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Abstract

The survival of biological organisms depends upon their ability to nourish, reproduce and find shelter. Nourishment for a
predator depends on finding prey. In the absence of sight (e.g., underwater; at night), sound has been evolutionarily favored
as a means of remote-detecting prey. This may include echolocation, resembling the man-made sonar under water, turning
a mute prey into a sounding object. Cetaceans (dolphins and whales) use acoustic cues, including active sounding in the
ultrasonic range, to determine the locations and identities of environmental stimuli in their underwater habitats. Dolphins
(Odontoceti) have evolved unique auditory systems for spatially differentiating ultrasonic signals. The aim of this paper is to
find out whether directional asymmetry that may support location exists in the dolphin middle ear, and if so, whether it is age
or sex linked. We measured the auditory ossicles of 34 pairs of the peripheral hearing organ of Globicephala macrorhynchus:
On both sides, the weights and lengths of each of the three ossicles, the area of the stapes footplate, and the angle between
incus and stapes; and computed a ratio between ossicle mass and stapedial footplate area. The left-side ossicles were on
average heavier, and the angle between the incus and stapes greater in the left ear. We found no significant age- or sex-linked
differences with respect to these asymmetries. We propose how the asymmetries may help the animal locate its prey, especially
in the vertical plane.

KeyWOl‘dS: Cetacea; Feeding; Middle Ear; Odontoceti; Ossicle Asymmetry; Radar; Sound Location

Abbreviations: DA: Directional Asymmetry; EP: Effective Major Axis; TB: Tympanic Bone; TP: Tympanic Plate; TPC:
Pressure; FP: Foot Plate; HF: High Frequency; HRTF: Head Tympano-Periotic Complex.

Related Transfer Functions; IID: Interaural Intensity

Difference; ILD: Interaural Level Difference; IPD: Interaural Introduction

Phase Difference; ITD: Interaural Time Difference; MAA:
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PB: Periotic Bone; RC: Rostro-Caudal (Axis); RMA: Reduced ability to nourish, reproduce and find shelter.
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Nourishment for a predator depends on finding its
prey. In the absence of sight (for example, deep under water
or at night), sound has been evolutionarily favored as a
means of remote-detecting prey. This may involve active
echolocation, similar to the human-made sonar under water,
or the biological sonar used by bats, turning a mute prey
into a sounding object. Cetaceans (dolphins and whales)
are aquatic mammals, totally adapted to life in water, and
use acoustic cues to determine the locations and identities
of environmental stimuli in their underwater habitats.
Dolphins (Odontoceti) have evolved unique auditory systems
for spatially differentiating ultrasonic signals [1].

Their middle ear anatomy has radically specialized for
hearing in water. Thus, the tympanic and periotic bones are
synostosed into one unit, the tympano-periotic complex,
TPC, which encloses the middle ear cavity and the ossicles
[2-4] as well as the cochlea.

This TPC is well isolated acoustically from the rest of the
skull, with air sinuses and fatty tissue surrounding it [5,6].
In this way, the ears are protected from interference from
skull vibrations, thus enabling binaural hearing, which is
essential for echolocation as well as locating the source of
any incoming acoustic waves. Sensitive ears, coupled with a
massive auditory central nervous system, are fundamental to
the dolphins’ extensive use of sound for communication and
echolocation [7]. Most odontocete species have fine-scale
frequency discrimination abilities: They can process sounds
rapidly, compensating for both the faster underwater sound
speed (approx. 5 times higher than the speed of sound in air),
as well as enabling and providing the complex requirements
for echolocation. Furthermore, odontocetes have developed
a novel mechanism to receive sounds through specialized
acoustic fats associated with their lower jaw.

The aim of this paper is to find out whether directional
asymmetry exists in the middle ears of Globicephala
macrorhynchus (the short-finned pilot whale), and whether
itis age or sex linked or both.

Asymmetry is defined as the deviation of an organ or
organism from perfect symmetry with respect to a given
plane, and can be grouped into three categories [8]. (1)
Directional Asymmetry: This occurs whenever there is
normally a greater development of a character on one side
of the plane of symmetry than on the other, for example the
human heart. (2) Fluctuating Asymmetry [9]: This is the
asymmetry which results from the inability of an organism
to develop in precisely determined paths. (3) Antisymmetry:
which refers to the apparently less common situation where
asymmetry is normally present but it is variable which
side has greater development. A familiar example would
be a human population with right- and left-handed, and a
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few ambidextrous, individuals. An example of directional
asymmetry in the auditory system of a land-dwelling
vertebrate is in the location of the external ear opening on
the skull of the barn owl (Tyto alba) and boreal owl (Aegolius
funereus) among other owls that, as best known in T alba,
provides the owl with azimuth-like information in the
vertical plane about the location of its rustling prey [10].

Here we address the question whether left/right
asymmetries also include the middle ears that transmit the
auditory waves to the cochlea. We measured the following
characters of the auditory ossicles in the peripheral
hearing organ of Globicephala macrorhynchus: the weights
and the lengths of all three ossicles, the area of the stapes
footplate, and the angle between the incus and stapes; and
we innovated a computed ratio between ossicle mass and
stapedial footplate area. In some of these characters we found
significant left/right differences. We propose how these may
help to sort out spatial ambiguities of the source of sounds,
especially in the vertical plane, with particular attention to
echoes of the animal’s echolocation clicks.

More generally, we analyze how the differences between
water and air affect the interaural cues commonly used in
land mammals to locate the source of incoming sounds: the
interaural time difference (ITD), intensity difference (IID)
and phase difference (IPD). The speed of sound in water is
five times greater than in air, and this alone makes location
based on these cues more challenging.

Materials and Methods

Biological Material

Appendix 1 of this manuscript shortly the salient features
of Globicephala macrorhyncus.

The study was carried out on both sides of thirty-four
pairs of the peripheral hearing organ (TPC) of the short-
finned pilot whale, Globicephala macrorhynchus, described
in Appendix 1: Seven males, 21 females and six juveniles.
For ethical considerations and for details on how fresh TPCs
were legally obtained in Japan, preserved and prepared,
see Tsur, et al. [11]. The structures were cleaned of all soft
tissues (muscle and connective tissue remnants) and dried
as described below.

Measurements

Weight of the Ossicles: The weights of the malleus, incus and
stapes of both ears were measured with an electronic scale
(Sartorius CP225D) up to six digits after the decimal point, in
grams. The ossicles had been dried until they did not show a
change of weight for three consecutive measurements, taken
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at least 10 days apart. Weighing was done three times for
each ossicle in a closed chamber of the electronic scale.
Length of the Ossicles: The lengths of the ossicles were
measured with a digital caliper having a resolution of 0.01
mm. Each measurement was repeated three times and the
average taken for calculation.

The area of the stapes footplate viewed from top of the
footplate: the axes were measured with the digital caliper
(three measurements) and the area calculated as described
by Hemil3, et al. [12].

A ratio defined by us [(mass of malleus+incus) / (area of
stapes footplate)] and termed effective pressure (EP), was
calculated for each individual from its average values and
plotted Left vs. Right.

Ageing: Teeth were extracted from each individual and
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their age was determined from decalcified preparations as
described in Tsur et al. [11].

Sex: For testing for differences between sexes we had seven
males and twenty one females.

Angles between the Ossicles: Measurements were made
from images obtained with a CT scanner (General Electric) as
illustrated in Figure 1. The ears were positioned in an exact
upright angle, held on plasticine “blocks” and taken through
the scanner. Looking at the resultant images through the
computer, we chose the best three views, where all ossicles
appeared on the screen in the same projection with respect to
the surrounding tympanic and periotic bones. These images
were then printed onto blank paper and the angle between
the malleus-incus as a unit and the stapes (the incudo-
stapedial angle) was measured as described by Skinner, et al.
[13] for human ossicles (Figure 1).

Individual (Ear #110 Right).

Figure 1: Measurement of the Incudo-Stapedial Angle. A: Screenshot of a CT Image of a Peripheral Hearing Organ, with the
Measuring Caliper of the CT Superimposed Over the Ossicles. The Millimetric Slices were Generated by the CT and A 3D Image
was Produced, from which the Angle was Measured as Shown in Panels B-C; B: The Angle between the Incus and Stapes was
Measured in the Intersection of the Lines Drawn Along them. This was done when both Ossicles came to a Full View. The Line
of the Incus (on the Right) was Tangential to it, and that of the Stapes was the Longest Possible Through its Ends. The Angle
here was 880. Three Measurements were Taken and Averaged for Each Ear. (Ear #110 Left); C: The Right Ear of the Same
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Statistics
In relation to our main question, the presence of
The statistical analysis of the data is described in detail bilateral asymmetry, additional to comparisons between the
in Appendix 2. exact measures on the left and right (detailed in Appendix
2), a particularly useful comparison is the proportion of
Results individual left-right pairs of ears where the character value
is higher on one or the other side (values from the left ear
The data resulting from the measurements described denoted L, values from the right ear denoted R). In Table 1
above and their statistical analyses are summarized in Table column 3 shows that the proportions were almost without
1 (for further details, Appendix 2). Due to some bona fide exception skewed towards the left. For all characters except
damage they derive from 34 right-left pairs of mallei, 33 stapes footplate area, the number of pairs with larger L was
pairs of incudes and stapedes, and 29 pairs of ears yielding almost twice the number of pairs with larger R.
uncompromised inter-ossicular angles (Figure 1).
1 2 3 4 5 6 | 7 | s 9
P of the P of observed | Constants of regression line L
observed |means of within- vs.R
Proportion| proportions if | individual L-R
n | Mean +- SEM | (L>R): th.e llfldEII‘lyll‘.lg dlfferergce, if the Pif |V-intercept Pif
(R>L) |distribution is population mean|Slope a
. : =1 b B=0
symmetrical is zero (two-
(two-tailed p) tailed P)
i malleus| 34 | 0.163+0.0026 | 22:12 0.121 0.028 1.104 | 0.056 | neg 0.015 |0.085
OSSl(Crf r)nass incus | 33| 0.048£0.009 | 22:11 0.082 0.032 1.128 | 0.011 | neg 0.006 [0.019
8 stapes | 33 | 0.016+0.0003 23:10 0.07 0.265 0.876 | 0.378 0.002 |0.301
. malleus| 34| 6.57+0.04 22:12 0.121 0.328 0.965 | 0.717 0.252 ]0.691
Ler?gstiﬁsm) incus | 33| 3.69£0.02 20:13 0.296 0.079 0.916 | 0.119 [ 0326 [0.104
stapes | 32 20:12 0.215 0.328 1.736 0 neg 2.055 |0.003
Incudo-
stapedial 29 89+0.68 19:10 0.136 0.031 1.027 | 0.89 0.959 [0.956
angle (deg)
Stapes foot
plate area 33 8.5+0.14 17:16 1 0.403 2.214 0 |neg10.612| O
(mm?2)
Effective 33 (0.0249+0.0004| 22:11 0.08 0.219 1.453 | 0.2 |neg0.033 |0.028
pressure

Table 1: Values and Statistical Parameters for the Eight Measured Characters and the Derived Character “Effective Pressure”.
Columns: (1) N = The Number of Individuals Studied (Each Providing one Right and One Left Middle Ear). (2) The Mean * Standard
Error of the Measured Values. (3) The Numbers of Individuals where the Value Measured from the Left Ear (L) was Larger
than that Measured from the Right Ear (R), and Vice Versa. (4) the Probability of Getting a Sample Equally or Biased Towards
Either L or R Under the Zero Hypothesis that the Underlying Distribution is Symmetrical. Binomial Two-Tailed Probabilities. (5)
Significance of the Deviation of the Mean of Within-Individual L-R Differences from 0. (The Actual Values Are Not Shown.) Paired-
Values T-Test, Two-Tailed Probabilities under the Zero Hypothesis that there is no L-R difference within Individuals on Average.
(6 - 9) the Slopes (A) and Y-Intercepts (B) Obtained by Linear Reduced Major Axis (RMA) Regression L Vs. R, and the Statistical
Significances of their Deviations from, Respectively, 1 and 0 (L.E., from Perfect L-R Isometry).

Conventionally Significant P-Values (P < 0.05) Are Shown the sum of probabilities for deviations exceeding a certain

In Red; “Suggestive” P-Values (P < 0.1) Are Shown In Green. limit to the left or to the right under the zero hypothesis
HO: the population mean of L = the population mean of R.

Yet, the deviations from equal proportions (0.5:0.5) did However, as the observed distributions were all skewed to
not reach statistical significance on a two-tailed binomial test, the left, it may be hypothesized that they are part of a general
as shown by the P-values in column 4. Two-tailed testing gives asymmetry entailing stronger growth of left-side structures,
Tsur 1, et al. Dolphin (Globicephala Macrorhynchus) Middle Ear: Can Ossicle Asymmetry Aid Copyright© Tsur |, et al.
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and thus consider one-tailed probabilities only (for column
3, the probability of “left-ward” chance deviations from equal
proportions, 0.5:0.5). These one-tailed probabilities are:
malleus mass p=0.061, incus mass p=0.041 and stapes mass
p=0.035, allowing rejection of the zero hypothesis at least for
the two latter (applying the conventional P < 0.05 level). Given
that, in addition, the means of the within-individual L-R mass
differences for the mallei and the incudes across all individuals
were statistically significantly different from zero (column 5: P
=0.028 and P = 0.032, paired-values t-tests), we conclude that
all three ossicles are heavier on the left-hand side.

By contrast, within-pair comparisons of ossicular lengths
allow no firm conclusion. The proportions of individuals with
L>R and R>L in column 3 do look similarly skewed as for the
ossicular masses, but the deviations from the zero hypothesis
of equal proportions are not statistically significant even on
a one-tailed test. Neither are the means of within-individual
L-R length differences; only for the incus does it reach a level
that would be significant on a one-tailed test.

Besides the ossicular masses, a fourth statistically significant
asymmetry was found for the incudo-stapedial angle, which
was larger on the left-hand side even on a two-tailed test (P =
0.031, paired-values t-test).

Since there was no significant L-R difference in stapes
footplate area, one might expect from the difference
in ossicle masses that the derived character “effective
pressure” would be larger on the left-hand side. In terms of
statistically significant differences, this showed up only as
L>R dominance in column 3, the proportion approximately
paralleling those found for all the ossicles (22:11, one-tailed
binomial P < 0.04).

We also determined the linear Reduced Major Axis
(RMA) regression between L and R. This gave some support
to the idea that growth patterns selectively favour the left-
hand side (columns 6-9). The slope coefficient a relating L to
R was larger than 1 for malleus and incus mass, the difference
being statistically significant for the incus (P = 0.011) and
nearly so for the malleus (P = 0.056). For the stapes, this
pattern was seen for the length and the footplate area, but
not for the mass. It is finally worth noting that the derived
character “effective pressure” also exhibited an L-R relation
with a slope significantly steeper than 1. Some of the data
were very noisy, however (see Appendix 2), implying a low
coefficient of determination.

The parameters in Table 1 of the Appendix were also
analyzed for effects of age and sex. No statistically significant
effects of age were found. Testing 21 females against 7 males
yielded only a marginal sex difference in the weight of the left
mallei (Appendix 2).
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The functional significance of the differences described
above are considered below in the Discussion.

Discussion

Directional Asymmetry of the Middle Ear and
Hearing Under Water

In our study, we have found DA in four out of eight
mensural characters of the middle ear (ME) of Globicephala
and when considering also the compound character “effective
pressure”, the total was five out of nine. As asymmetry of
the head has been established in Archaeoceti Fahlke, et al.
[14] we can assume that after having persisted for 35 My
(Eocene-Oligocene boundary) in modern odontocetes, these
characters have a functional role in hearing underwater. It
is worth noting that asymmetry of the external (in land
vertebrates) and middle ears could attain deleterious levels,
because optimal function of the hearing organ depends on
its [15-17]. Thus it is an interesting question why the DA
has developed and whether it contributes to locating the
source of returning echoes. Daniel, et al. [18] have described
DA in the weight of the ME ossicles of the squirrel, Sciurus
carolinensis; this phenomenon was also found in the ME
ossicles of the South American bat Tadarida braziliensis [19].

Mechanisms of Sound Location

The ability to locate the source of sound is critical to the
survival of a wide range of species. Some insects and non-
mammalian vertebrates have evolved solutions different
from those of mammals to the problems of sound location.
The dolphin’s head is large, compared to the wavelengths of
the relevant sounds, so that the problems of sound-source
location faced by small-headed tetrapods [20] do not apply.

From their appearance as primarily nocturnal animals
more than 200 My ago, mammals (predators and prey alike)
relied heavily on sound location abilities to survive [21]. For
marine mammals, their ability to echolocate and capture
rapidly swimming fish demands a fine ability to locate sound
direction. The location of sound in other mammals is greatly
enhanced by a binaural auditory system. The availability of
the binaural system allows at least three potential cues for
auditory location in the horizontal plane: (1) the difference
in the time of arrival at the two ears, or Interaural Time
Difference (ITD). (2) The difference in the intensity of the
sound at the two ears, or Interaural Intensity difference
(IID) (sometimes called Level difference, ILD), and (3) the
difference in the phase of the signal as it arrives at the two
ears (IPD) [22]. A sound that is located off the main axis of
the head will arrive at one ear earlier than the other, will be
louder at one ear than the other and will be phase advanced
at one ear relative to the other. The cues are known for
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terrestrial mammals to be differentially useful depending
on the frequency, intensity and other characteristics of the
sound. For example, as Lord Rayleigh [23] first speculated,
low-frequency sounds are primarily located on the basis of
temporal cues (time of arrival or phase differences) whereas
high-frequency sounds are located using primarily intensity
differences. Brief transient signals can be located by time of
arrival, but continuous sounds must use phase differences.

Terrestrial mammals appear to use their pinnae to
locate sounds along the vertical plane [24], but dolphins and
small whales do not have external pinnae. Dolphins have a
binaural system with at least two separate sound pathways
to the individual ears [25-27]. The dolphins’ ability to locate
stimuli in the vertical plane with precision similar to that of
their performance in the horizontal plane is remarkable: The
minimum audible angle (MAA) in the horizontal plane was
found to be 0.9° for stimuli of 64.35 kHz. In the vertical plane
(stimuli presented from above and below the animal’s head)
itwas 0.7° [28].

The dolphin auditory meatus is typically clogged with
cellular debris and dense cerumen [26] and appears to play
no functional role in hearing. Instead, the primary sound
reception pathway appears to be via two fat channels in the
dolphin’s lining of the lower jaw. These contain fat whose
impedance closely matches that of seawater. A second,
trumpet-shaped body of fat lies over the pan bone, a thin
ovoid region in the posterior third of the mandible. Its
direction is pointing forward in odontocetes, and laterally in
Mysticetes [29] the density of this fat body is similar to the
one lying over the mandible. The two channels, running at
right angles to each other, have the potential to function as
an analogue of the external pinnae of terrestrial mammals.
Complex interaction between the sound patterns received
via the two channels on each side of the head may provide
cues to the elevation of signals.

Thompson’s earlier work [30] demonstrating that IPD
of low-frequency signals were indeed detected by human
listeners led to the formalization of the duplex theory of
sound location; IID (“ILD”)were employed in high-frequency
location tasks and timing differences (IPDs or ITDs) for
location of low-frequency sounds. In addition to binaural
cues, the auditory system exploits frequency-specific
modifications in the magnitude and phase of the sound
reaching the eardrum, that arise from the interaction of
the sound with the head and the ears, to determine source
location in the vertical plane.

These spectral cues for location underpin the ability
to disambiguate the so-called cone of confusion, resolving
sound sources in front and behind the animal, as well
as determining their elevation; this task is not possible
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using binaural cues alone, or in fact ITDs, IIDs (“ILDs”) or
both Blauert [31]. The function describing these spectral
modifications that are largely generated by the pinna and
concha of the outer ear, is referred to as the Head Related
Transfer Function or HRTF. Spectral cues can be manipulated
by the external ear, and the extent to which birds and
mammals (including humans) can adapt to the altered cues
that arise from theses manipulations demonstrates their
importance in the location tasks, especially in the vertical
plane [1]. A feature often found in auditory predators such
as the barn owl, Tyto alba [32,33] is pronounced asymmetry
in the external auditory anatomy. In water, the terrestrial
pinna loses its reflective and filtering capabilities due to the
density similarity with water. As a result, natural selection
has sacrificed the archetypal odontocete pinna to provide
a more streamlined (hydrodynamic) shape for locomotion.
To compensate for the loss of the pinnae, the reflective and
refractive properties of the internal anatomical structures
may function as a pinna analogue [26,34].

Like other auditory predators, odontocetes exhibit
pronounced asymmetry in anatomical structures including
the skull [14,35] soft tissue [36] and cranial air sacs [36,37].
To date, only one detailed study of HRTF was calculated for
a cetacean (Tursiops truncatus) [38]. However, data from
behavioral experiments Brill, et al. [39], electrophysiological
experiments Supin and Popov [40], and computer models
Aroyan [34] all suggest that odontocetes possess a salient
and complex HRTF. In connection to this, our present paper
points out asymmetries in the middle ear features that might
serve as part of resolving the ambiguities arising in sound
location in the vertical plane (the “zone of confusion”).

The fundamental assumption of Masterton, et al. [41]
Heffner, et al. [42] is that the narrower the head, the smaller
the ITD, the higher the frequency an animal must perceive
well to detect intensity differences between the ears. For
example, consider a pure tone (sine wave) arriving at the
head. If the sound is directly in front of the head, the sound
will arrive at the same time and with the same intensity at
both ears. As the animal’s head turns away from the source,
each ear receives a different phase, given that the inter-ear
distance is different from an even multiple of the wavelength
of the sound. ITD cues therefore involve comparing the time
of arrival versus phase differences at different frequencies in
each ear. Phase cues are useful primarily at frequencies below
the functional limit: however, the higher the frequency an
animal can hear, the more likely it is to have good sensitivity
at the upper end of its frequency range for phase cues [43].

Asymmetry in the dolphin’s ear helps locate echo direction.

A comparative study of the mammalian middle ear [12]
yielded the following conclusions: (1) Acoustic energy enters
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the mammalian cochlea aided by impedance matching
performed by the middle ear. Anatomical measurements
of mammals ranging from bats to elephants indicate that
middle ear proportions are largely isometric. Thus, the
calculated transformer ratio is independent of animal
size, a typical value lying between 30 and 80. Similarly, the
calculated specific acoustic input impedance of the inner ear
is independent of animal size, the average value being about
140 kPa s/m. (2) The high frequency (HF) hearing limit of
isometric ears is governed by ossicle inertia and is inversely
proportional to the cubic root of the ossicular mass. To be
more exact, it is inversely proportional to the cubic root of
the combined weight of the mallei plus incudes, viz.:

HF limit a 1/ 3V (malleus + incus mass)

(The reason that the stapes is left out of the relation is
that both in land mammals and in cetaceans, the stapes mass
is isometric to the malleus+incus mass. Because we only talk
about a relation (not equation) between the ossicular mass
and the high-frequency limit the stapes mass can justifiably
be left out [44].

The ossicles are acting as an impedance matching
device, increasing the force of the vibrations received at the
tympanic membrane (or its reputed analogous structure in
marine mammals, the tympanic plate), moving the stapes
in a piston-like motion in the oval window. This initiates a
travelling wave in the cochlear fluid. The incudo-stapedial
joint is the point in the ossicular chain, where the increased
force gained from the longer lever of malleus plus incus,
is acting. In this study, we measured the weights and the
lengths of the ossicles. With respect to the malleus, it must
be said though, that Odontocetes have lost their manubrium,
(or itis only a tiny, hardly visible knot on the malleus body to
which the tip of the conical, elongated tympanic membrane
is attached). What we have measured is the malleus length
to the tip of their thin processus gracilis, with which
the ossicle is attached (ossified) to the upper rim of the
tympanic plate; the actual length depends on the breaking
point between these two. The malleus length, and the stapes
length, may tell about the shape variation of these ossicles,
but the malleus length measured here is not what is usually
measured for terrestrial mammals. It follows that we cannot
treat this or use it as L1 in the equation which calculates the
transformer ration in terrestrial mammals. We have also
measured the incudo-stapedial angles, in order to find out
how they might affect the hearing of the animal. In particular,
we have compared left to right sides, in order to find out
whether asymmetry exists. The question of this study is
how asymmetry (if present) can affect the localization of the
source of incoming sound in the water environment.

According to the relations of structure and function aired
by Hemil3, et al. [45], these asymmetries could translate into
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a different response in each of the two ears. For example, one
ear can be slightly more sensitive to higher pitches, and the
other to lower pitches. The fact that the response to sound
arriving from different elevations is different would imply
that by comparing the received echo’s amplitude in the two
ears, some elevation information could be extracted. In other
words, measuring two variables, such as the inter-aural
amplitude difference and the inter-aural time difference
(assuming it has no elevation dependence), could in principle
allow the animal to obtain both elevation and bearing of a
given received pulse.

To show how this can arise, we can look at an example.
Let us assume that malleus weight is 20% higher in one of
the ears. Figure 2 illustrates some of the differences in the
signals from the two ears that this would cause according to
the model of Hemil§, et al. [45]. Panel A shows the amplitude
difference between the two ears as a function of frequency.
Panels B and C refer specifically to responses to a “click”
centered on 80 kHz, showing the inter-aural amplitude
difference as a function of time (B) and as a function of
frequency (C) (which is the Fourier transform of B).

Figure 2: Modeling of Inter-Aural Response differences
due to Ossicular Asymmetry: Malleus Mass as an Example.
The Modeling in this and the Next Figure (Figure 3) was
Based on Hemil3, et al. [45], with the Assumption that
the Mass of the Malleus of One Ear is 20% Greater than
that of the other Ear. (A), Inter-Aural Intensity difference
as a Function of Frequency; (B), Inter-Aural Amplitude
difference of the Response to A “Click” Centered on 80 Khz
as a Function of Time (Normalized to Unity At Maximum);
(C), Inter-Aural Amplitude difference of the “Click”
Response as a Function of Frequency (L.E., the Fourier
Transform of (B), Normalized to Unity At Maximum).
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Figure 3: Modeling the Inter-Aural Amplitude difference of
the “Click” Response as a Function of Elevation. The “Click”
and the Modeling Assumptions are the same as in Figure 2.
(A), Directional Sensitivity for Reception of Vertical Beam
Patterns at three different Frequencies in the Bottlenose
Dolphin Tursiops Truncatus (from Ridgway, et al. [46],
their Figure 6); (B), the Amplitude Response of the Dolphin
Ear (Colour-Coded) as Function of Sound Source Elevation
(Y-Axis) and Sound Frequency (X-Axis), Interpolated from
the Data in Panel A. Colour Code: Yellow-High, Blue-Low;
(C), The Inter-Aural Amplitude difference of the Modeled

“Click” Response as a Function of Elevation.

To derive the amplitude of the perceived click in each of
the ears as a function of source elevation, we need to multiply
incident click power by the directional sensitivity in the

Tsur 1, et al. Dolphin (Globicephala Macrorhynchus) Middle Ear: Can Ossicle Asymmetry Aid

Otolaryngology Open Access Journal

vertical (sagittal) plane. Figure 3A shows directional hearing
sensitivity curves of the dolphin Tursiops truncatus for
three frequencies [46]. Interpolating from these curves, we
obtain sensitivity as a function of source elevation and sound
frequency, displayed in Figure 3B as a colour-coded surface.
After multiplying this by the frequency response of each ear,
we can compute the inter-aural amplitude difference, which
is shown as a function of elevation in Figure 3C. This figure
demonstrates that in principle, asymmetries between the
middle ears can translate to information on the elevation of
the source. Together with the inter-aural time difference, it
could allow obtaining 2D information on the direction of the
object from which an echolocation click is reflected.

The characters of the ossicles in which we have found
DA can be largely combined into three groups: (1) DA of the
ossicles mass (both singly and pooled). (2) DA of the angular
differences of the incudo-stapedial joint between left and
right sides, and (3) DA of the “effective pressure” as we have
defined it (Materials and Methods and Appendix 2 Statistics),
derived from the mensural characters in group one above.

The effect of ossicle weight upon hearing has been
discussed for terrestrialmammals by Hemil3, etal. [12] and for
odontocetes by Hemil, et al. [45,47]. These studies showed
that high frequency (HF) hearing limit of isometric ears is
governed by ossicle inertia and is inversely proportional to
the cubic root of the ossicular mass. Independently of the
size of the ear, a given sound pressure will produce equal
stresses to corresponding ossicle points and middle ear
structures (assuming isometric outer ear canals which are
vestigial in Cetacea, and normalized sound frequency). In
air, the acoustic impedance of incoming sounds is smaller
than that of the inner ear fluids, which have to be moved in
order to set off the hair cells in the cochlea and create the
hearing sensation. This impedance mismatch is overcome
by two lever systems increasing the pressure arriving at the
oval window. One lever is hydraulic: the area of the tympanic
membrane is much larger than that of the stapes footplate.
The other lever is mechanical: derived from the ratio of the
length of the malleus lever arm to the shorter incus lever arm.
In water, the pressure mismatch is largely solved because the
impedance of water outside the animal resembles that of the
inner-ear fluids.

The specific acoustic input impedance of the cochlea, Zc,
is on the average 150 kPa s/m in terrestrial mammals, and
is independent on the size of the animal [48]. Assuming that
the specific cochlear input impedance of whales resembles
that of other mammals, sound moves in a whale ear from
a higher to a lower impedance, namely from 1500 to 150
kPa s/m. Thus the situation in whales is opposite to that in
terrestrial mammals [45,47]. To obtain an impedance match
for sound transmission from water to the inner ear, particle
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velocity should be increased more than sound pressure. The
pressure increases anyway due to a large area ratio between
the tympanic plate and the oval window (this also increases
the intensity, and the signal-to-noise ratio). The pressure rise
can be compensated for by an increase in particle velocity.

The detailed structure of the odontocete tympanic
bone (TB) and ossicles Figure 4 indicates how the velocity
amplification could be accomplished through two lever
systems in series, different in anatomy and function from
those of the terrestrial ear, viz.: (1) on the ventro-medial side
the TB turns into a massive rolled-up rim, the involucrum
(dashed contour in Figure 4), the inertia of which must
prevent high-frequency vibration, with the result that the
opposite dorso-lateral part of the bone, the tympanic plate
(TP), to which the ossicles are attached, will vibrate with
double amplitude. The connection between the TP and
the malleus is accomplished by the processus gracilis. The
malleus and the incus form a rod. One end of this rod, the
malleus head, rests against the heavy and relatively immobile
periotic bone (PB) in a ball-and-socket configuration, while
the other end, the long arm of the incus, drives the stapes.

The processus gracilis transmits the vibration of the TP
to the middle of this rod, and as the vibration of the malleolar
end of the rod is prevented, the incudal end with the stapes
will vibrate with double amplitude.

A condition for such a hypothetical mechanism is that
the connection between the tympanic and periotic bones is
elastic and thus the main part of the TP is relatively free to
move in relation to the PB. In the killer whale and several
other dolphin species the movement is facilitated by thin
and folded spring-like structure connecting the tympanic
bone to the periotic bone [49]. This spring-like structure is
not seen in mysticetes and the processus gracilis is stiff and
not flexible. Mysticetes have different, much lower hearing
ranges compared to odontocetes, indicating that they might
use bone conduction as a supplementary hearing mechanism
[26].

Directional hearing is based on Interaural Time, Phase
or Intensity Differences (ITD, IPD, IID). In all cases, the
signal for directional hearing is proportional to L x f, where
L is the head width of the animal, and f is the frequency
of the arriving sound. If the head size width L is small, the
frequency should be correspondingly high to provide enough
phase difference. However, at high frequencies the absolute
time delay becomes small, and this becomes a challenge for
the neural circuits. Thus small mammals that have good
high-frequency (HF) hearing base their perception of sound
location mainly on intensity ratio [41,50,51].

Masterton, et al. [41] have claimed that HF hearing is
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the result of a selection pressure for accurate location of the
source of brief sounds, and that the ability of mammals to
hear HF sounds is correlated with the functional distance
between the two ears. As a result of negative allometry
between ears and head sizes, small mammals have relatively
larger ears than large mammals, and can be superb in HF
hearing. Some bats tend to compensate for the small head
size by increasing the effective Interaural distance with
enormous outer pinnae.

tp

\L{ncident
sound

do

l lat

Figure 4: Schematic representation of the odontocete
middle and inner ear from Hemilé etal. (1999). Theincident
sound arriving at the tympanic plate (tp) is shown by wavy
arrow. The black dot indicates the rotational axis of the
ossicular chain. The straight arrow shows the direction of
the stapes movement during increasing sound pressure. tp,
tympanic plate; pg, processus gracilis; m, malleus; i, incus;
s, stapes; mec, middle ear cavity; c, cochlea. The dashed
contour shows the thickest part of the massive lower half
of the tympanic bone, which lies in another plane than the
main scheme.

“The zone of ambiguity” with respect to locating the
source of incoming sound lies in front and behind the head
in the vertical plane. Using click trains, odontocete ability to
locate the source of stimuli was found to be as follows: The
minimum audible angle (MAA) in the horizontal plane was
0.9° for stimuli of 64.35 kHz. In the vertical plane (stimuli
presented from above and below the animal’s head) it was
0.7° [28].
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Thus their performance in the zone of ambiguity is
indeed exceptional. As HRTF is not available to Cetacea in
general (no external pinnae), other mechanisms must be
used to achieve this level of precision. We found in the present
study that DA exists in Globicephala in both the weights and
angles of the ossicles. In addition, the “effective pressure”,
product of the sums of the malleus+incus weight divided by
the area of the stapes footplate area, was also significantly
different between the sides. No DA was found in the length
of the ossicles.

We discussed the fact that the upper limit of HF hearing
is limited by the ossicular mass [44], and that the need of
terrestrial mammals to match the different impedance of air
and water does not pose a comparable problem to marine
mammals (where the impedance matching task is the
opposite, to trade pressure for particle velocity, also a form
of impedance matching). The difference of ossicular weights
between the two ears presumably creates a different force
in each ear, where the heavier ear (Left) poses more inertia
to the incoming stimuli, thereby reducing the perceived
intensity and delaying the perceived timing of the stimuli
to that side. The different angle between the sides does not
affect the force of the incoming sound, but rather the phase
with which the stimuli reach the cochlea. The different
“effective pressure” (defined in Material and Methods
- Measurements) between the left and right ears, must
also contribute to a different particle velocity and hence
perception of sound source. All of these contribute not only
to the ability to locate sound sources in the azimuthal plane
(based mainly on intensity differences, 1ID), but also, and in
particular, in the vertical plane, where ITD and IPD must be
the principal cue generators in solving the ambiguity which
exists in this plane.

Evolution of Asymmetry in Fossil Cetaceans

In a study of skulls of Eocene archaeocete whales, cranial
asymmetry was found in archaeocetes and odontocetes but
not in mysticetes [14]. Eocene archaeocete whales gave rise
to both later orders of Cetacea. Asymmetry in odontocetes
is linked to high-frequency hearing and echolocation, absent
in mysticetes. Protocetid and basilosaurid archaeocete skulls
are distinctly directionally asymmetrical. This involves
curvature and torsion of the cranium but no telescoping.
Ultrasonic echolocation evolved in Oligocene Odontoceti,
enabling them to find silent prey. This asymmetry and
ultrasonic range of directional hearing were lost in Oligocene
Mysticeti during the shift to low frequency hearing and bulk-
straining predation. Fahlke et al. [14] found that the dorsal
midline suture of the skulls is curved rather than a straight
rostro-caudal axis [35]. A midline skull suture lying to the
right of the RC means that the studied crania bend to the left.
This deviation is present in Archaeoceti and Odontoceti but
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not in Mysticeti or in terrestrial artiodactyles, the group that
had given rise to Archaeoceti [52].

Recognition of cranial DA in Archaeoceti has a number
of implications for our understanding of the evolution of
hearing in whales. Heyning [53] hypothesized that DA in
Odontoceti evolved to minimize interference cancellation
of sound production in parallel narial passages, and it has
been assumed by Ness [35], Norris [25], Mead [54] and
Heyning [53] that odontocete asymmetry is related to sound
production and biosonar. These authors maintain that the
development of archaeocete skull asymmetry coincides with
the appearance of enlarged mandibular foramina, pan bones,
fat-pad wave guides and with the development of enlarged
tympanic bullae and pterygoid sinuses [55], all features
present in the echolocating, high-frequency producing
modern Odontoceti. Hence they conclude that this DA in
Archaeoceti is related to hearing [56].

Asymmetry in the auditory system of terrestrial hunters
[57-60].

Their DA enhances the ability of owls to locate prey in
the dark by decomposing complex sound [10]. Such DA was
also in the ossicular chain of Tadarida braziliensis mexicana,
the free-tailed Mexican bat. A similar enhancement is
assumed for hearing in Archaeoceti. Odontoceti use position-
dependent spectral filtering to locate the source of incoming
sounds. Fish sound is normally in the mid sonic range (1-4
kHz), but fish also produce stridulating sounds up to 10 kHz.
Sound in this range, near the lower limit for sound produced
by Odontoceti, has corresponding wavelengths in sea water
of 40 to 10 cm, in the range of the size of their prey [61-70].

We offer a hypothesis concerning the origin of DA in a
modern odontocete (Globicephala) as seen in our present
work: The leftward shift from the RC evident in the early
Archaeoceti, must have “taken with it” and incorporated
osseous elements of the skull that participate in the ontogeny
of middle ear ossicles [70-80].

This can at least explain why the weights of all ossicles
are greater on the left side of our animal. As to the DA in
the incudo-stapedial angle, it must have had a functional
physiological role, which was favored in evolution, in sorting
outsounds in the zone of ambiguity, akin to the external pinna
of Tyto. When predating on fish that produce sounds in the
range of 1 to 4 or so kHz, the angular inequality between the
ossicles creates phase differences, which are best suitable in
localization of sound sources in the lower range of the scale
(up to about 4 kHz; see above). Thus, when approaching a
fast-moving prey swimming in front of the dolphin, having
such a deciphering acoustic tool at its disposal, makes the
difference between having had its breakfast or missing it
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[80-95].

Conclusions

Directional asymmetry (DA) occurred in six mensural
characters of the middle ear ossicles of Globicephala
macrorhynchus.

The weights of the mallei and incudes covaried, on the
left and right sides, respectively.

In all characters with DA, those on the left side were
larger than the right.

The asymmetry of the ossicle weights, the inter-ossicular
angle and the pressure generated in each ear may have
functional physiological roles.

The DA that appeared in the crania of Archaeoceti,
the ancestors of Cetacea, in the middle to late Eocene and
has persisted in Odontoceti, appears to be linked to the
development of high-frequency hearing and echolocation
present in these.

Based on what is known about the processing of
information carried by inter-aural intensity, time and phase
differences in the mammalian brainstem and auditory cortex,
the middle-ear asymmetries may help the animal to locate a
sound source in the vertical plane, endowing the Odontoceti
with their exceptional auditory performance and enhancing
their survival as predators.
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