This is because time information can be
obtained from the envelope of high-frequency
noise and from its onset, even though the carrier
frequency may be above the frequency of ambi-
guity (e.g., Henning 1974; McFadden and Pasanen
1976). Although the time information extracted
from high-frequency signals may not be as reliable
as that obtained from low frequencies (e.g., Butler
1986), it nevertheless enables the At cue to be used
to locate the source of a wide range of sounds.

2.1.2 Binaural Spectral Difference Cue

The heads and pinnae of mammals produce a sound
shadow which results in a difference in the fre-
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FIGURE 34.1. Sound-shadowing characteristics of two
spheres approximating the head size of a dog (48-mm
radius) and an elephant (366-mm radius} (cf. Table
34.1). The difference in intensity of a sound at the side
nearest and furthest from a loudspeaker was determined
for noise bands centered at octave intervals (24
dB/octave rolloffy. This comparison supports the idea
that small animals must hear higher frequencies than
large 2nimals in order for their heads to generate usable
binaural intensity differences.

quency-intensity spectra (Afi) of the sounds at the
two ears. The magnitude of the Afi cue is depen-
dent on the size of the shadowing object so that
animals with large heads and pinnae produce a
greater sound shadow than small species. This cue
ts frequency dependent because the attenuation by
the head is -greater for high frequencies than
for low frequencies (Fig. 34.1). The interaction
between head size and frequency means that large
species not only produce larger overall interaural
spectral differences, they also produce differences
at lower frequencies than do smalil species.

The Afi cue is subject to two limitations. First,
low frequencies, whether pure tones or complex
sounds, can bend around an animal’s head with
little or no attenuation. This is a physical limitation
tn the ability of the head and pinnae to produce a
sound shadow. Interestingly, the auditory system is
physiologically able to extract spatial information
when low-frequency binaural intensity differences
are artificially generated by presenting the sounds
through headphones even though such intensity
differences do not occur in nature (Mills 1972).
As illustrated in Figure 34.1, what constitutes
a "low” frequency depends upon the size of an ani-
mal’s head because large heads generate physical
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intensity differences at lower frequencies than
small heads. Thus, unlike the binaural time cue,
the binaural spectral-difference cue cannot be
obtained from all complex sounds.

The second limitation is the observation that at
very high frequencies a sound may be completely
shadowed and not detectable at the far ear (c.g.,
Butler and Flannery 19803. In this case the Afi cue
can only indicate that a sound occurred in the left
or right hemifield and may lead to the erroneous
perception that the sound source is located in one
ear. In such a case it may be advantageous for the
auditory system to ignore intensity differences at
very high frequencies as they may add no useful
information beyond that available from the lower
frequencies and could conflict with the informa-
tion available from the other locus cues,

The Afi cue is most reliable for complex sounds
that contain high frequencies, particularly broad-
band noise. As the bandwidth of noise is reduced,
localization acuity declines (Brown et al. 1980:
Butler 1986). In the case of a pure tone, the inter-
aural spectral cue is reduced to a simple inter-
aural intensity difference (Al), a subset of
Afi. However, it has been observed that pure tones
do not always provide a reliable interaural intensity
difference and are subject to left-right reversals
with the resuit that the intensity of a pure tone may
in some cases be greater at the far ear than at the
near ear (e.g., Harrison and Downey 1970; Martin
and Webster 1989). The results of behavioral
studies demonstrate a corresponding difficulty in
localizing tonal stimuli in both humans and other
mammals (Mills 1972; Brown et al. 1978, 1982;
Terhune 1985; Martin and Webster 1987). Indeed,
some animals appear to take advantage of the fact
that pure tones are difficult to localize, For exam-
ple. the predator warning calls of animals are often
more tonal than other calls, thus making the calling
individual more difficuit to locate (Marler 19535:
for reviews see Erulkar 1972; Brown and May
1990). Nevertheless, most natural sounds are com-
plex sounds containing high frequencies which
permit the use of the Afi cue,

2.2 Monaural Spectral Cues

Monaural cyes arise from the differences in the
spectrum of a sound reaching an ear from differ-
ent locations. These differences are due to the
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directionality of the pinna as well as the diffraction
of sound around the head and torso (e.g., Butler
1975; Kuhn 1982: Musicant and Butler 1984b).
The primary source of these cues is the pinna and
the contribution of pinna cues to localization has
been investigated in some detail.

The pinna acts as a funnel that selectively admirs
into the auditory canal, and in some cases ampli-
fies, high frequencies that emanate from sources
tocated along the pinna’s directional axis and
slightly above the horizon; high frequencies from
other directions are attenuated (e.g.. Phillips et al,
1982; Calford and Pettigrew 1984: Butler 1987;
Carlile and Pettigrew 1987; Humanski and Butler
1988; Middlebrooks 1990). The spectrum of the
sound is also affected by the folds of the pinna and
distortion of even the diminutive pinna of humans
degrades sound location accuracy (for reviews see
Butler 1975; Shaw 1974). Low frequencies, on the
other hand, are much less strongly affected by the
pinna. Thus pinna cues are dependent on high fre-
quencies and in humans, for example, frequencies
above 4 kHz must be present in order for pinna cues
to be effective (Belendiuk and Butler 1975; Musi-
cant and Butler 1984b). Indeed, pinna cues can
provide highly accurate information providing that
the pinna is undistorted and the sound is complex
and contains high frequencies (Butler 1986).

Monaural spectral cues are most evident in situa-
tions where binaural cues are limited or abseat.
When localizing sound in the horizontal plane,
binaural cues are of limited value in preventing
front-back reversals and monaural cues are needed
to make front-back judgments with reasonabie
consistency (Flannery and Butler 1981; Musicant
and Butler 1984b). Monaura! cues also provide
necessary information for localizing sounds off to
the side near the interaural line where they are
more reliable than binaural cues when low fre-
quencies are absent (Butler 1986). With regard to
vertical localization, monaural spectral cues are
the main, if not the sole source of locus informa-
tion as binaural differences are slight or nonexis-
tent (e.g., Butler and Belendiuk 1977, Middle-
brooks et al. 1989). Furthermore, the signal must
contain high frequencies in order for the elevation
of the sound source to be accurately determined
(RotHer and Butler 1968a). In short, monaural cues
play an important role in horizontal localization
and an essential role in vertical localization—and
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they require the presence of high frequencies in
order to be effective,

3. Variation in the Use of Binaural
Locus Cues Among Mammals

The results of comparative studies from several
laboratories have revealed that although most
mammals are capable of using both binaural time
and intensity differences to localize, there are
some species that have reduced or lost their ability
o use one or the other of these cues.

3.1 Determining the Use of Binaural
Locus Cues

The ability of an animal to use binaural locus cues
can be determined with either lateralization tests,
in which stimuli are presented through head-
phones, or localization tests in which stimuli are
presented through loudspeakers. In a lateralization
test of the ability to use binaurai time, Atr, an
animal is presented with clicks or noise bursts in
which the stimulus to one ear precedes that to the
other ear and the animal is trained to indicate
which ear received the leading sound {e.g., Mas-
terton and Diamond 1964). An animal that uses At
should be able to discriminate time differences at
least as smail as the maximum binaural time differ-
ence generated by its head and it is inferred that,
like humans, the animal perceives a single sound
that is lateralized to the car receiving the leading
stimulus. By substituting pure tones, the ability to
use the phase cue, Adg, can be measured and the
upper trequency limit of the phase cue can be
determined (e.g., Wakeford and Robinson 1974).

The lateralization test is used to determine the
ability of an animal to use Afi in the form of A
by presenting identical sounds to the two ears
which differ only in level and requiring the animal
to indicate which ear received the louder signal
{e.g., Masterton and Diamond 1964). Again it is
assumed that the animal lateralizes the sound to the
€ar which receives the louder signal. However, an
animal can perform such an intensity lateralization
test by listening only to the variation in the signal
in one ear. As a result it is necessary to randomize
the overall level of the signal in order to prevent the
animal from performing the task monaurally {e.g.,
Yost and Dye 1988).
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Because of the technical difficulty of placing
headphones on animals, many studies have used
free-field tone-localization tests to examine the
ability of animals to use the Ad and Af cues. This
test is based on the fact that low-frequency tones
that bend around the head with little or no intensity
difference between the two ears can only be local-
1zed using the phase cue, Ag. Tones that lie above
the frequency of phase ambiguity, on the other
hand, can only be localized using the intensity
difference cue, Al. Thus. the ability of an animal to
localize tones below the frequency of phase
ambiguity indicates that it possesses the ability to
use Ag¢, and, presumably A, whereas the ability
the localize high-frequency tones indicates that it
can use Al and, presumably Afi.

Although the ability of an animal to localize pure
tones can be determined by obtaining thresholds at
various frequencies, a standard procedure is to
determine localization performance with loud-
speakers placed 30° to the left and right of an
animal’s midline (Masterton et al. 1975). Because
the frequency at which phase becomes ambiguous
varies with the angle of the sound source, this test
has the advantage of keeping the angie of separa-
tion, and thus the frequency of ambiguity, constant
(cf. Table 34.1 and Section 2.1.1 of this chapter).
An additional important feature of this test is that
the tones are presented at a constant level above an
animal’s threshold (e.g., 40-dB sensation level).
Thus, an animal’s ability to detect the tones is held
constant and any variation in performance across
frequency reflects an animar’s ability to localize.

3.2 Species Using Binaural Phase
and Intensity Difference Cues

Most mammals use both binaural locus cues. The
use of both time and intensity differences has been
demonstrated in 12 species including insectivores,
primates, rodents, cetacea, carnivores, and pinni-
peds (Table 34.2). Most of these animals were
tested for their ability to localize tones above and
below the frequency of phase ambiguity. However,
lateralization data are available for man (Miils
1972), squirrel monkey (Don and Starr 1972),
macaque (Houben and Gourevitch 1979), and the
domestic cat (Wakeford and Robinson 1974) which
support the results of the tone-localization tests.
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TaaLe 34.2. Species of mammals grouped by ability to use the main binaural locus cues

i e

Squirrel monkey
Pig-taited macaque

Ability Species Source
Use both AB and A/
Tree shrew Masterton et al. 1975
Human Stevens and Newman 1936

Don and Starr 1972
Brown et al. 1978

Gerbil R. Heffner and Heffner 1988¢
Kangaroo rat Heffner and Masterton 1980
Norway rat Masterton et al. 1975
Bottlenose dolphin Renaud and Popper 1975

Red Fox Isley and Gysel 1975

Cat Casseday and Neff 1973

Least weasel

Sea lion
Ability 1o use A8 reduced or absent

Hedgehog
Spiny mouse

Ability to use Af reduced or absent

R. Heffrer and Heffner 1987
Moore and Au 1975

Masterton et al. 1975
Mooney unpublished Master's thesis

Elephant R. Heffner and Heffner 1982

Horse R. Heffner and Hetfner 1986a

Pig R. Heffner and Heffner 1989

Cattle R. Heffner and Heffner 1986b

Goat R. Heffner and Heffner 1986b
Unable to use Ar or Afi

Gopher R. Heffner and Heffner 1990b

100 R Y—y 100 - Y A
- \A/A""*—A—A—-A — B_—B B\A___A__g___';
(8] [*] 8
o 9 @ 90
— T
=] Q
Q 80 [&F:]
= ol
§wyp C®_ Gy reeshrew
o e
g 681 &" 60 1
50 — — - ———————
125 25 5 1 2 4 8 16 32 425 28 5 1 2 4 8 16 32
Frequency {in kHz) Frequency (in kHz)
100 8 00 8.._8 ABB
q 100+ B Al
= ey
bt A o A,-/ A\a v
S 90 A, A Eso| &a A
53 e k=] ‘;\AB
O 80 / 5 604
pu a
§ -m._KETgErOO rat X : g 40 Least weasel \?
L c - "= - = r - -
& s & 201
0l — —_— , Y m— — —
25 25 5 1 2 4 8 16 32 <7 a3 25 5 1 2 4 5 1§ 32

Frequency (in kHz)

FiGURe 34.2. Sound-localization performance in the
horizontal plane as a function of frequency for four spe-
cies. Tones were prescnted from two loudspeakers
located 30° left and right of midline. Vertical shaded bar
indicates the frequency above which binaural phase
becomes physically ambiguous. Note that all four spe-
cies can localize tones above and below the frequency of

Freguency (in kHz)

phase ambiguity indicating that they can use binaural
phase and intensity difference cues. Letters indicate
individual animals; dashed lines indicate chance level (p
< .01). Note that the tones in this test are presented at
a constant level above threshold. (After Masterton et al.
1975; H. Heffner and Masterton 1980; R. Heffner and
Heftner 1987.)
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Examples of the results of the tone-localization
tests are shown in Figure 34.2 for the cat, tree
shrew, kangaroo rat, and least weasel, The fact that
each of these animals can use both Ad and AJ is
indicated by their ability to localize tones above
and below the frequency at which A¢ becomes
physically ambiguous (indicated by the verical
shaded bars),

It can also be seen in Figure 34.2 that some
mammals, such as the kangaroo rat and least
weasel, show a distinct decrease in performance in
the midfrequency range. Such a decrease is usually
seen in animals with small heads due to the fact
that their ability to use binaural phase declines at
frequencies that are too fow to generate usable
interaural intensity differences. When this occurs,
the results can be used to derive an estimate of the
upper frequency limit of an animal’s ability to use
Aé. In using this method, a minimum estimate of
an animal’s upper limit for A¢ is the frequency just
below the point of lowest performance. For the
animals in Figure 34.2, this would be 2.8 kHz in
the kangaroo rat and 4 kHz in the least weasel.
This represents a minimum estimate because it
cannot be determined if an animal is using Ao or
Al at the point of poorest performance.

However, not all small mammals show a per-
formance decrement in this test. For example, the
tree shrew shows no obvious decrement (Fig. 34.2)
whereas the Norway rat, which has a head size
slightly larger than the tree shrew, has a distinct
midfrequency decrement (Masterton et al. 1975;
Kelly and Kavanaugh 1986). One interpretation of
these results is that the tree shrew’s auditory sys-
tem possesses the ability to use Ag at higher fre-
quencies than the rat’s.

3.3 Species with Limited or Absent
Ability to Use Binaural Phase
Differences

The idea that all mammals possess the ability to
use both binaural cues was first called into ques-
tion by Masterton and his colleagues (1975). In
testing the ability of various mammals to localize
pure tones, they discovered that although the
hedgehog is able to localize high-frequency tones,
it is unable to localize low-frequency tones at fre-
Quencies where A¢ is unambiguous (Fig. 34.3).

697
100
g 90 1 AB,,-S
&S o
S 2 _Hidgehog b
O 0 e
& s g »
A~ a
125 25 5 1 2 4§ 15 32
Freguency (in kHz)
[1:]
§1.00- e
~
E 80 g
S \
. G
o 591 . F
o Spiny mouse
8 Ab— - — - - B
G
8 20 F/
2
S m :
< 12528 5 1 2 4 g 15 3

Frequency (in kHz)

FiGURE 34.3. Sound-localization performance in the
horizontal plane as a function of frequency for two spe-
cies. Tones were presented from two loudspeakers
located 30° left and right of midline. Vertical shaded bar
indicates the 'frequency above which hinaural phase
becomes physically ambiguous. The inability of these
two species to localize low-frequency tones suggests that
they are unable to use binaural phase cues to localize
sound. Letters indicate individual animals; dashed lines
indicate chance level {p < 0.01). (After Masterton et al.
1975: Mooney unpubiished Master's thesis.)

These results indicate that the hedgehog does not
use A¢ and, presumably, binaural time (Ar}, but is
capable of using binaural intensity differences to
localize sound.

The possibility exists that other species may also
lack the ability to use Az In particular, small
mammals such as mice which lack good low-
frequency hearing may be unable to hear tones
low enough for phase tocking to occur. One exam-
ple shown in Figure 34.3 is the spiny mouse whose
hearing ranges from 2.2 kHz to 71 kHz (Mooney
et al. 1990).

In searching for a reason as to why an animal
would relinquish the use of a major binaural locus
cue, it might be argued that an animal with a small
head and close-set ears may lose the time cue
because the available time differences are too small
for its nervous system to resolve. However, it
should be noted that other small marnmals, such as
the tree shrew, Norway rat, gerbil, kangaroo rat,
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FiGure 34.4. Sound-localization performance in the
horizontal plane as a function of frequency for five spe-
cies. Tones were presented from two loudspeakers ocated
30° lefi and right of midline. Vertical shaded bar indicares
the frequency above which binaural phase becomes physi-
cally ambiguous. These animals have either partly or

and least weasel, all have interaural distances
smaller than the hedgehog’s, and yetare able to use
Ad. Thus there is currently no good expianation as
to why some animals have relinquished use of A,

3.4 Species with Reduced or
Absent Ability to Use Binaural
Intensity Differences

As a wider variety of species have been examined,
it has become apparent that not all mammals use
the binaural intensity-difference cue. So far five
species of mammals (horse, pig, cattle, goat, and
clephant) appear to have lost part or all of the

Frequency (in kHz)

compietely lost the ability to use binaurai intensity cues as
indicated by their inability to localize some or all of the
tones above the frequency at which binaural phase
becomes ambiguous. Letters indicate individual animals;
dashed lines indicate chance level (p < 0.01). (After R.
Heffner and Heffner 1982, 1986a. 1989.)

ability to localize pure tones above the frequency of
phase ambiguity (Fig. 34.4) (R. Heffner and Heff-
ner 1982, 1986a 1986b, 1989).

Some species, such as goats and elephants, have
only partially lost the ability to use AZ. That is,
they are unable to localize pure tones in the upper
210 3 octaves of their hearing range, but retain the
ability to use Al at lower frequencies. Horses,
however. are completely unabie to localize tones
above the frequency of phase ambiguity, suggesting
that the inability of this species to use A/ is total.
The results of tests on pigs and cattle suggest that
they might retain some residual ability to use AJ
because some individuals were able to localize
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tones slightly above the frequency of phase
ambiguity (R. Heffner and Heffner 1986b, 1989).
However, the frequency of phase ambiguity is cal-
culated based on a sphere of the same diameter as
the head of an average animal and does not take the
actual shape of the head into account. It is thus pos-
sible that individual variation in frequency of
phase ambiguity may account for the performance
of some individuals and that pigs and cattle, like
horses. completely lack the ability to use binaural
ntensity differences.

The ability of horses to perform binaural phase
and intensity discriminations was further exam-
ined using headphones (R. Heffner and Heffner
198Ba). The results of these lateralization tests
demonstrated that horses can discriminate binaural
phase differences from 250 Hz to 1.2 kHz, but fali
to chance at frequencies of 1.3 kHz and above.
This determination of the upper frequency limit of
binaural phase discrimination is in keeping with
the results of the tone localization test (cf. Fig.
34.4). More important, however, was the finding
that the animals were unable to discriminate stim-
uli based on interaural intensity differences when
the overall level of the signal was randomized to
prevent them from making the discrimination
monaurally. Thus, the results of both localization
and lateralization tests indicate that horses are una-
ble to use the binayral intensity difference cue, AJ,
and, presumably, Afi.

In searching for an explanation as to why ani-
mals would relinquish A/, the possibility arises
that it could result from reduced selective pressure
to locaiize sound, perhaps owing to the reduced
demands of domestication. However, although
some of these species, particularly horses and cat-
tle. are not accurate localizers, others are very
accurate. In particular, the 4.5° threshold of the
pig makes it more accurate than cats or macaques,
while the 1.2° threshold of the clephant makes it as
accurate as humans and dolphins. Furthermore,
the fact that efephants have not been selectively
bred makes it unlikely that the reduction or loss of
Al is the result of domestication.

Nor have these animals given up the use of
Albecause the cue is unavailatfle to them. One fea-
ture common to these animals is that they are all
large mammals. As a result they have relatively
large heads and pinnae which generate large
binaural intensity differences. Measurements of
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the physical cues available to horses, for example,
reveal the presence of binayral intensity differ-
ences of more than 20 dB (H. Heffner and Heffner
1984). Indeed, we suggest that the reason these
animals have reduced or eliminated their use of
binaural intensity differences is because the availa-
ble intensity differences are roo large,

Given the large heads and pinnae of these
animals the situation can arige in which a sound, or
the high-frequency component of a sound, is andi-
ble in the ear nearest the sound source and ‘naudi-
bie in the far ear. As previously noted, the spectral
difference cue will indicate only the hemifield in
which the sound arose and could possibly degrade
the locus information derived from the binaural
time cue. Thus, if the high-frequency portion of a
sound is not audible in both ears, the resuiting Afi
cue will add little useful locus information beyond
that provided by the other cues.

One way to reduce the occurrence of an unusa-
ble Afi cue is to reduce the ability to hear high
frequencies. However, if an animal is under pres-
sure to hear high frequencies for other purposes,
such as to prevent front-back reversals, then
it might be advantageous for their auditory sys-
tems to reduce or eliminate the binaural intensity
difference at high frequencies from the compu-
tation of locus.

3.5 Species Using Neither
Binaural Time Nor Intensity

We now know that there exists at least one species
that is incapable of localizing any brief sound—
high- or low-frequency, pure tones or complex
noise — indicating that it cannot use any of the major
locus cues. This animal is the pocket gopher
(Geomys bursarius), an animal that is special-
ized for living underground in an essentiaily
one-dimensional world where azimuthat locus
may have little significance (R. Heffner and
Heffner 1990b). Because gophers can only dis-
criminate the loci of long-duration sounds (ie.,
greater than 0.5 sec) and then only at angles greater
than 90° separation, they demonstrate little sound
localization ability beyond homing or scanning.
Although other fossorial species have not been
tested systematically, it has been suggesied that they
also have listle response to locus (Burda et al, 1990).
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Ficure 34.5. Sound localization acuity as a function of
azimuth for cat (C), human (H), and dolphin (D), Note
that cats are as accurate as humans in localizing sound
sources centered around 90° azimuth, a front-back dis-
crimination in which monaural spectral cues play a
major role. (Data from Renaud and Popper 1975; R.
Heffner and Heffner 1988a.)

4. Use of Monaural Spectral Cues

The contributions of monaural spectral cues to
sound localization are most evident in preventing
front-back reversals and in localizing in the verti-
cal plane—two situations in which binaural cues
are relatively ineffective.

4.1 Sound Localization
in the Horizontal Plane

Most of what we koow about the role of mon-
aural spectral cues in horizontal localization comes
from the studies of human sound localization,
particularly those of Butler and his colleagues.
Monaural locus cues arise primarily from the
directionality of the pinna with the diffraction of
sound by the head and torso also contributing
information (Butler 1975; Kuhn 1982; Musicant
and Butler 1984b). Pinna cues require the presence
ot high frequencies and, in man, frequencies above
4 kHz are necessary in order for the pinna to play
an effective role in localization (Belendiuk and
Butler 1975; Musicant and Butler 1984b). Further-
more, monaural localization improves as the band-
width of the stimulus increases (Butler 1986).
Thus, the ability to use monaural spectral cues
is best demonstrated by tests employing broad-

band noise containing high frequencies (cf. Brown
et al. 1980).

Rickye S. Heffner and Henry E. Heffner

Pinna cues result from the selective amplifica-
tion and attenuation of different frequencies by the
pinna depending on the location of the sound
source. This can be demonstrated by measuring the
effect of the head and pinna on the sound reaching
the auditory meatus {e.g., Shaw 1974), Indeed. the
importance of the effect of the pinna on the sound
spectrum is demonstrated by the fact that the
apparent location of a sound source can be shifted
simply by changing the spectral content of the
sound with the new perceived location correspond-
ing to the position predicted by the transfer func-
tion of the pinna (Butler and Flannery 1980; Flan-
nery and Butler 1981; Musicant and Butler 1984a,
1985; Butler 1987). Furthermore. distorting or
filling the convolutions of the pinna dramatically
reduce the ability to use monaural localization cues
{e.g., Batler 1975).

Although binaural cues play a dominant role in
localizing sound near the midline, both in front and
in back, monaural spectral cues become increas-
ingly important as the sound source moves off to
the side (Musicant and Butler 1984b, 1985; Butler
1986). Furthermore, monaural spectral cues are
the primary means for preventing front-back
reversals (e.g.. Musicant and Butler 1984b; cf.
Boring 1942). However, the reliance on monaural
spectral cues may be more widespread than is
generally realized. As Butler and Flannery (1980)
have noted. monaural cues provide the only means
of localizing sounds that are inaudible in the ear
furthest from the source, a common occurrence
with high-frequency transient sounds.

The fact that sound-localization acuity decreases
as the sound source is located progressively farther
from the midline indicates that monaural cues are
generally not as effective as the binaural cues. This
decrease in acuity with azimuth has been demon-
strated in cats and dolphins, as well as in humans,
using complex sounds (Fig. 34.5) and in monkeys
using tones (Renaud and Popper 1975; Brown et al.
1982; R. Heffner and Heffner 1988b). However, it
is of interest to note that the increase in thresholds
in the cat is proportionally less than that for
humans. This suggesis that the cat’s relatively large
and mobile pinnac may enhance its ability to use
monaural locus cues. Thus, the difference in acuity
between monaural and binaural localization in
animals with large and mobile pinnae may be sig-
nificantly less than that found in humans.
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Ficure 34.6. Localization of continuous (3-sec dura-
tion) high- and low-pass noise in the horizontal plane
by horses. Either high- or low-pass noise could be
localized in the left-right discrimination where the
sound sources were centered on midline. However,

A number of studies have examined the direc-
tional properties of the pinnae of other mammals.
Measurements of the filtering characteristics of the
pinnae have been examined in cats (Phillips et al.
1982; Calford and Pettigrew 1984: Irvine 1987),

' guinea pigs (Carlile and Pettigrew 1987), and bats

(Fuzessery and Pollak 1985). These studies have
demonstrated that all of these pinnae. despite their
different sizes and configurations, act as directional
filters in much the same way as the human pinna.

As with humans, other mammals also require
the presence of high frequencies in order to make
use of monaural spectral cues. This has been dem-
onstrated in the case of the horse (an animal that
hears well above {0 kHz and yet does not make use
of binaural spectral cues) by assessing sound locali-
zation ability for 500-Hz low-pass and 8-kHz high-
pass noise. As shown in Figure 34.6, two horses
were able to localize either high- or low-frequency
noise when the sound sources were centered on the
midline (a left-right discrimination) and binaural
time cues were available. However, only the 8-kHz
high-pass noise could be localized when the sound
sources were centered 90° from midline (a
front-back discrimination) and monaural spectral
differences were the primary cue. This finding
demonstrates that horses, which do not use inter-
aural intensity differences, nevertheless require
the presence of high frequencies in order to use
monaural spectral cues. This in turn suggests
that the need to use monaural spectral cues may
by itself exert strong selective pressure for good

only the high-pass noise could be localized in the
front-back discrimination where the sound sources
were centered on 90° azimuth. Horizontal dashed
line indicates chance level. (Data from R. Heffner
and Heffner 1983.)

high-frequency hearing. We will return to this
point in Section 6.1.

4.2 Sound Localization
in the Vertical Plane

Monaural spectral cues play a primary role in
localizing sound in the vertical plane —a situation
in which binaural cues are relatively ineffective. As
in azimuthal localization, the pinnae selectively
amplify and filter different frequencies depend-
ing on the elevation ot the source (for a review,
see Fuzessery 1986). Studies of human localiza-
tion have demonstrated that vertical localization
depends on the same variables as monaural locali-
zation in the horizontal plane. Specifically, maxi-
mum accuracy ts obtained with broad-band com-
plex sound which includes frequencies above
7 kHz and the pinna must be intact (Roffler and
Butler 1968a; Butler and Planert 1976). Indeed, all
the information necessary for vertical localization
in humans appears to be contained in the frequen-
cies above 4 kHz (Butler and Helwig 1983). Fur-
thermore, both ears participate in vertical localiza-
tion with the ear nearest the sound source playing
the major role (Humanski and Butler 1988).
Finally, the apparent elevation of a sound varies as
a function of frequency (Roffler and Butler 1968b;
Butler and Helwig 1983),

In addition to humans, behavioral measures of
the role of frequency in vertical localization have
been obtained for the cat, macaque, opossum, and
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porpoise. Most of these animals appear to be highly
accurate with thresholds of 4° for the cat (Martin
and Webster 1987), 3° for the macaque (Brown
et al. 1982), and 1° for the bottlenose dotphin
(Renaud and Popper 1975). The opossum, on the
other hand, was found to have a threshold of 14°
(Ravizza and Masterton 1972). However. this
may be an underestimation of the animal’s ability
because the spectrum of the noise used 1o test the
opossum probably lacked high frequencies as the
transducers were hearing-aid receivers which nor-
mally roll off at 8 kHz. Indeed, the importance of
high frequencies, particularly those above 8 kHz,
for accurate vertical localization has been demon-
strated in macaques as well as in man (Brown
et al. 1982).

4.3 Mobile Pinnae

The fact that most mammals possess mobile pinnae
suggests that this character must be of some value.
The degree of pinna mobility ranges from the [80°
mobility of horse pinnae to the unmoving pinnae of
humans. The fact that human pinnae are immobile
leaves us unable to conceptualize the advantage of
such movement through introspection.

It has often been speculated that pinna mobility
confers an advantage in localizing sound (e.g.,
Jeftress 1975) and to a certain extent this appears to
be true. As noted in Section 4.1 of this chapter
there is evidence that the mobile pinnae of cats
enhance their ability to localize sound in the lateral
fields where binaural cues are less effective and it
has been shown in the cat that preventing pinna
movements by denervating the external ear mus-
cles reduces localizarion acuity (Siegmund and
Santibafiez-H 1981). Moreover, some bats appear
to require normally mobile pinnae in order to
make discriminations in the vertical plane (Mog-
dans et al. 1988). Thus, pinna mobility may be
an effective way of enhancing monaural spectral
cues. However, mobile pinnae could potentially
interfere with the use of the binaural spectral
differences because the magnitude of the cue
would depend on the orientation of the pinnae.
As a result it wouid be necessary for the nervous
system to take pinna position into account in
calculating locus. Although there is some evi-
dence that this does occur in the cat (Stein and

Clamann 19813, it would nevertheless be a poten-
tial source of error.
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It should also be noted that mobile pinnae are not
uniquely associated with good sound localization
acuity. The best example is the horse, an animal
with extremely mobile pinnae and poor sound
localization acuity (see Section 7 in this chapter).
Although the horse has a large head and cor-
respondingly large binaural cues available to it, it
has a midline localization threshold of 22° for
noise (H. Heffner and Heffner 1984). Nor is its
acuity for localizing off to the side where monaural
spectral cues predominate much better even when
presented with long-duration sounds that permit
scanning (cf. Fig. 34.6). These results suggest that
pinna mobility must serve another purpose, at least
in the horse. One possibility is that they serve as
mobile directional filters, amplifying sounds orig-
inating from in front of the opening while attenuat-
ing sounds from behind. As such they would
enhance an animal's ability to pick out signals
embedded in a noisy world without having to
move its head,

5. Variation in the Superior
Olivary Complex

Numerous studies of the response properties of neu-
roms in the medial and laterai superior olivary nuclei
{MSO and LSQ, respectively) have been carried out
since the early investigations of Galambos and his
colleagues (1959) and of Boudreau and Tsuchitani
(1968). These have been reviewed in detail else-
where (e.g., Aitkin et al. 1984, Phillips and Brugge
1985; Irvine 1986) and will not be described here.
In general the superior olivary complex has been
shown to be the major brainstem structure for neu-
ral interaction between input from the two ears.
Neurons in the LSO have been shown to be sensitive
to intensity differences at the high frequencies to
which they are tuned. On the other hand, neurons in
the MSO are sensitive to frequencies in the lower
portion of an animal’s audiogram and have been
shown to respond as a function of the interaural
time differences. Because mammals differ in their
use of binaural time and intensity cues, it is reasona-
ble to expect these differences to be reflected in the
morphology of the MSO and LSO,

This may be true for the MSO as it has been dem-
onstrated that the size of this nucleus is directly
related to the ability of a species to use the binaural
phase cue, A¢ (Masterton et al. 1973). That is, the
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smailer the MSO, the less an animal is able to use
A¢; and an animal that lacks an MSOQ, i.e., the
hedgehog, is completely unable to use this cue.
This finding has received recent support from the
observation that the spiny mouse, which has
almost no MS8Q, does not appear to use A¢. Thus,
there is some truth to the statement by Irving and
Harrison (1967) that the MSO is not essential for
sound localization per se. However, the presence
of an MSO does seem to be necessary for the use of
binaural time cues.

For the LSO, however, there does not seem to be
any simpie correspondence between morphology and
ability to use binaural intensity differences. Animals
with a well-developed LSO may possess the ability to
use Al, as in the case of the cat (Masterton et al.
1975), or they may entirely lack the ability to use A/
as in the case of the pig (R. Heffner and Heffner
1989). Similarly, one can find an undistinguished

LSO in animals which possess the ability to use A/,

such as man (e.g., Mills 1972; Moore 1987, as well
as in animals that lack the ability to use Af such as
horses and cattle (R. Heffner and Heffner 1986a).
Therefore, at this time it does not appear that the
gross morphology of the LSO simply reflects the
degree to which an animal uses the binaural spectral
difference cue. (For additional discussions of the
refationship between the superior olivary complex
and hearing ability see R. Heffner and Heffner 1987,
1990b; R. Heffner and Masterton 1990.)
Apparently the LSO has functions beyond sound
localization and these functions may be differentiaily
represented in different species. What these func-
tions might be remains largely unknown, yet at least
one can be suggested and others may soon be recog-
nized. In rodents and most bats the LSO has the dis-
tinction of being a major source of small olivococh-
lear efferents (Aitschuler et al. 1983; White and Warr
1983; Aschoff and Ostwald 1987). Therefore, it is
possible to conceive of a species which retains a
nucleus recognizable as an LSO even if that nucleus
plays no role in sound localization because its com-
ponent ceils perform other impontant functions.

6. Evolution of High-Frequency
Hearing

The ability of mammals to hear high frequencies is
unique among vertebrates as neither fish, amphib-
ians, reptiles, nor birds are able to hear above 10
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kHz. However, the ability of mammals to hear high
frequencies is not uniform, but varies over a range
of nearly 4 octaves from around 10 kHz in elephants
and gophers to over 100 kHz in some bats and
underwater species (Jacobs and Hall 1972; R. Heff-
ner and Heffner (982, 1990b; Wenstrup 1984).

There are three commonly suggested explana-
tions for the variation in high-frequency hearing
among mammals. Two of these address the ques-
tion of “why™ species differ in their ability to hear
high frequencies: One involves the use of high fre-
quencies for sound localization, and the other
involves their use in communication. The other
explanation addresses the question of “how"”
animals hear sound; it involves the size of the phys-
ical apparatus for transducing sound. Thus, these
theories encompass both the functional and the
structural levels of biological explanation (see
Mayr 1961).

6.1 High-Frequency Hearing
and Sound Localization

Over 20 years ago it was proposed that mammals
evolved high-frequency hearing for the purpose of
localizing sound (Masterton et al. 1969). The basis
for this proposal was the observation that the ability
of mammals to hear high-frequency sounds is cor-
related with the size of the head or, more precisely,
with the functional distance between the two ears,
where functional distance is defined as the time it
takes for sound to travel from one ear 1o the other.
Thus, mammals with small heads and close-set ears
are better able to hear high-frequency sounds than
species with large heads and wide-set ears. Indeed,
over the years the correlation between functional
interaural distance and high-frequency hearing has
remained strong (Fig. 34.7).

At the time, the existence of this relationship
was explained in terms of the binaural locus cues.
Briefly, the availability of the binaural cues, At and
Afi, depend on the functional distance between the
two ears and the sound shadow of the head and pin-
nae. That is, the farther apart the ears, the larger
will be the Ar cue for any given direction of a
sound source. Similarly, the Afi cue is greater for
animals with wide-set ears both because the sound
attenuation is greater over the longer distance
between the ears and because animals with wide-
set ears usually have large heads or large pinnae
which effectively shadow the high-frequency
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Frcuge 34.7. Relation between maximum interaural dis-
tance and the highest frequency that a species can hear at
60dB SPL (r = —0.84, 1 = 55, p < 0.001). This rela-
tionship is explatned by the fact that mammals with smail
heads need to hear higher frequencies than larger mam-
mals in order to use monaural and binaural spectral cues
for sound localization. Not included in the correlation
coefficient are two fossorial mammals, the blind mole rat,

content of sound. While the two binaural locus
cues are readily available to animals with large
heads. the effectiveness of either cue is diminished
in animals with functionally close-set ears. In the
case of Az, the available time difference may be so
small that the auditory system can detect only
gross changes in sound direction. However, an
animal with a small head always has a Afi cue avail-
able, provided that it is able to perceive frequen-
cies that are high enough to be effectively
shadowed by its head and pinnae. Therefore, given
the ecological importance of sound localization,
animals with functionally close-set ears are sub-
Jected to more selective pressure to hear high fre-
quencies than animals with more widely set ears,

In recent years evidence has appeared that shows
that although this explanation is not incorrect, it is
incomptete. The primary source of this evidence
comes from the observation that large mammals
have reduced, and in some cases abandoned, the
use of binaural intensity cues and yet have retained
their high-frequency hearing. For example,
humans, which hear an octave higher than any
nonmammalian vertebrate, rely much more on
binaural time than on binaural mtensity differ-

500 1000 2000

Maximum interaural Distance (in usec)

Spalax ekrenbergi, (S) and the pocket gopher, Geomys
bursarius, (G) —evidence indicates that these animals
have lost their high-frequency hearing and their ability to
localize sound as part of their adaptation to a subterranean
habitat (¢f. R. Heffner and Heffner 1990b). {See H. Heff-
ner and Heffrer 1985a; R. Heffner and Heffner 1990b.c,
for individual points.)

ences. Indeed, binaural intensity differences
can be eliminated with little effect on localiza-
tion performance so long as binaural time cues
remain (Belendiuk and Builer 1978). A more
extreme case is the horse which has completely
abandoned the use of binaural intensity differ-
ences and yet can hear up to 33.5 kHz. However,
both humans and horses require the presence
of high frequencies for preventing front-back
reversals and for vertical localization.

The above observations suggest that high-
frequency hearing evolved in mammals to enable
the use of monaural as well as binaural spectral cues
for sound localization. Accordingly, the observed
correlation between functional head size and high-
frequency hearing reflects the need for mammals to
hear high frequencies in order to use both types of
cues-—because the directionality of the pinnae is
dependent on the wavelength of sound, animals
with small heads and pinnae will need to hear higher
frequencies than larger animals in order to obtain
usable monaural as well as binaural spectral cues.
Indeed, the variation in high-frequency hearing is
probably best explained by a combination of factors
involving both head and pinna size.
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FiGure 34.8. Effect of removing high frequencies on
sound localization. Letters and numbers represent indi-
vidual animals. Norway rats (A and B) were tested with

The idea that the ability to hear high frequencies
provides mammals with monaural and binaural
spectral cues is supported by the results of localiza-
tion experiments in which high frequencies were
progressively removed. As shown in Figure 34,8,
localization performance deciines when high fre-
quencies are removed from broad-band noise sig-
nals. This decrease in performance can be seen in
a left-right localization task in which Norway rats
were required to discriminate two loudspeakers
located 20° apart and centered on midline (Fig.
34 8A), a task in which both binaural and mon-
aural cues are available. This result indicates that
unlike large mammals, small mammals require the
presence of high frequencies for left-right localiza-
tion (cf. Fig. 34.6). A decrease in performance can
also be seen in rats in a front-back localization task
in which the loudspeakers were located 60° apart
and centered 90° from midline (Fig. 34.8B), a task
in which monaural cues predominate. Finally, as
Brown and his colleagues have demonstrated,

a train of 100-msec noise bursts; macaques (C) were
tested with 300-msec noise bursts. (Data from Brown et
al. 1982 and R. Heifner and Heffner 1990a).

vertical sound-localization thresholds in monkeys
show a progressive increase as high frequencies
are removed (Brown et al. [982; Fig. 34.8C).
Thus, it appears that high frequencies are neces-
sary for the optimal performance of small mam-
mals in situations where binaurai cues are available
and for all mammals in situations requiring the use
of monaural spectral cues.

Finally, if high-frequency hearing evolved pri-
marily to support sound localization, then it would
be expected that any species which could not local-
ize sound would lose its ability to hear high fre-
quencies. This appears to have happened in fos-
sorial mammals. As previously noted, the pocket
gopher has lost virtually ail ability to localize
sound and there is reason to suspect that the blind
mole rat may have done the same (Burda et al.
1990; R. Heffner and Heffner 1990b; see also Sec-
tion 3.5 of this chapter). As previously shown in
Figure 34.7, these two species also have much
poorer high-frequency hearing than expected
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based on their head size. It is also of interest to note
that these animals lack significant pinnae which
would enhance monaural spectral cues. Thus,
while one might speculate on other reasons why
fossorial mammals might lose the ability to hear
higher than nonmammalian vertebrates, it should
be noted that their inability to hear high frequen-
cies is consistent with their relinquishing the abil-
ity to localize sound,

6.2 Alternative Explanations
of High-Frequency Hearing

6.2.1 Ultrasonic Communication

There has been much interest in the fact that some
species of mammals vocalize at ultrasonic frequen-
cies (i.e., frequencies beyond the range of human
hearing). In addition to bats, which are known to
use ultrasonic vocalizations for echolocation, it has
been demonstrated that ultrasonic vocalizations
are used for communication by some small rodents
and may also be used by other mammals such as
insectivores (e.g., Sales and Pye 1974; Geyer and
Barfield 1979). Thus, one possibility is that mam-
mals evolved high-frequency hearing in order to
use high frequencies in vocal communication.

If mammals evolved high-frequency hearing
primarily for communication, then one might
expect that those with good high-frequency hear-
ing would either emit high-frequency vocalizarions
or else use their high-frequency hearing to detect
the communications of other species, t.e., to
“eavesdrop.” Furthermore, the variation in high-
trequency hearing should be related to the spec-
trum of the vocalizations —that is, animals with
good high-frequency hearing should vocalize at
higher frequencies than those with poorer high-
frequency hearing.

Relating the spectrum of the vocalizations to
hearing range is not simpie. Vocalizations often
contain abrupt onsets and offsets generating high
frequencies that are “nonfunctional” in the sense
that the animals do not use them to identify the
sounds and which, in fact, may be beyond their
hearing range. Examples of such vocalizations are
bird calls which extend beyond 10 kHz (Konishi
1969) and rodent vocalizations which extend
beyond 100 kHz (Sales and Pye 1974). However,
even if the high-frequency portion of a vocalization
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is within an animal’s hearing range it may contain
no significant information. For example. aithough
human speech contains measurable energy up to
7 kHz, the portion above 3 kHz may be filtered out
with no effect on intelligibility (Green 1976).
However, functional analyses of animal vocaliza-
tions are usually not available.

The main evidence suggesting that high-fre-
quency communication has played a role in the evo-
lution of high-frequency hearing is the observation
that some small rodent species emit high-frequency
vocalizations (for a review, see Sales and Pye 1974),
These vocalizations, which have been observed in
approximately twenty species of mice and rats,
usually lie in the frequency range above 30 kHz and
vocalizations around 50 kHz are not uncommon.
Furthermore, behavioral observations indicate that
such vocal communications play an important role
in reproduction. Thus, it is clear that many small
rodents, and perhaps other small mammals as well,
use high frequencies for communication. ,

However, there are other animals with good
high-frequency hearing that do not appear to send
or receive ultrasonic vocalizations. One example is
the tree shrew which is able to hear above 60 kHz
(H. Heffner et al. 1969), but which emits vocaliza-
tions only within the range from 400 Hz to 15 kHz
{Binz and Zimmermann 1989). Other exampies of
animals whose hearing extends well above the fre-
quency range of their vocalizations are dogs,
macaques, pigs, and goats, all of which hear above
40 kHz. as well as horses and cattle which hear
above 30 kHz (cf. Kiley 1972; Green 1975: Fox
and Cohen 1977; Walser et al. 1981; for hearing
ranges, see R. Heffner and Heffner 1990c¢).

In summary, a comparison of the high-frequency
hearing abilities of mammals with the spectra of
their vocalizations indicates that many mammals,
including humans, hear higher than necessary for
perceiving their vocalizations. This suggests that
although some mammals use high frequencies for
communication, the main source of selective pres-
sure for the development of mammalian high-
frequency hearing lies elsewhere.

6.2.2 Size of Auditory Apparatus

Crucial to an understanding of the high-frequency
hearing ability of mammals is the analysis of the
response properties of the mammalian ear and how
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these vary between species. One factor believed to
be important in the transduction of high-frequency
sounds is the size of the various components of the
ear, For example, the mass of the middle ear bones,
their lever ratios, the volume of the bulla, the area
of the tympanic membrane, the length of the basi-
lar membrane, and the number of turns in the
cochlea could all selectively enhance or inhibit the
reception or transduction of sounds of different fre-
quencies {e.g., Webster 1966:; Ehret 1977; Flei-
scher 1978: Plassmann and Brandle, Chapter 31;
Webster and Webster 1984 West 1985). Unlike the
previous two factors which ask why mammals hear
high frequencies, analysis of the relation between
size and frequency response attempts to determine
how mammals hear sound.

Because mammals vary in their ability to hear
high frequencies, it follows that there must be
some anatomical correlates of this functional vari-
ation. Because size is an important factor in deter-
mining frequency response, it would be expected to
be correlated with high-frequency hearing. Fur-
thermore, it is possible that the size of an animal’s
head may indeed restrict the size of the auditory
apparatus thus limiting its hearing range.

However, there are several reasons for betieving
that the high-frequency hearing of mammals is not
simply a function of allometric scaling. First. large
animals can always evolve small ears and small
animals can, within limits, increase the size of
their ears —witness kangaroo rats and gerbils with
builae that can equal the volume of the braincase
(e.g., Webster and Webster 1984; Webster and
Plassman, Chapter 31). Second, despite the range
in size of birds, from small finches to large owls,
their high-frequency hearing ability does not vary
with the size of the animal (cf. Dooling 1980).

Finally, it seems unlikely that a Mmajor sensory
attribute such as hearing range is under little or no
selective pressure from the environment, but
simply varies passively as a function of the physi-
cal size of the peripheral auditory apparatus.
Instead, it seems more likely that such variation
i the result of differences in selective pressure for
high-frequs:ncy hearing.

7. Evolution of Horizontal
Sound-Localization Acuity

Over the years a number of studies have deter-
mined the ability of mammals to localize sound.
The results of these studies have demonstrated that
the sound-localization acuity of mammals as meas-
ured by the ability to discriminate sound sources
located around the midline in the horizontal plane
is far from uniform. As shown in Figure 34,9, mid-
line sound-localization acuity varies from about 1°
in humans, elephants, and porpoises to more than
20° in horses and gerbils with at least one species,
the pocket gopher, unable to localize brief sounds.

In attempting to account for this variation, a
number of ecological and morphological factors
have been examined. Among these are the possibil-
ity that various lifestyles such as predator vs prey,
nocturnal vs diurnal, or surface dwelling vs under-
ground might be associated with variation in
localization acuity. However, none of these have
proven particularly satisfying; some, such as pred-
ator vs prey, are difficult to quantify and all appear
to have major exceptions.

Of the many possible explanations, two deserve
closer scrutiny. The first is the role of the avail-
ability of locus cues in determining sound-local-
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ization acuity. The sound is the relation of hear-
ing to vision,

7.1 Availability of Binaural Cues

At one time it was generally believed that all mam-
mals were under strong selective pressure to local-
ize sound as accurately as possible {e.g.. Masterton
and Diamond 1973). Were this true, then, the main
source of variation in sound-localization acuity
would be the size of the physical cues available
to each animal. Because the magnitude of the
binaural locus cues is largely determined by inter-
aural distance, it was expected that any variation in
localization acuity would be correlated with inter-
aural distance. Indeed, given the limited data avail-
able as recently as 1980, this appeared to be the
case: Humans with their large interaural distances
were the most accurate localizers, monkeys and
cats with intermediate interaural distances were
somewhat less accurate, and rats with the smallest
interaural distances were least accurate (Fig,
34.10A). The fact that the dolphin with its small
functional interaural distance (as a result of under-
water hearing and the transmission of sound
though its jaw) was also accurate could be attrib-
uted to auditory specializations resulting from its
use of sonar.

As more species were tested it became apparent
that a large interaural distance did not automatic-
ally resuit in good localization acuity. This was
particularly true in the case of horses and cattle
which, despite their large heads, have poorer
acuity than many small rodents (H. Heffner and
Heffner 1984; R. Heffner and Heffner 1986b).
Furthermore, although a small interaural distance
may be a limiting factor in acuity, some small
species possess relatively good acuity when com-
pared to many other species with equal or larger
mteraural distances (e.g., the least weasel and
the grasshopper mouse; R. Heffner and Heftner
1987, 1988d).

The relation between head size (functiona! inter-
aural distance) and sound-localization threshold
among all mammals tested to date is illustrated
in Figure 34.10B. The correlation coefficient
{excluding the echolocating dolphin) is currently
—0.57 which, although statistically reliable (p <
0.01), accounts for only 32 % of the variance. As g
result we can no longer accept the notion that all

Rickye S. Heffner and Henry E. Heffner

species are under equal selective pressure to local-
1ze accurately and that the variation in sound-
localization acuity simply reflects the availability
of locus cues.

7.2 The Relation to Vision

In examining the utility of sound locatization, it has
been observed that one of the most consistent
responses to an unexpected sound is the orienting
reflex in which the head and eyes are turned
toward a sound source (Pumphrey [950). Indeed,
this reflex is faster and more accurate than the
visual orienting reflex to a brief flash of light
(Whittington et al. 1981), Furthermore, there
appears to be some correspondence between brain-
stem nuclei involved in sound localization and
those responsible for eye movement (Irving and
Harrison 1967). Given the existence of this close
relationship between sound localization and
vision, the possibility arises that the degree of
sound-localization acuity might be related to some
aspect of vision (R. Heffner and Heffner 1985).
In searching for a relation between vision and
sound-localization acuity, we have considered
several possibilities. Among them are visual acuity
and the size of the binocular and panoramic visual
fields. However, the one visual parameter that
seems to correlate best with sound-localization
acuity is the size of the field of best vision.
When visually orienting to a sound, it is not
simply the head or the eyes that are directed to
the source of the sound, but the part of the visual
ficld with the best visual acuity, that is, the “area
centralis.” In species such as humans, the area of
best vision, i.e., the fovea, subtends an angle of
only 1 to 2° As a result, auditory localization has
to be very precise in order to direct the fovea to the
sound source. However, most mammals have a
broader area of best vision which in some cases
covers nearly the entire horizon of the eye and is
referred to as a visual streak (Fig. 34.11; for a
review of retinal variation, see Hughes 1977). Spe-
cies with progressively larger fields of best vision,
therefore. should require correspondingly less pre-
cision in order to orient so that the sound-
producing object is placed within their field of best
vision, Thus, if the major source of selective pres-
sure for sound localization in mammals is the need
to visually locate the source of a sound, then we
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FiGURe 34.10. (A) Relation between functional inter-
aural distance and sound-localization acuity among the
eight species of mammals for which behavioral thresh-
olds had been published in 1980; note the strong rela-
tionship with the exception of the echolocating dolphin.
(B) The relationship as it stands with the information
available in 1990; with the addition of 12 new species,
interaural distance no longer seems to be a useful
explanatory factor. C-domestic cat (Felis catus) {R.
Heifner and Heffner 1988a), Cw-domestic cow {Bos
taurus) (R. Heffner and Heffner 1986b), D-domestic
dog (Canis familiaris) (H. Heffner and Heffner 1984),
Do-dolphin in water (Tursiops truncarus) (Renaud
and Popper 1975), E-elephant (Elephas maximus)
(R. Heffner and Heffner 1982), G-domestic goat (Capra
hircus) (R. Heffner and Heffner 1986b), Gm-grass-
hopper mouse (Onychomys leucogaster) (R. Heffner
and Heffner 1988d), Go-gopher (Geomys bursarius)
(R. Heffner and Heffner 1990b), Gr-gerbil (Meriones
unguiculatus) (R. Heffner and Heffner 1988c), H-

domestic horse (Equus cabatlas) (H. Heffner and Heff-
ner 1984), Hh-hedgehog (Paraechinus hypomelas) (H.
Heffner and Heffner 1984), K-kangaroo rat (Dipodomys
meriami) (H. Heffner and Masterton 1980), M-man (R.
Heffner and Heffner 1988a), Mk-macaque (Macaca
nemestring and M. mulanay (Brown et al. 1980),
Op-opossum (Didelphis virginiana) (Ravizza and
Masterton 1972), P-domestic pig (Sus scrofa) (R. Heff-
ner and Heffner 1989), Rd-domestic rat (Rattus norvegi-
cus) (Kelly and Glazier 1978), Rw-wild rat (Rattus nor-
vegicus) (H. Heffner and Heffner 1985b), S-harbor seal
in air (Phoca vitulina) (Terhune 1974), Sl-sea lion (Zalo-
phus californianus (Moore 1975), Sp-spiny mouse
(Acomys cahirinus) (Mooney, unpublished Master's
thesis), W-least weasel (Mustele nivalis) (R. Heffner
and Heffner 1987), Wr-wood rat (Neotoma floridana)
(H. Heffner and Heffner 1984). The threshold for
the pocket gopher (Go) is for a 1.5-sec noise burst as
this animal, unlike the other mammals in this figure, is
unable to localize brief sounds.




710

Rickye S. Heffner and Henry E. Heffner

FiGURE 34.1:. Ganglion cell density contours in three
mammals showing the contour lines encompassing den-
sities 25%, 50%, and 75% of the maximurn density for
each species, “Area centralis” is operationally defined as
the part of the retina containing ganglion cells with pack-
ing densities equal to or greater than 75% of maximum,

would expect sound-localization acuity to be closely
correlated with the size of the area centralis.

In order to determine the correlation between
sound-localization acuity and size of the field
of best vision, we have begun to obtain anatom-
ical measures of the area centralis in animals
for which sound-localization thresholds are avaiia-
ble. Because the density of retinal ganglion cells
is known to correspond to behavioral measures
of visual acuity {e.g., Rolls and Cowey 1970),
measuring the density of ganglion cells in ret-
inal wholemounts {cf. Stone 1981) can provide
an anatomical estimate of the relative acuity
of the different parts of the retina. Given a pic-
ture of the variation in the density of ganglion
cells, it is possible to arrive at 3 measure of the size
of the area centralis.

Using an arbitrary definition of the area centralis
as the horizontal width (in degrees) of the region of
the retina containing ganglion cell densities equal

The dog has a small area centralis whereas the gerbil,
with its visual streak, has a broad area centralis. The
pig has a visual streak combined with a small area
of increased density located temporaily. I-inferior,

-nasal. S-superior, T-temporal. (Data from R. Heff-
ner and Heffner 1988e.)

toor greater than 75% of the maximum density, we
have measured the size of the area centralis in 12
species. These measurements have shown that the
size of the area centralis varies from approximately
1.5% in man to.more than 180° in some species
such as gerbils and cattle (cf. fig. 34.11). The rela-
tion between the width of the area centralis and
sound-localization thresholds is shown in Figure
34.12. As indicated in this figure, the width of the
area centralis is positively correlated with sound-
localization threshold (r=0.91, p < 0.0001). That
is, animals with narrow fields of best vision, such as
cat and man, have smaller threshoids (better sound-
localization acuity) than those with broader fields of
best vision, such as the cow and gerbil.

Although the present sample is small, it includes
a broad range of species from five orders of mam-
mals encompassing surface and underground
dwellers, nocturnal and diurnal activity patterns,
predators and prey, and body sizes ranging through
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more than five orders of magnitude. Furthermore,
included in this sample are animals with good
sound-localization acuity as well as those with
poor acuity and animals with large as well as
those with a small area centralis. Thus, although
we are continuing to increase our sample, there
is no reason to believe that the high correlation
between sound-localization acuity and width of
the area centralis is the resuit of a restricted or
unrepresentative sample.

8. Summary: Evolution of
Mammalian Sound Localization

The evolution of mammals was accompanied by
two events of particular relevance to sound locali-
zation. The first was the development of the three-
ossicle middle ear which proved able to transduce
frequencies beyond the 10-kHz range of nonmam-
malian vertebrates. The second was the appear-
ance of the pinna which functions as the major
source of monaural spectral cues for sound locali-
zation—cues that play a crucial role in preventing
front-back reversals and in tocalizing in the verti-
cal plane. The combination of these two anatomi-
cal events was fortunate as the pinna can provide
reliable monaural spectral cues only if the ear is
able to transduce high frequencies. Expanded high-
frequency hearing also increased the magnitude of
the binaural spectral-difference cue, especially for
small mammals. Thus, we suggest that the use of
monaural and binavral spectral cues served as
major sources of selective pressure for the recep-
tion of frequencies above 10 kHz.

Primitive mammals thus had three basic locus
cues—binaural time differences, binaural spec-
tral differences, and monaural spectral differences,
which they could use to their advantage as they
expanded into new niches. In the case of echo-
locating bats, this expansion was spectacular as
their hearing ability allowed them to move into
the niche of nocturnal flying predators in which
they are unchailenged.

In spite of the obvious survival value of sound
localization, not all mammals are able to localize
sound accurately. This variation in localization
acuity is primarily due nor to differences in the
availability of the physical locus cues, but rather to
variation in selective pressure for good acuity. One
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Ficure 34.12. Relation between the horizontal width of
the area centralis (i.e., the field of best vision) and sound
localization acuity, Mammals with narrow fields of best
vision, such as man, have small localization thresholds,
whereas species with wide fields of best vision, such as
some rodents and ungulates, have much larger localiza-
tion thresholds. Letters represent different species (sec
Fig. 34.10 for key).

1

of the major uses of sound localization is to enable
an animal to direct its gaze to the source of a sound
for turther scrutiny. Because animals with narrow
tields of best vision require more accurate localiza-
tion to direct their gaze than do animals with broad
fields of best vision, sound-localization acuity
varies with the size of the field of best vision or
area centralis. Apparently it is the function of
sound localization, i.e., directing the attention of
other senses toward the sound-producing object,
and not simply the physical cues available to the
auditory system, which underlies the variation in
mammalian sound-localization acuity.

Moreover, not all mammals have retained full
use of the sound-localization cues. There are spe-
cies that have partiaily or completely relinquished
one or more of the major cues. The ability to use
binaural time cues has been lost by some small
mammals for reasons that are noi yet fully under-
stood. Reliance on the binaural spectral-difference
cue has also been reduced or eliminated by some
large animals — this may have occurred because the
high-frequency components of sounds may not be
audible in the ear furthest from the source (with
the result that no “difference” cue is available),
coupled with the fact that the large binaural time
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differences available to them provide for sufficient
localization acuity. Finatly, monaural spectral cues
may have been relinquished by aquatic mammals
that have lost their pinnae as they adapted to a
marine environment. However, all of the locus
cues appear to have been relinguished by at least
some of the fossorial mammals that have adapted
to the one-dimensional world of an underground
environment where sound-localization ability may
be of tittle value.

Acknowledgements. Supported by NTH Grant DC
00179,

References

Aitkin LM. Irvine DRF, Webster WR (1984) Cen-
tral neural mechanisms of hearing. In: Brookhard
IM. Mountcastie VB (eds) Handbook of Physiol-
0gy. Sect. 1: The Nervous System, Vol II, Pt. 2,
American Physiological Scciety, Bethesda, MD, Pp-
675-737.

Altschuler RA, Parakkal MH, Fex J (1983) Localization
of enkephalin-like immunoreactivity in acetylcholin-
esterase-positive cells in the guinea-pig laterai super-
ior olivary complex that project to the cochlea. Neuro-
science 9:62 1-630.

Aschoff A, Ostwald J {1987) Different origins of coch-
lear efferents in some bat species, rats, and guinea
pigs. J Comp Neurol 264:56-77.

Belendiuk K, Butler RA {1975) Monaural localization of
low-pass noise bands in the horizontal plane. J Acoust
Soc Am 58:701-705.

Belendiuk K. Butler RA (1978) Directional hearing
under progressive impoverishment of binaural cues.
Sensory Proc 2:58-70.

Binz H, Zimmermann E (1989) The vocal repertoire of
adult tree shrews (Tupaia belangeri). Behaviour 109:
[42-182.

Boring EG (1942) Sensation and Perception in the
History of Experimental Psychology. New York:
Appleton-Century.

Boudreau JC, Tsuchitani C (1968) Binaural interaction
in the cat superior olive S segment. J Neurophysiol
31:442-454,

Brown CH, Beecher MD, Moody DB, Stebhins WC
(1978) Localization of pure tones by old world mon-
keys. T Acoust Soc Am 65:1484—1492

Brown CH. Beecher MDD, Moody DB, Stebbins WC
(1980) Localization of noise bands by old world mon-
keys. J Acoust Soc Am 68:127-137.

Rickye S. Heffner and Henry E. Heffner

Brown CH, May BJ (1990) Sound localization and
binaural processes. In: Berkley MA, Stebbins WC
{eds) Comparative Perception, Vol 1. New York:
Wiley, pp. 247-284.

Brown CH, Schessler T, Moody DB, Stebbins W (1932)
Vertical and horizontal sound localization in primates.
I Acoust Soc Am 72:1804-1811.

Burda H. Bruns V, Miiller M (1990 Sensory adaptations
in subterranean mammals. In: Nevo E, Reig OA {eds)
Evolution of Subterranean Mammals at the Organ-
tsmal and Molecular Levels. New York: Wiley-Liss,
pp. 269-293,

Butler RA (1975) The influence of the external and
middle ear on auditory discriminations. In: Keidel
WD, Neff WD (eds) Handbook of Sensory Physi-
ology, Vol ¥/2. New York: Springer-Verlag, pp.
247-260,

Butler RA (1986) The bandwidth effect on monaural
and binaural localization. Hearing Res 21:67-73.

Butier RA (1987) An analysis of the monaural dis-
placement of sound in space. Percept Psychophys
41:1-7.

Butler RA, Belendiuk K (1977) Spectral cues utilized in
the tocalization of sound in the median sagittal plane.
] Acoust Soc Am 61:1264-1269.

Butler RA. Flannery R (1980) The spatial attributes of
stimulus frequency and their role in monaural locaii-
zation of sound in the horizontal piane. Percept Psy-
chophys 28:449-457.

Butler RA. Helwig CC (1983) The spatial attributes of
stimulus frequency in the median sagittal plane and
their role in sound localization. American } Otolaryn-
gol 4:165-173,

Butler RA. Planert N (1976) The influence of stimulus
bandwidth on localization of sound in space. Percept
Psychophys 19:103-108.

Calford MB, Pettigrew JD (1984) Frequency depen-
dence of directional amplification at the car's pinna.
Hearing Res 14:13-19,

Carlile 8, Pettigrew AG (1987} Directional properties of
the auditory periphery in the guinea pig. Hearing Res
31122,

Casseday IH, Neff WD (1973) Localization of pure
tenes. I Acoust Soc Am 54:365-372.

Don M, Starr A (1972) Lateralization performance of
squirrel monkey (Samiri sciureus) 1o binaural click
signals. J Neurophysiol 35:493-500.

Dooling RJ {1980} Behavior and psychophysics of hear-
ing in birds. In; Popper AN, Fay RR {(eds) Compara-
tive Studies of Hearing in Vertebrates. New York:
Springer-Verlag, pp. 261288,

Ehret G (1977 Comparative psychoacoustics: Perspec-
tive of peripheral sound analysis in mammals. Natur-
wissenschaften 64:461-470.



34. Sound Localization in Mammals

Erulkar. SD (1972) Comparative aspects of spatial
localization of sound, Physiol Rev 52:237-360.

Flannery R, Butler RA (1981) Spectral cues provided by
the pinna for monaural localization in the horizontal
plane. Percept Psychophys 29:438-444,

Fleischer G (1978 Evolutionary principles of the marn-
malian middle car. Adv Anat Embryol Cell Biol
55:1-70.

Fox MW, Cohen JA (1977) Canid communication. [n:
Sebeok TA {ed) How Animals Communicate. Blogom-
ington: Indiana University Press, pp. 728-748.

Fuzessery ZM (1986) Speculations on the role of fre-
quency in sound localization. Brain Behav Evol
28:95-108.

Fuzessery ZM. Pollak GD (1985) Determinants of sound
location selectivity in bat inferior colliculus: A com-
bined dichotic and free-field stimulation study.
I Neurophysiol 54:757-781.

Galambos R, Schwartzkopff I, Rupert A (195%) Macro-
electrode studies of superior olivary nuelei. Am J
Physiol 197:527-336.

Geyer LA, Barfield RJ (1979) Introduction to the Sym-
posium: Ultrasonic communication in rodents. Am
Zoologist 19:411.

Green DM (1976) An Introduction 1o Hearing. Hills-
dale, New Jersey, Lawrence Erlbaum.

Green S (1975) Variation of vocal pattern with soctal sit-
uation in the Japanese monkey (Macaca fuscara): A
field study. In: Rosenblum LA {ed) Primate Behavior,
Vol 4. New York: Academic Press, pp. 1-102,

Harrison JM, Downey P (1970) Intensity changes at
the ear as a function of the azimuth of a tone source:
A comparative study. J Acoust Soc Am 47:1509-
L518.

Hetffner HE, Heffner RS (1984) Sound localization in
large mammals: Localization of complex sounds by
horses. Behav Neurosct 98:541-555.

Heffner HE, Heffner RS {1985a) Hearing in two cricetid
rodents: Wood rat (Neotoma floridana) and grasshop-
per mouse (Onychomys leucogaster). I Comp Psychol
99:275-288.

Heffner HE, Heffner RS (1985b) Sound localization in
wild Norway rats (Raitus norvegicus). Hearing Res
19:151-155.

Heffner H. Masterton B (1980) Hearing in glires:
Domestic rabbit, cotton rat, feral house mouse. and
kangaroo rat. ] Acoust Soc Am 68:1584-1599.

Heffner HE, Ravizza RJ, Masterton B (1969) Hearing in
primitive mammals, [I: Tree shrew (Tupaia glis).
J Audit Res 9:12-18.

Heffner RS, Heffner HE (1982) Hearing in the elephant
(Elephas maximus): Absolute sensitivity, frequency
discrimination, and sound localization. J Comp Phys-
iol Psychol 96:926-944.

713

Heffner RS. Heffner HE (1983) Sound localization and
high-frequency hearing in horses, § Acoust Soc Am
73:842.

Heffner RS, Heffner HE (1985) Auditory localization
and visual ficids in mammals. Neurosci Abstr 11:547.

Hefiner RS, Heffner HE (1986a) Localization of tones by
horses: Use of binaural cues and the role of the superior
olivary complex. Behav Neurosci 100:93-103,

Heftner RS. Heffner HE (1986b} Variation in the use of
binaural localization cues among mammals. Abstracts
ot the Ninth Midwinter Research Meeting of the Asso-
ciation for Research in Otolaryngology. 108.

Heffner RS. Heffner HE (1987) Localization of noise, use
of binaural cues, and a description of the superior olivary
complex in the smallest camivore. the least weasel
(Mustela nivalis), Behav Neurosci 101:701-708.

Heftner RS. Heffner HE (1988a) Interaural phase and
intensity discrimination in the horse using dichoti-
cally presented stimuli. Abstracts of the Eleventh
Midwinter Research Mecting of the Association for
Research in Otolaryngology, 233.

Heffner RS. Heffner HE (1988b) Sound localization
acuity in,the cat: Effect of azimuth. signal duration,
and test procedure. Hearing Res 36:221-232.

Heffner RS, Heffner HE (1988¢) Sound localization and
use of binaural cues by the gerbil (Meriones unguicula-
ius). Behav Neurosci 102:422-428,

Heffrer RS. Heffner HE (1988d) Sound localization in a
predatory rodent, the northern grasshopper mouse
{Onvchomys leucogaster). ] Comp Psychol 102:66-71,

Heftner RS. Heffner HE (1988e) The relation between
vision and sound localization acuity in mammals.
Neurosci Abstr 14:1096.

Heffner RS, Heffner HE (1989} Sound localization, use
of binaural cues and the superior olivary complex in
pigs. Brain Behav Evol 33:248-258,

Heffner RS, Heffner HE (1990a) The importance of high
frequencies for sound localization in mammats.
Abstracts of the Thirteenth Midwinter Research Meet-
ing of the Association for Research in Otolaryn-
gology. 110.

Heffner RS, Heffner HE (1990b) Vestigial hearing in a
fossorial mammal, the pocket gopher, (Geomys bur-
sarius). Hearing Res 46:239-252.

Heffner RS, Heffner HE (1990c) Hearing in domestic
pigs (Sus scrofa) and goats (Capra hircus). Hearing
Res 48:231-240,

Hetfner RS, Masterton RB (1990) Sound localization in
mammals: Brain-stem mechanisms. In: Berkley MA,
Stehbins WC (eds) Comparative Perception, Vol I.
New York: John Wiley & Sons, pp. 285-314.

Henning GB (1974) Detectability of interaural delay in
high-frequency complex waveforms. J Acoust Soc Am
55:84-90.




714

Houben D, Gourevitch G (1979} Auditory lateralization
in monkeys: An examination of two cues serving
directional hearing. 3 Acoust Soc Am 66:1057-1063.

Hughes A (1977) The topography of vision in mammals
of contrasting life style: Comparative optics and reti-
nal organisation. In: Crescitelli F (ed) Handbook of
Sensory Physiology, Vol VII/5. New York: Springer-
Verlag, pp. 613-756.

Humanski RA, Butler RA (1988) The contribution of the
near and far ear toward localization of sound in the
sagittal plane. J Acoust Soc Am 83:2300-2310.

Irvine DRF (1986) The auditory brainsiem. In: Ottoson
D> (ed) Progress in Sensory Physiology, Vol 7. New
York: Springer-Verlag, pp. 1-279.

Irvine DRF (1987) Interaural intensity differences in the
cat: Changes in sound pressure Jevel at the two ears
associated with azimuthal displacements in the frontal
horizontal plane. Hearing Res 26:267-286.

Irving R, Harrison JM (1967) The superior olivary com-
plex and audition: A comparative study. J Comp Neu-
rol 130:77-86.

Isley TE, Gysel LW (1975) Sound-source Jocalization by
the red fox. ] Mammal 56:397-404,

Jacobs DW, Hall ID (1972) Auditory thresholds of a
fresh water dolphin, Inia goeffrensis Blainville.
J Acoust Soc Am 51:530-533. :

Jeffress LA (1975) Localization of sound. In: Keidel
WD, Neff WD (eds) Handbook of Sensory Physiology,
Vol V/2. New York: Springer-Verlag, pp. 449-456.

Kelly JB, Glazier SJ (1978) Auditory cortex lesions and
discrimination of spatial location by the rat. Brain Res
145:315-321.

Kelly JB, Kavanagh GL (1986) Effects of auditory corti-
cal lesions on pure-tone sound localization by the
albino rat. Behav Neurosci 100:569-575.

Kiley M (1972) The vocalizations of ungulates. their
causation and function. Z Tierpsychol 31:171-222.
Konishi M (1969) Hearing, single-unit analysis, and
vocalizations in songbirds. Science 166:1178-1181.
Kuhn GF (1977) Model for the interaural time differ-
ences in the azimuthal plane. J Acoust Soc Am 62

157-167.

Kuahn GF (1982) Towards a model for sound localiza-
tion. In: Gatehouse RW (ed) Localization of Sound:
Theory and Applications. Groton, CT: Amphora
Press, pp. 51-64.

Marler P (1955) Characteristics of some animal calls,
Nature 176:6-8.

Martin RL, Webster WR (1987) The auditory spatial
acuity of the domestic cat in the interaural horizontal
and median vertical planes. Hearing Res 30:239-252.

Martin RL, Webster WR (1989) Interaural sound pres-
sure level differences associated with sound-source
locations in the frontal hemifield of the domestic cat.
Hearing Res 38:289-302.

Rickye S. Heffner and Henry E. Heffrer

Masterton RB (1974) Adaptation for sound localization
in the ear and brainstem of mammals. Fed Proc 33:
1904-1910.

Masterton B, Heffner H, Ravizza R (1969) The evolu-
tion of human hearing. J Acoust Soc Am 45:966-985.

Masterton RB, Diamond IT (1964) Effects of auditory
cortex ablation on discrimination of small binaural
time differences. ] Neurophysiol 27:15-36.

Masterton B, Diamend TT (1973) Hearing: Central neural
mechanisms. In: Carterette EC, Friedman MP (eds)
Handbook of Perception, Vol. 3: Biology of Perceptual
Systems. Academic Press, New York, pp. 407-448.

Masterton B, Thompson GC, Bechtold JK, RoBards M)
(1973) Neuroanatomical basis of binaural phase-
difference analysis for sound localization: A compara-
tive study. J Comp Physiol Psychol 89:379-386.

Mayr E (1961) Cause and effect in biology. Science
134:1501-1506.

McCormick ¥G, Wever EG, Palin J, Ridgway SH (1970)
Sound conduction in the dolphin ear. J Acoust Soc Am
48:1418-1428.

McFadden D, Pasanen EG (1976) Lateralization at high
frequencies based on interaural time differences.
I Acoust Soc Am 59:634-639,

Middlebrooks JC (1990) Two-dimensicnal localization
of narrowband sound sources. Abstracts of the Thir-
teenth Midwinter Research Meeting of the Associa-
tion for Research in Otolaryngology, 109.

Middlebrooks JC, Makous JC, Green DM (1989) Direc-
tional sensitivity of sound-pressure levels in the
human ear canal. J Acoust Soc Am 86:89-108.

Mills AW (1972) Auditory localization. In: Tobias JV
(ed) Foundations of Modern Auditory Theory, Voi II.
New York: Academic Press, pp. 303-348.

Mogdans J, Ostwald J, Schnitzler H-U (1988} The role of
pinna movement for the localization of vertical and
horizontal wire obstacles in the greater horseshoe bat.
Rhinolopus ferrumequinum. J Acoust Soc Am 84:
1676-1679.

Moaney SE, Heffner HE, Heffner RS (1990) Hearing in
two species of rodents: Darwin's leaf-cared mouse (Phy/-
Iotis darwini) and the spiny mouse (dcomys cahirinus).
Abstracts of the Thirteenth Midwinter Research Meeting
of the Association for Research in Otolaryngology, 176.

Moore JK (1987) The human auditory brain siem: A
comparative view. Hearing Res 29:1-32,

Moore PWB (1975) Underwater Iocalization of click and
puised pure-tone signals by the California sea lion
(Zalophus californianus). ] Acoust Soc Am 57:406-410.

Moore PWB, Au WWL (1975) Underwater localization of
pulsed pure tones by the California sea lion (Zalophus
californianus). 1 Acoust Soc Am 58:721-727.

Musicant AD, Butler RA (1984a) The influence of
pinnae-based spectral cues on sound localization. J
Acoust Soc Am 75:1195-1200.




34. Sound Localization in Mammals

Musicant AD, Butler RA (1984b) The psychophysical basis
of monaural localization. Hearing Res 14:185-190.

Musicant AD, Butler RA (1985) Influence of monaural
spectral cues on binaural localization. J Acoust Soc
Am 77:202-208.

Norris KS, Harvey GW (1974) Sound transmission in the
porpoise head. T Acoust Soc Am 56:659-664.

Phillips DP, Brugge JF (1985) Progress in neurophysiof-
ogy of sound localization. Annu Rev Psychol 36:
245-274.

Phillips DP, Calford MB, Pettigrew JD, Altkin LM, Sem-
ple MN (1982) Directionality of sound pressure transfor-
mation at the cat’s pinna. Hearing Res 8:13-28,

Pumphrey RJ {1950) Hearing. Symp Soc Exp Biol 4:
1-18.

Ravizza RJ, Masterton B (1972) Contribution of neocor-
tex to sound localization in opossum (Didelphis vir-
giniana). J Neurophysiol 35:344-356.

Renaud DL, Popper AN (1975) Sound localization by
the bottlenose porpoise Tursiops truncawus. J Exp Biol
63:569-585.

Roffler SK, Butler RA (1968a) Factors that influence the
localization of sound in the vertical plane. J Acoust
Soc Am 43:12535-1259.

Roffler SK. Butler RA (1968b) Localization of tonal
stimuli in the vertical plane. J Acoust Soc Am 43:
1260-1266.

Rolls ET, Cowey A 11970} Topography of the retina and
striate cortex and its relationship to visual acuity in
rhesus monkevs and squirrel monkeys. Exp Brain Res
10:268-310.

Rose JE, Brugge JF. Anderson DJ, Hind JE (1967)
Phase-locked response 1o low-frequency tones in sin-
gle auditory nerve fibers of the squirrel monkev. J
Neurophysiol 30:769-793,

Sales GD, Pye ID (1974) Ultrasonic Communication by
Animals. New York: John Wiley and Sons.

Shaw EAG (1974) The external ear. In: Keidel WD, Neff
WD (eds) Handbook of Sensory Physiology: Auditory
System, Vol V/1. New York: Springer-Verlag, pp.
455-490.

Siegmund H, Santibanez-HG (1981) Effects of motor

715

denervarion of the external ear muscles on the audio-
visual targeting reflex in cats. Acta Neurobiol Exp
41:1-13.

Stein BE. Clamann HP (1981) Control of pinna move-
ments and sensorimoter register in cat superior collic-
ulus. Brain Behav Evol 19:180-192.

Stevens SS. Newman EB (1936) The localization of
actual sources of sound. Am J Psychol 48:297-306.
Stone J (1981) The Wholemount Handbook. Sydney:

Maiiland Publications Pty.

Terhune JM (1974) Directional hearing of a harbor seal
in air and water. J Acoust Soc Am 56:[862-1865.
Terhune JM (1985} Localization of pure tones and
click trains by untrained humans. Scand Audiol 14:

125-131.

Wakeford OS. Robinson DE (1974} Lateralization of tonal
stimuli by the car. J Acoust Soc Am 55:649-652.

Walser ES. Walters E. Hauge P (1981) A statistical analy-
sis of the structure of bleats from sheep of four different
breeds. Behaviour 77:67-76.

Webster DB (1966) Ear structure and function in modern
mammals. Am Zoologist 6:451-466.

Webster DB. Webster M (1984) The specialized auditory
system of kangaroo rats. In: Nelf WD (ed) Contribu-
tions to Sensory Physiology, Vol 8. New York: Aca-
demic Press. pp. 161-196.

Wenstrup JJ (1984) Auditory sensitivity in the fish-
catching bat. Nocrilio leporinus. J Comp Physiol A
155:91-101.

West CD (1983) The relationship of the spiral turns of the
cochlea and the length of the basilar membrane to the
range of audibie frequencies in ground dwelling mam-
mais. J Acoust Soc Am 77:1091-1101.

White JS. Warr WB (1983) The dual origins of the
olivocochlear bundle in the albino rat. J] Comp Neurol
219:203-214.

Whittington DA. Hepp-Reymond MC. Flood W (1981}
Eve and head movements to auditory targets.
Experimenial Brain Res 41:358-363.

Yost WA, Dyve RH Jr (1988) Discrimination of interaural
differences of level as a function of frequency. J Acoust
Soc Am 83:1846-1851.




