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ABSTRACT
This study uses remote imaging technology to quantify, compare, and

contrast the cephalic anatomy between a neonate female and a young
adult male Cuvier’s beaked whale. Primary results reveal details of ana-
tomic geometry with implications for acoustic function and diving. Speci-
fically, we describe the juxtaposition of the large pterygoid sinuses, a
fibrous venous plexus, and a lipid-rich pathway that connects the acoustic
environment to the bony ear complex. We surmise that the large ptery-
goid air sinuses are essential adaptations for maintaining acoustic isola-
tion and auditory acuity of the ears at depth. In the adult male, an acoustic
waveguide lined with pachyosteosclerotic bones is apparently part of a
novel transmission pathway for outgoing biosonar signals. Substitution of
dense tissue boundaries where we normally find air sacs in delphinoids
appears to be a recurring theme in deep-diving beaked whales and sperm
whales. The anatomic configuration of the adult male Ziphius forehead
resembles an upside-down sperm whale nose and may be its functional
equivalent, but the homologous relationships between forehead structures
are equivocal. Anat Rec, 291:353–378, 2008. � 2008 Wiley-Liss, Inc.

Key words: anatomic geometry; quantitative morphology; X-
ray CT; beaked whale; biosonar; Ziphius; cephalic;
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Beaked whales (Family: Ziphiidae) are a group of
large- to medium-sized toothed whales composed of
twenty one species world wide. Anecdotes from 17th cen-
tury hand-whalers told of prodigious diving in beaked
whales, a capacity that is only now being confirmed with
the development and use of tags containing time-depth
recorders (Hooker and Baird, 1999; Johnson and Tyack,
2003a; Johnson et al., 2006; Tyack et al., 2006).
Almost nothing is known about the form of large

whales. It is this form that is the primary interface
between an organism and its environment. It is this
form that combines with tissue properties to determine
acoustic pathways and conditions throughout the head.
But, the terms form, anatomy, and morphology are tradi-
tional synonyms that generally refer simply to the

biological structure, knowledge that has historically
been gathered using dissection by hand. In the current
treatment, these terms seem somewhat insufficient or
incomplete, because they do not emphasize or reveal
that the ‘‘geometry’’ of anatomic structure is accessible
in the digital remote images presented here. This in situ
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‘‘anatomic geometry’’ has not been available before the
use of remote imaging technology and is perhaps the
most important component in constructing and under-
standing biosonar acoustic pathways (Aroyan et al.,
1992; Cranford et al., in press).
The purpose of this study is to provide the first high-

fidelity anatomic images and geometric descriptions of
the structures associated with the biosonar apparatus in
Cuvier’s beaked whale (Ziphius cavirostris), the only
species within this genus. The catalyst for this work is
the high number of cetaceans, beaked whales in particu-
lar, that have stranded in association with exposure to
high-intensity sounds (Evans and England, 2001). Cuv-
ier’s beaked whale accounts for the majority of speci-
mens stranded in the events reported thus far.
The cephalic anatomy of the odontocete head and its

acoustic function has been the subject of naturalists’ cu-
riosity and research over the past century. Reviews of
this work can be found in Mead (1975), Heyning
(1989b), Cranford (1992, 2000), and Cranford and Amun-
din (2003). The most recent review (Cranford and Amun-
din, 2003) describes what we know about the pneumatic
mechanism of sonar signal generation and sound trans-
mission in toothed whales. It also concludes that the
‘‘unified hypothesis’’ of Cranford et al. (1996) is valid.
Their unified hypothesis states that all odontocetes gen-
erate their sonar signals by a similar mechanism at ho-
mologous location(s). The site of sound generation has
been identified as the ‘‘phonic lips’’ (Cranford, 1999), for-
merly known as the ‘‘museau de singe’’ (Pouchet and
Beauregard, 1885) or ‘‘monkey-lip dorsal bursae’’ complex
or simply the MLDB complex (Cranford et al., 1996).
The ‘‘anatomic complex’’ includes the lips and a set of
accessory structures that are apparently common to all
odontocetes.
Our detailed study of Ziphius cavirostris cephalic

anatomy will focus upon the nasal anatomy, containing
the sound generation apparatus, and the peripheral
hearing apparatus. This suite of structures comprises
the biosonar apparatus in Z. cavirostris. Increased
knowledge of the structure and the function of this ap-
paratus may advance our understanding of the causal
effects surrounding mass stranding of Z. cavirostris in
the presence of mid-frequency sonar (Cox et al., 2006).
Recent advancements in industrial computed tomogra-

phy (CT), allowed scanning of large fusiform biological
specimens. Industrial CT captures and stores high-fidel-
ity digital representations of morphology based upon X-
ray absorption, a quantity related to electron density or
simply density (Bushberg et al., 2001). A detailed
description of the scanning process for large whales
using industrial CT will be described elsewhere.
After scanning, the anatomic geometry becomes acces-

sible through a wide array of image processing tools and
techniques. These techniques provide unprecedented
flexibility in transformation of scale between the investi-
gator and the specimen. As such, a leviathan can be
seen in its entirety, from any angle or perspective, or
manipulated with respect to structures displayed, color,
or transparency. These tools provide access to the most
important results from this work, the descriptive and
quantitative characterizations of the basic components
of the biosonar apparatus and its accessory structures in
Z. cavirostris. This is the first quantitative description of
anatomic geometry for this species. Because Ziphius is a

monotypic genus, from here forward, we will refer to
Cuvier’s beaked whale simply as Ziphius.
The interpretive power in this work accrues from two

types of comparisons. First, we consider the similarities
and differences between anatomy of the biosonar appa-
ratus in two specimens of Ziphius, a neonate female and
an adult male. Second, we draw upon comparisons
across the entire suborder, from odontocete specimens in
existing digital libraries and museum collections, partic-
ularly those at the Smithsonian Institution in Washing-
ton, DC.
Because most of the results reported here are quanti-

tative, we will also attempt to specify the error and bias
in observers trained to make the measurements (shown
in Table 2). In this case, we used comparisons from
measurements of the tympanoperiotic complex within
the hearing apparatus of Ziphius.
Beyond the implications for functional morphology,

there are also intriguing phylogenetic considerations
that follow from our results and they will find their way
into the Discussion section. In particular, it is generally
accepted that the evolutionary restructuring of the face
of the odontocete skull and the hypertrophy of the nasal
soft tissues is largely due to the development of the sig-
nal generation and transmission portion of the biosonar
apparatus (Norris, 1964, 1968, 1969, 1975; Cranford,
1992, 2000; Cranford and Amundin, 2003). In addition,
there is apparently an ‘‘acoustic’’ component to the sexu-
ally dimorphic forehead anatomy and corresponding sex-
ual selection (Cranford, 1999) in odontocetes. This issue
will also be explored briefly in the discussion of Ziphius
forehead anatomy. Furthermore, a discussion of the
structure of the sound reception apparatus on the ven-
tral aspect of the head will address adaptations associ-
ated with deep diving.

MATERIALS AND METHODS

Specimens

Neonate female Ziphius cavirostris (Zica Neo
F ). A neonate female Ziphius cavirostris stranded
alive at Camp Pendleton, California, on 7 January 2002
(NMFS Field # KXD0019). The animal was 3.15 m long,
weighed 363 kg (800 pounds), and was placed in a
freezer within 15 hours of its death. The pathology
report indicated that this newborn probably died after
being separated from its mother and did not show any
outward signs of disease, hemorrhage, or injury. The fro-
zen specimen was enclosed in a large plastic pipe, the
primary component of a registration frame-of-reference
that also contains known density rods attached in paral-
lel along the length of the pipe. A polyurethane (two-
part) foam matrix was poured to fill in the empty
volume and bind the specimen to the wall of the pipe.
The entire container (including the specimen) was cut
into four, more or less, equivalent mass segments. Each
segment was scanned with X-ray CT using a 512 matrix
size and 5 mm ‘‘slice’’ thickness. The section containing
the head was also scanned using magnetic resonance
imaging (MRI) but these results will be reported else-
where. Standard hospital CT equipment (e.g., GE Light-
speed scanner) was used to scan this neonate.
After scanning, each of the four major sections from

this neonate beaked whale was subjected to dissection
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followed by sound propagation measurements of
extracted tissue samples (Soldevilla et al., 2005).
(Details of scanning protocols, dissection, and sampling
procedures can be found in Soldevilla et al. [2005] and
Boisvert [2004]). This report includes anatomic informa-
tion regarding the head of this neonate specimen, to the
exclusion of the postcranial anatomy.

Adult male Ziphius cavirostris (Zica Adult
M). An adult male Ziphius cavirostris stranded alive at
Gearhart Beach, Oregon, on 13 March 2002. The animal
died soon thereafter and was collected by Portland State
University (Field # PSU 3-13-02 Zc, NMFS Reg. No.
02NWR03004). It measured 5.15 m long and weighed
1,996 kg (4,400 pounds). After stranding in the late after-
noon, the animal’s head was covered with ice overnight,
disarticulated from the body the following morning, and
put into a freezer. This series of actions guaranteed that
the head of this adult male Z. cavirostris was in excellent
condition and provided an opportunity to get the first
quantitative look into the in situ anatomic geometry.
The size, weight, coloration, and characteristic scar-

ring by the teeth of conspecifics caused experienced
observers to classify this male Z. cavirostris as an adult.
Heyning’s (1989a) overview of what was known about Z.
cavirostris includes a review of the literature. He found
that Omura et al. (1955) reported the mean length for
sexually mature males is 5.50 m for at least some stocks
of western north Pacific Z. cavirostris. This puts our
specimen within the range of adult specimens. There
were no outward signs that this specimen might have
stranded as a result of exposure to high-intensity sound
(Evans and England, 2001; Rommel et al., 2006). How-
ever, we did find some blood in the bony nasal passages
but could not identify its source. The length of this spec-
imen was the same as the modal size for Ziphius speci-
mens that have died in mass strandings associated with
exposure to Navy sonar operations (MacLeod and
D’Amico, 2005).
To collect scan data for the adult male Ziphius, we

used a large industrial CT scanner in a manner similar
to that reported by Cranford (1999). The details of the
unique construction of the sarcophagus for scanning will
be reported elsewhere (Cranford, manuscript under
review). The frozen specimen is placed in a fiberboard
tube and encased in two component polyurethane foam
(made by combining an isocyanate [A] component with a
polyol [B] component). Exactly 373 transverse scans or
‘‘slices’’ of 2.5-mm thickness were collected using a
square matrix of 1,024 and a field of view (FOV) of 1,350
mm, which translates to voxel dimensions of 1.3 mm 3
1.3 mm 3 2.5 mm. All scan data slices were loaded into
the Analyze image processing software package and
interpolated using a cubic spline algorithm to produce a
volume composed of cubic voxels that were 1.5 mm on
each side. This volume was used to glean the results
reported here. The Analyze environment allowed us to
separate or ‘‘segment’’ the entire volume of the head into
various structures. It also provided a means to display,
measure, and calculate linear and angular dimensions,
as well as, volumes, densities, gradients, surfaces, shape
parameters, and spatial relationships.
We collected a second set of scans with finer resolution

over the region of the head containing the ears of this
adult male specimen. For the ears, we used a square

matrix of 2,048 and the same FOV (1,350 mm) along
with a 1.3 mm slice thickness. This resulted in voxels
with dimensions of 0.6 mm 3 0.6 mm 3 1.3 mm. A cubic
spline interpolation of all these scans produced cubic
voxels with 0.6 mm on each side, and this volume was
used in our analysis.
We eventually took this specimen to the exquisite dis-

section facilities at the Smithsonian Institution. Beyond
ground-truthing the CT scan information, we decided to
pay particular attention to the morphology of two adjoin-
ing spaces, the pterygoid sinus and the fibrous venous
plexus (FVP). In a dead specimen, the pterygoid sinus is
large and cavernous, whereas the FVP is usually devoid
of fluid and somewhat flattened along its length anteri-
orly (Fig. 12). During the dissection, we devised a means
to facilitate following the pathways and complex archi-
tecture of the pterygoid sinuses (as well as the posterior
peribullary sinuses connected to it) and the fibrous ve-
nous plexus. After exposing the anteroventral bounda-
ries of these complex cavities, we propped the head on
the occipital condyles so that the rostrum pointed up
(perpendicular to the table) and opened a small hole in
each cavity. Then we injected warm solutions of different
colored gelatin (Jello) into each and allowed them to so-
lidify. This allowed us to follow the complex structure of
these adjacent cavities throughout the dissection with-
out confusing them.

Density Conversion

To ensure that each scan included fiduciary points and
standard density references, we placed a set of parallel
rods within the scanned package. These rods function as
a ‘‘density phantom’’ and registration frame. We used
four different 2-inch-diameter rods: Polycarbonate, Ace-
tal Copolymer, high-density polyethylene (HDPE), and
Fluoropolymer–Virgin Electrical Grade Teflon1 (PTFE).
These compounds span the density range of most biologi-
cal tissue. We clipped a sample from the end of each rod,
measured its volume by displacement, and weighed it on
an analytical balance to ascertain the precise density of
our rods. This allowed us to construct a linear regression
between CT number (CT#) and density (as shown in Fig.
1a,b; Density Conversion Charts).

Measurements of Error and Bias

Our digital data sets were collected as a series of two-
dimensional (2D) images perpendicular to the long axis
of the body. These images have a ‘‘thickness’’ (the width
of the X-ray beam) and can be appended to one another
to reconstruct a 3D volume (Fig. 2). Once reconstructed
the anatomic geometry can be segmented, measured,
manipulated, or output (in parts or in whole) for scien-
tific visualization, morphometric analysis, rapid proto-
typing, finite element modeling, and a wide array of
other applications. The essential process that all others
follow from is known as ‘‘segmentation.’’
Segmentation requires a human operator to make

decisions about where to draw boundaries between
structures, that is, which voxels will be included or
excluded from the definition of any particular structure.
This process is more difficult than it might first appear
because tissue boundaries are most often gradients that
are rarely precipitous. In addition, when interpreting
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any remote imaging scans from rare species or unique
specimens, dissection is always required to help ground-
truth the scans. Segmentation is often accomplished
with the assistance of computer tools like digital thresh-
olding that help make consistent decisions about defin-
ing boundaries. There are at least two sources of error
or variation inherent in our ability to define boundaries
and make measurements. The first is referred to as ‘‘ob-
server bias.’’ This type of error grows out of the relative
skill levels, anatomic knowledge, judgments, and deci-
sions made when human operators are involved in the
segmentation process. It is difficult to put exact numbers
on observer bias, because it is dependent upon which
structure is being segmented and on anatomic knowl-
edge of the species. For example, it is much easier to
choose a boundary between bone and soft tissue than
one between two soft tissue structures. This finding is
primarily a function of the steepness of the density gra-
dient between the two structures that are being seg-
mented from one another (McKenna, 2005; McKenna
et al., 2007). This means that segmentation of the high-
density tympanoperiotic complexes should be the easiest
to attain consistently and should yield the smallest
human errors using any method.
The other source of error is based upon the machines

and algorithms used to gather, process, and display the
information (Robb, 1995, 2000). These errors have been
greatly minimized in modern medical imaging equip-
ment and quantifying them depends upon the specific
equipment and software, but it is important to be aware
of potential errors so that they can be recognized when
they occur. It is also important to note that these
‘‘machine’’ errors can be amplified or exaggerated when
the structures to be segmented are large relative to the

matrix size and/or corresponding voxel dimensions,
when the steepness of the gradient between adjacent tis-
sues is high, the ‘‘slice’’ thickness or X-ray beam width
over which complex averaging takes place is small, or
when the algorithms used to process the raw data are
not optimal for the desired information, that is, when a
soft tissue algorithm is used to collect information about
bony boundaries (Spoor et al., 1993; Bushberg et al.,
2001). An attempt to quantify observer bias and the
magnitude of machine error in our measurements is
tabulated in Table 2.

RESULTS

The Biosonar Apparatus

The biosonar apparatus includes sound generation
and transmission structures on the dorsal surface of the
concave face of the skull (Cranford et al., 1996). It also
includes the peripheral sound reception components
associated with the mandibles and the presumed hear-
ing apparatus located in two large furrows that run
between the skull and the mandibles on each side of the
ventral aspect of the head (Norris, 1969; Ketten, 2000).
The following sections will provide the anatomic results
for these two major subdivisions of the sonar apparatus.

Sound transmission anatomy of the forehead.
The specific epithet, cavirostris, for Cuvier’s beaked

whale refers to the ‘‘hollow’’ or ‘‘concavity,’’ termed the
prenarial basin in the skull of adult males. This cavity
appears as a depression in the bones on the superior as-
pect of the skull just anterior to the superior bony nares
(Figs. 3, 5, 10). This region, the odontocete forehead, is
the site of sonar signal generation (Norris and Evans,
1967; Norris, 1969, 1975; Ridgway et al., 1980; Amundin
and Andersen, 1983; Amundin, 1991; Cranford et al.,
1996), sound propagation pathways (Au et al., 1978; Au
et al., 1988), and sonar beam formation (Au et al., 1986,
1995, 2006; McKenna, 2005).
The CT scans of our adult male Ziphius show that the

prenarial basin of the skull is formed by three bony ele-
ments (premaxillary, maxillary, and vomer; Fig. 4). The
vomer forms a portion of the floor of the basin along
most of its length. The premaxillary bones appear to be
pushed aside, away from the midline and thrust some-
what dorsally to form a high-density bony wall that
embraces a large fat body laterally and incompletely
along the ventral margin (Fig. 3). The remaining ventral
margin of the fat body is just dorsal to the vomer. In
cross-section, the resultant bony formation is reminis-
cent of the U-shaped valleys formed by the scouring
action of mountain glaciers. The steep vertical walls
(formed by the premaxillary and maxillary bones) are
thicker and more uniform on the left than on the right
(Fig. 3). The nasal bones are similarly high-density ele-
ments that are continuous with the bones that comprise
the prenarial basin, but curiously, they hang over the
prenarial basin rather than form part of it (Fig. 4).
There is another interesting feature of the embracing

bones of the forehead region in the adult male Ziphius.
The bony constituents (premaxillary, maxillary, vomer,
and nasal bones) of the face are apparently pachyosteo-
sclerotic. That is, the bones tend to be thicker than
usual, and trabecular bone has been replaced by com-

Fig. 1. a: Density conversion chart for the adult male Ziphius. The
equation for conversion and correlation coefficient are given. b: Den-
sity conversion chart for the neonate female Ziphius. The equation for
conversion and correlation coefficient are given.
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pact bone (Madar, 1998), resulting in higher density.
These bones of the face could not achieve the extreme
densities (2.25 g/cc) we have measured (see Table 1)
without the addition of compact bone, and we therefore
conclude that the condition is pachyosteosclerotic. The
collective shape and position of these high-density bones
are illustrated in Figure 4. In these views of the skull,
the pachyosteosclerotic elements are colored red. These
are the same bones that experience the greatest dis-
placement and/or elongation in the process called ‘‘tele-
scoping’’ (Miller, 1923). They are also the same bones

Fig. 3. Slice #271, a 1.5-mm section from the middle of the head
in the adult male. It shows the segmented boundaries of various
structures shaded and numbered (bilateral structures only numbered
on one side). Moving from dorsal to ventral the outlined structures are
(1) connective tissue theca (green); (2) melon (yellow); (3) anterior sper-
maceti organ (magenta); (4) skull (gray); (5) high-density premaxillary,
maxillary, and vomerine components of the skull (red); (6) pterygoid
sinuses (cyan); (7) fibrous venous plexus (magenta); (8) mandibles
(gray); (9) mandibular fat bodies (blue); all enclosed within the bound-
ary of the head.

Fig. 4. This image set was produced by using a threshold
algorithm to generate a new ‘‘object’’ of high-density bone and then
overlaying it upon the skull. The figures make it easy to see the rela-
tionship between the high-density bones (red) collectively and the rest
of the skull (ivory).

Fig. 2. Left lateral views of segmented heads of the neonate female and adult male Cuvier’s beaked
whales. The segmented structures are indicated by different colors: skin, light blue; melon and mandibular
fat body, yellow; dense connective tissue theca, green; spermaceti organ, magenta; pterygoid sinus and
peribullary sinuses, blue; tympanoperiotic complex, red; skull, white; brain, pink.
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that are in contact with the largest and lowest density
lipid mass in the adult male forehead. This conspicuous
low density fat body fills the prenarial basin and will be
described in some detail below. We will refer to this
structure as the ‘‘anterior spermaceti organ’’ (ASO1;
Figs. 3, 6a–c, magenta color). This designation refers to
the fact that this fat body is anterior to the main nasal
passage, the spiracular cavity. This distinguishes it
structurally, but perhaps not functionally, from the sper-
maceti organ found in sperm whales. In sperm whales,
the spermaceti organ is posterior to the spiracular cavity
(actually dorsal to it once the anatomic torsion in the
head is taken into account), in contrast to the location of
this specialized organ as we find it in Ziphius (Cranford
et al., 1996; Cranford, 1999).
The anterior-most tip of the prenarial basin, formed

primarily by the vomer and premaxillary bones, contain
the highest density values (maximum CT# 22,490 5 2.87
g/cm3), greater than any part of the bony (tympanoperi-
otic) ear complexes (maximum CT# 22,163 5 2.82 g/cm3),
which are generally thought to be the densest bones in
cetaceans (Kasuya, 1973). The consequence of this con-
struction is a very abrupt density change at the interface
between the tip of the large ventral fat body (ASO) and
the high-density facial bones that comprise the rostral
cavity. The density difference between the fat body and
the high-density facial bones is apparently the greatest
that can be achieved between two adjacent tissues. The
difference between the mean density of the premaxillary
bones (18,217 CT# 5 2.25 g/cm3) and the mean density of
the large fat body (ASO) in the adult (8513 CT# 5 0.83 g/
cm3) accounts for some 50% of the density variation
across the entire specimen. The maximum range of den-
sity values across the entire specimen (2833 CT# - 22,516
CT# 5 0.00 g/cm32 2.87 g/cm3) is wider than that for all
‘‘tissues’’ because it includes air spaces, which are not
tissues, and some debris (i.e., sand) that accumulates in the
mouth and nasal cavities during the process of stranding,
dying, and the carcass rolling around on the beach.
The skeleton of any neonate mammal is largely carti-

laginous, and our neonate Ziphius is no exception. Scans
of the neonate showed no evidence of high-density cen-
ters of ossification.
If we compare the fat bodies in the foreheads of the

neonate and the adult (Fig. 5), we see that both heads
contain masses of fat that ride atop the skull. Their rela-
tive volumes are listed in Table 1. In combination, the
fat bodies extend from the phonic lips, underneath the
overhanging vertex of the skull (Fig. 5a), to a point
approximately halfway along the anterior portion of the
bony rostrum. The dorsal-most fat body is the melon. It
is in the same relative position (i.e., homologous) in all
extant odontocetes (yellow structure in Figs. 5–7;
McKenna, 2005). The position and geometric relation-
ships between these fat bodies are shown in Figures 5–
7, tabulated in Table 1, and described in detail below.
The density difference between them is slight but con-
sistent and presented in Table 1.
The primary difference in these two fat bodies is that,

in the adult male, the low density fat body (ASO) proj-

ects ventrally into the prenarial basin (Fig. 5a). Distin-
guishing between these lipid and connective tissue struc-
tures (melon and anterior spermaceti organ) is based
primarily upon position and geometry but also on den-
sity differences and distinctive appearance during dis-
section of the adult male.
In contrast to the melon, the ASO appears to be a speci-

alized organ in the adult male Ziphius (Norris and Har-
vey, 1972). Distinctly separate, the ASO is rounded in
cross-section and bounded by dense bony elements later-
ally and ventrally. The lipid tissue of the ASO is also vis-
ually distinctive. It is pearlescent white and somewhat
pellucid, unlike the adjacent melon. The ASO contains
fibers that appear more fine than those in the melon and
they appear to be oriented primarily anteroposteriorly.
The image sequence in Figure 6 isolates the skull

(white) from the melon (yellow) and anterior spermaceti
organ (magenta). The melon is located atop the bony ros-
trum and anterior to the main (spiracular) nasal pas-
sage, where we expect to find the melon in other odonto-
cetes. It is also more or less fusiform in shape, like other
odontocete melons.
The anterior spermaceti organ is the largest fat body

(by volume) in the forehead of the adult male Ziphius,
located just ventral to the melon and nestled within the
high-density bony cradle of the facial region, the prena-
rial basin described above. The term ‘‘spermaceti organ’’
is normally reserved for the hypertrophied lipid struc-
ture in the sperm whale (Mead, 1975; Cranford, 1999).
But there is evidence that the spermaceti organ prob-
ably has a homologue in every extant odontocete species
(Cranford et al., 1996).
Norris and Harvey (1972) first suggested that the

large fat body, which fills the prenarial basin in the
adult male Ziphius, might be homologous to the sperma-
ceti organ in the sperm whale. This is an intriguing
notion that will be discussed later in this report. We con-
ditionally accept Norris and Harvey’s (1972) terminology
for the purposes of reporting the remainder of the
results but remain skeptical of their suggestion that the
two structures are homologous. The primary reason for
this skepticism is that, during our dissections, it
appeared that the fat body in question (magenta struc-
ture in Figures 5–7) was not positioned posterior to the
main nasal passage, also called the spiracular cavity. We
believe that the two low density fatty structures may be
functionally equivalent and, as a consequence, we will
retain Norris and Harvey’s term with the condition that
we make clear the anatomic distinction. As a result, we
adopt the term ‘‘anterior spermaceti organ’’ to denote that
it is anatomically distinct, while maintaining the original
term to denote the potential analogous functional connec-
tion. The details of the anatomic evidence for and against
this notion will be reviewed in the Discussion section.
It is interesting to note that the configuration of the

two fat bodies in the adult male Ziphius resembles the
arrangement of the spermaceti organ and the junk in a
sperm whale’s head, except that the Ziphius anatomy is
upside down from that of the sperm whale.
The ventral surface of the anterior spermaceti organ

in Ziphius is reminiscent of the sweeping curvature of a
‘‘cesta,’’ the wicker basket made to catch and throw the
ball in Jai-Alai. The bones of the face in the male
Ziphius and the Jai-Alai basket both form a concave
channel that deepens into a smooth pocket at the base
of the curve. This is illustrated in Figure 6a, the first

1See note 4, page 8 in Nomina Anatomica Veterinaria (1994).
Ithaca, New York, International Committees on Veterinary Gross
Anatomical Nomenclature, Veterinary Histological Nomenclature,
and Veterinary Embryological Nomenclature.
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Fig. 5. a: Right lateral views of forehead fat bodies in the adult
male (top) and the neonate female (bottom). The image of the neonate
has been scaled up to approximate the size of the adult so that shape
comparisons of the forehead fat bodies can be made. A dotted red
line, on the neonate divides the melon into two components drawn
according to where the melon narrows posteriorly. The similarities in
shape and position between the forehead fat bodies in the adult male
and neonate female specimen suggest homology. Red arrows indi-

cated location of right phonic lips. b: Dorsal view comparison of fore-
head fat bodies in the adult male (top) and the neonate female
(bottom). The image of the neonate has been scaled up to approxi-
mate the size of the adult so that shape comparisons of the forehead
fat bodies can be made. A dotted red line on the neonate divides the
melon into two components drawn according to where the melon nar-
rows posteriorly.
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image in a composition of six right lateral views of the
skull, lipid components, and the connective theca in the
adult male Ziphius.
During dissection, we made a series of transverse cuts

across the forehead of both specimens. This method is

similar to the technique used by Green et al. (1980) for
bottlenose dolphins. In the adult male, the melon
appears ovoid in cross-section and light pink to white in
color. Families of parallel connective tissue fibers run
horizontally across the cut surface of the melon in each

Figure 5. (continued)
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section. These horizontal fibers appear to be connected
to the rostral muscles that buttress the lateral margins
of the melon. Some fibers also run anteroposteriorly but
few if any fibers appear to be oriented dorsoventrally.
Each section is capped by the dense connective tissue
theca, which, in the adult, is consistently at least 4 cm
thick (Fig. 3) and is composed of fibers that appear to be
oriented in all directions.
We made similar transverse sections across the melon

in the head of the neonate specimen. The characteristics
were visually very similar except that the central core of
the melon did not have the pellucid characteristic and
the fibers did not appear to be as well developed in di-
ameter or number. This finding suggests a pattern simi-
lar to that reported by Koopman and her colleagues,
where neonates do not have a full complement (in specie
or volume) of the fatty molecules of adult odontocetes
(Koopman et al., 2006; Zahorodny, 2007).
The band of connective tissue that arches over the fat

bodies of the forehead (Fig. 6c) is anchored to the vertex
and the maxilla, and is well developed in beaked whales.
This connective tissue arch is likely homologous to the
structure that has been previously referred to as the
‘‘connective tissue theca’’ in other odontocetes (Cranford
et al., 1996). It does not encase the entire posterior
extent of the fat bodies in Ziphius, as this is accom-
plished by the pachyosteosclerotic bones of the face. This
‘‘theca’’ is clearly visible as an arch of dense connective
tissue (Fig. 6c).
The context of this dense connective tissue arch

(green) and the skin (blue) can be seen in Figure 6c; it
shows all of the major forehead components together
(excluding muscles). It is clear from this composition
that the melon projects out through the connective tis-
sue arch and is directed anteriorly or forward, suggest-
ing a pathway for sound transmission that is similar to
those known for well-studied odontocetes.
Figure 7 shows the same set of component structures

as in Figure 6 but from a dorsal view. The perspectives
in Figures 6 and 7 are perpendicular and provide a
means for the reader to understand the complete 3D ge-
ometry of the forehead anatomy in the adult male
Ziphius. This figure shows the relationship of skull to
both primary fat bodies, the arching dense connective
tissue theca, all within the bounds of the head.
Note that the posterodorsal most aspect of the anterior

spermaceti organ is where we find the phonic lips (Cran-
ford, 1999), formerly known as the ‘‘monkey lips’’ or
‘‘monkey muzzle’’ (Pouchet and Beauregard, 1885). Fig-
ure 8 shows a photograph of the phonic lips from the
dissection of the adult male. The location of the right
phonic lips is shown by the red arrow in the upper panel
of Figure 5a.

We report quantitative volumetric fractions and
average density values for various structures within
the heads of the adult and neonate specimens in Table
1. We measured volumes for the structures of interest,
primarily those suspected of a significant role in acous-
tic function. Table 1 includes measurements for the
skull, melon, anterior spermaceti organ (or its homo-
logue), ears, mandibular fat bodies, and pterygoid
sinuses, as well as a few linear measurements for total
body length, linear distance between the ears, and con-
dylobasal length of the skull. All of these measure-
ments were taken from the CT scans of our two
Ziphius specimens.
We use the total body length (TL) and condylobasal

length or ‘‘skull length’’ (SL), from which to calculate an
index called postcranial body length (PCBL; as described
by Cranford, 1999). This index was constructed to
exclude the influence of differences in the feeding appara-
tus on body size comparison. The evolution of the feeding
apparatus has had a significant affect on the morphology
of odontocete cephalic anatomy. For example consider the
elongate jaws of platanistoids compared with the shorter
and wider jaws of modern delphinoids. The PCBL index
removes any inordinate contribution of skull length to
estimates and comparisons of body size. Because all ceta-
ceans have fusiform body shapes (Silva, 1998), the PCBL
can be used as an index of relative size for quantitative
(volumetric) comparisons of homologous anatomic struc-
tures across groups of odontocetes. This method is not
particularly useful for comparisons within the same spe-
cies, as is evident by the values at the bottom of Table 1.
However, these values could be useful to future investiga-
tors attempting to make geometric comparisons across
the suborder, so we include them in Table 1.

Sound reception anatomy of the basicranium
and gular region. The anatomy on the ventral aspect
of the head is morphologically complex, suggesting func-
tional significance. This report focuses on the anatomy
of the hearing apparatus and its accessory structures.
All odontocetes have the same basic form in the hearing
apparatus (Fig. 9). There are several structures that
bear directly upon our understanding of the sound prop-
agation pathways and the potential effects of deep div-
ing on hearing.
We will concentrate on describing the anatomic geome-

try of the conventional acoustic pathway into the head.
One proposed pathway begins with a fatty pad, the
‘‘acoustic window’’ (Norris, 1968), which lies external to
the thinned lateral wall of the posterior expansion of
each mandible, often referred to as the ‘‘pan bone.’’ The
mandibles in odontocetes are hollowed out, lack a medial
bony lamina opposing the pan bone, and contain the

Fig. 6. a: Zica Adult M. The first image of the set shows the skull
and the two primary fat bodies of the forehead, the melon (yellow),
and the anterior spermaceti organ (magenta). In the left panel, the fat
bodies have been separated from the skull, for the purposes of this
illustration, but maintain their proper relationship to one another. In
this image, we see the sweeping curvature of the ventral surface of
the anterior spermaceti organ (colored magenta), which matches the
curvature of the channel in the skull formed by the prenarial basin and
the face of the skull that then rises up to the overhanging vertex pos-

teriorly. The right panel shows the two fat bodies in their correct rela-
tionship to the skull. The skull has been made slightly transparent in
these images to illustrate that the lower lipid body is largely embraced
or encased (except along the dorsal surface) by skull bones. b: This
panel shows each of the two fat bodies of the forehead separately in
their correct geometric relationship to the skull. c: This panel shows
all of the major forehead components together (except muscles), skull,
anterior spermaceti organ, melon, and an overarching cap of dense
connective tissue (green), plus the skin (blue).
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internal mandibular fat bodies (MFB; Fig. 9). The inter-
nal MFB connect to the bony ear complexes posteriorly
and are the most likely conduits for sound to the ears
(Norris, 1964, 1968, 1969). The structure of the MFB is
not homogeneous, and the complex topography needs fur-
ther study (Ackman et al., 1971, 1973; Litchfield et al.,
1975, 1976; Koopman et al., 2006; Zahorodny, 2007).
The internal MFB narrows posteriorly, gives off two

branches, and abuts the tympanoperiotic complex in
exactly two locations (Fig. 11). The largest (ventral)
branch attaches along the ventrolateral aspect of the
tympanic bulla, as noted by Norris (Norris, 1964, 1968,
1980; Norris and Harvey, 1974). In addition, there is a
second, smaller branch of the MFB, which runs dorsally
and attaches to the tympanoperiotic complex in a furrow
or sulcus just anterior to the sigmoid process (Fig. 11).
The ramifications of this finding will be described and
discussed elsewhere (Cranford and Amundin, manu-
script in preparation).
The pterygoid sinuses are perhaps the most prominent

components of the structures associated with the hear-

ing apparatus (Figs. 3, 9, 13, 14). They are paired struc-
tures, bounded medially by an elongate depression in
the skull (the pterygoid bone), and laterally by the FVP.
The pterygoid sinuses in beaked whales (Ziphiidae) and
the sperm whales (Physeteridae) are proportionately
much larger than in other odontocetes (Fraser and
Purves, 1960). The pterygoid bone has no outer lamina,
which allows the membranous lateral wall of the sinus
to expand, greatly increasing the potential volume of the
pterygoid sinus.
Each pterygoid sinus fits into a depression in the skull

that runs posteriorly along the ventrolateral skull, from
a point anterior to the widest part of the skull (Figs. 5,
6, and 10). Both pterygoid sinuses ramify posteriorly into
a series of projections, known collectively as the peribul-
lary sinuses, which form an acoustic shield along the
posteromedial aspect of the each bony ear complex (Figs.
13, 14). The juxtaposition of the extensive air sinus sys-
tem to portions of the lipid sound conduction pathway
and the bony hearing organ makes this area an obvious
focus for investigation, modeling, and simulation.

Fig. 7. a: This panel shows the dorsal view of the skull on the left
and the skull with both primary fat bodies on the right. In this dorsal
view, posterior is toward the bottom of the image. As in other odonto-
cetes, the midline of the skull is skewed to the left and is the result of
the hypertrophy of the soft tissue anatomy on the right side of the
forehead. b: These images show the fat bodies isolated with the skull

in each case to emphasize their distinct boundaries. Note that the an-
terior spermaceti organ narrows anteriorly and ends at the anterior tip
of the prenarial basin where we also find the highest density bones in
the head. c: The dense connective tissue arch (purple) is the most
prominent structure in this panel. The horizontal dark cleft near the
posterior aspect of this arch is indicative of the blowhole.
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In general, the FVP lies between the pterygoid sinuses
and the MFB (Figs. 3, 9, 11, 12). Each venous plexus
can be engorged with blood, causing its medial mem-
brane to expand and occlude the adjacent pterygoid
sinus (Fraser and Purves, 1960). Throughout its anterior
two thirds, the gossamer-like trabecular structure (Fig.
12) is sandwiched between its medial and lateral
membranes. The anterior FVP appears capable of extra-
ordinary distensibility into the pterygoid sinuses. The
character of the FVP changes rapidly along the posterior
third so that the connective tissue walls are much
thicker and the blood-space much smaller by compari-
son. Consequently, the potential distensibility in the

posterior third of the FVP is greatly reduced. It is this
posterior third of the FVP that is adjacent to the peri-
bullary sinuses and the bony ear complexes (Fig. 11).
The primary component of the hearing apparatus is

the organ of transduction, the dense bony ear (tympano-
periotic) complexes. As the term suggests, each tympa-
noperiotic complex (TPC) is a functional and structural
unit composed of a fusion between the tympanic and
periotic bones. Its structure is complicated and has been
the source of considerable study (Wever et al., 1971;
Kasuya, 1973; Fleischer, 1976, 1980b; Ridgway, 1999;
Ketten, 2000). We will not describe it in any detail here,
but the structure of the tympanoperiotic complexes will
be described using a comparative approach in a subse-
quent paper (Cranford and Amundin, manuscript in
preparation).

Estimates of Error and Bias

The results tabulated in Table 2 give us some sense of
the variation contained in our quantitative measure-
ments. All of the numbers in Table 2 were obtained from
segmenting the tympanoperiotic region in the adult
male specimen used in this study. It compares the com-
puter-only threshold technique at various density ranges
with the abilities of experienced human observers using
various image processing tools. Generally, the threshold
technique should provide the most consistent results
because it is relatively easy to use if the tissues structures
have dramatic density differences along their boundaries,
as in the case around the bony ear complexes. The tympa-
noperiotic region of the adult male Ziphius was scanned
twice using different slice thicknesses (see the Methods
and Materials section). Both sets of data were used in the
compilation of Table 2, as designated in the column la-
beled ‘‘Scan Thickness.’’ A few generalizations can be

Fig. 9. Dorsal view of the hearing apparatus from the adult male
Cuvier’s beaked whale (Ziphius cavirostris). Displayed are the mandi-
bles (white), the mandibular fat bodies (gold), the pterygoid sinuses
(green), the fibrous venous plexus (magenta), the peribullary sinuses
(blue), and the bony ear complexes (red). For demonstration purposes,
the fibrous venous plexus (FVP) is seen sandwiched between the
mandibular fat body and the pterygoid sinus on the right side but
turned off on the left. The peribullary sinuses (blue) are not illuminated
on the left side to reveal the relationship between the mandibular fat
body and the bony ear complex. The external mandibular fat bodies
are not pictured.

Fig. 8. The right anterior phonic lip of an adult male Cuvier’s
beaked whale shown from two angles. The upper panel shows a plan
view of the lip indicated by a series of light parallel bands across the
field enclosed by the white oval. In the lower panel shows a dorsome-
dial view of the same lip. The axis of the lip is indicated by the light
gray line that travels along an axis that is parallel to the white oval.
The view also shows a series of ridges that are perpendicular to the
axis of the lip. These ridges are prominent because the tension on the
lips has been relaxed during the dissection. These ridges and grooves
are common to all odontocete phonic lips examined to date. They
may play a role in directing the flow of air during the sound generation
process. The phonic lips are likely the site of sonar signal generation.
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gleaned from Table 2 by comparing two techniques. The
first technique uses a threshold range and relies solely on
computer tools (Table 2, rows 1–6). The second technique
combines human decision-making skills with image proc-
essing tools (Table 2, rows 7–10).
As expected, segmentation based solely on thresholds

show that the wider the threshold range (rows 2–5), the
greater the volume captured, simply because widening
the range includes more voxels. In rows 1 and 2, the
threshold (density) range is equal but the slice thickness
of the tomograms are different (1.5 vs. 0.6 mm), resulting
in measured volumes that are different by approximately
5%. The tomograms used in row 1 are just over twice as
thick as the scans used for row 2. Because the CT scan
algorithm averages across the entire thickness of each
slice; averaging over a thicker region should depress the
upper part of the density range and therefore put more
voxels within the chosen threshold range. So, even if we
scan the same specimen in the same CT scanner, slightly
different voxel values can be produced, depending upon the
scanning protocol used. The implication here is that using
different slice thicknesses during scanning can affect the
voxel values to some degree. It is unlikely that the differen-
ces are due to interpolation in Analyze because the same
cubic spline was used to produce both volumes.

It appears that small differences in voxel values can be
attributed to different slice thicknesses. At the same time,
we can be certain that large volumetric differences
between structures in the neonate and the adult are real
and indicate significant anatomic distinctions (Table 1).
To test the consistency of the calculations produced by

the image processing software (Analyze 5.0), we calcu-
lated the same threshold range on the same data set
multiple times (see Table 2, rows 3, 4). The volume dif-
ference is 0.04 cubic centimeters, a very small difference
indeed.
Table 2 also allows us to compare measurements made

by humans using computer tools vs. measurements
based completely upon threshold values (computer only).
The volumes measured using human decisions were
within the range found using the purely threshold tech-
nique. Upon inspection, the results in Table 2 suggest
that the widest threshold range (row 1) captured too
many voxels (i.e., some that were not part of the
structure) and the smallest threshold range (row 6) prob-
ably did not catch all of the voxels that should be counted
as part of the ear complex (note that rows 1 and 6 used
the same slice thickness). This finding inspires confidence
that the human plus computer technique is the best. This
is particularly apparent when we consider that the boun-

Fig. 10. Ventral view of the skull and mandibles in an adult male Ziphius. Visible are the tympanoperi-
otic complexes (TPC), the bony nasal passages (N), the mandibles (M), and the depressions in the ptery-
goid bones (Pt) of the skull to which the pterygoid sinuses are attached. (This specimen is on display at
the San Diego Museum of Natural History.)
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daries of the ear complexes are relatively easy to segment
using the threshold technique alone. Consequently, we
can assume that as we move from easily defined bounda-
ries to those that are more difficult to distinguish, the
(computer only) threshold technique will be progressively
worse at segmenting structural boundaries.

Rows 7 and 8 show measurements taken more than
2 years apart by the same operator (TC), row 9 used a
different slice thicknesses. Row 10 shows the results
from a different operator (M.M.). These data give us
some sense that observer bias in trained individuals is
not a cause for concern.

Fig. 11. Adult male Zc scan # 103, a 1.5-mm transverse section
through the hearing apparatus. The segmented structures are bounded
by colored lines and are numbered (bilateral structures are numbered
only on one side): (1) skull (gray), (2) brain (pink), (3) fibrous venous

plexus (magenta), (4) tympanoperiotic complexes (white), (5) dorsal
branch of the mandibular fat bodies (green), (6) ventral branch of the
mandibular fat bodies (orange), (7) peribullary sinuses (blue), (8) hyoid
bones (turquoise), and (9) larynx (yellow), all contained within the skin.
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DISCUSSION

Forehead Anatomy

The ASO (anterior spermaceti organ) is the most
prominent and voluminous structure in the forehead of
our adult male Ziphius. It occupies almost 3 liters (Table
1), filling the prenarial basin and extends posteriorly to
the phonic lips, on either side of the nasal septum. The
ASO apparently only occurs in this hypertrophied form
in adult males. We have examined a few skulls of both
adult male and adult female specimens of Ziphius in the
collection at the Natural History Museum at the Smith-
sonian Institution.1 By simple inspection, we see that

females lack this bony basin and, by implication, the
hypertrophied fat body that fits within it. At the same
time, our neonate female shows that an extension of the
fatty melon, perhaps a homologue of the ASO, does
reach the right phonic lips (Fig. 5a,b). The osteological
observations of the adults clearly indicate that the nasal
anatomy within the ‘‘forehead’’ of Ziphius is sexually
dimorphic.
Beyond this, it is not possible to extrapolate the anat-

omy of an adult female from a neonate to any meaning-
ful degree. It is important to remember that this report
is unfortunately based upon only two specimens. One
reason that the knowledge base for this species is so
depauperate is because it is difficult to obtain a repre-
sentative number of specimens. Consequently, we would
generally be unable to distinguish whether some of the
comparative differences we see are related to age differ-
ences rather than gender differences. Immature speci-
mens generally lack tissue differentiation and do not
contain a complete array of lipid compounds (Koopman,
2007; Zahorodny, 2007); this may be why, for example,
that in the neonate we were unable to clearly delineate
the fat bodies homologous to the dorsal bursae in delphi-
noids (Cranford et al., 1996) and normally associated

1The reader can confirm this by comparing images of skulls
online at an exquisite beaked whale Web site developed by
the Smithsonian Institution: http://vertebrates.si.edu/mammals/
beaked_whales/pages/main_menu.htm. A side by side compar-
ison of the adult male and female skulls can be found at http://
vertebrates.si.edu/mammals/beaked_whales/pages/zca/zca_ost_pg1.
htm. The striking demonstration of sexual dimorphism in the
nasal region of the skulls of adult Ziphius can be readily seen in
the anterior views at http://vertebrates.si.edu/mammals/beaked_
whales/pages/zca/zca_ost_pg5.htm and http://vertebrates.si.edu/
mammals/beaked_whales/pages/zca/zca_ost_ pg6.htm.

Fig. 12. Zica Neo F dissection showing the gossamer-like trabeculae of the anterior two-thirds of the
fibrous venous plexus (FVP). The section cuts across the FVP so that it can be seen in the foreground.
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with the phonic lips. Immature animals also feature
anatomic geometries that are allometrically distinct
from adults, adding to the difficulty of making compari-
sons because of the differences in relative proportions.
Indications from years of experience dissecting speci-

mens across a wide range of species, some with a large
number of specimens, suggest that individual differences
will not lead to significantly different interpretations or
the general patterns described here. But in the final
analysis, there will always be other possible interpreta-
tions based upon the small sample size and the fact that
we included a neonate. Still, it seemed important to add,
even incrementally, to the meager knowledge base on
Ziphius, particularly in light of the fact that this species
has stranded in higher numbers than any other species
in incidents associated with exposure to high-intensity
sound (Evans and England, 2001; MacLeod and
D’Amico, 2005; Cox et al., 2006; Rommel et al., 2006).
Because structure and function are inextricably joined,

it is reasonable to assume that the large, sexually dimor-
phic (structural) differences we see in the skulls, and
probably the associated soft tissue nasal (sound transmis-
sion) anatomy of Ziphius, is evidence that we should see
corresponding differences in acoustic function (Johnson
et al., 2006). We might expect some sort of ‘‘acoustic sig-
nature’’ from the structural differences between confor-
mations in the sound generation and propagation appara-
tus, that is, the large fat-filled basin in males but not in
females. This brings to mind the notion of ‘‘acoustic sex-
ual selection’’ (Cranford, 1999), which attempts to explain
the function of the greatly hypertrophied spermaceti
organ and the sexually dimorphic anatomy in the fore-
head of the sperm whale. Can we extrapolate this idea to
include Ziphius? At this juncture, we suspect that the
ASO in Ziphius may be functionally equivalent or ‘‘analo-

gous’’ to the spermaceti organ in the sperm whale. In
2005, McKenna provided the first quantitative compari-
sons of the fat bodies in the foreheads of odontocetes
(McKenna, 2005). These kinds of comparative studies
should lead us to explanations of functional differences.
It is reasonable to assume that Ziphius, along with all

other odontocetes produce their biosonar signals in the
forehead using homologous structures, a concept known
as the ‘‘unified hypothesis’’ (Cranford et al., 1996). Oddly
enough, Zimmer and his colleagues (2005a) have
recorded sonar signals from Ziphius that are unlike
most delphinid signals in that they appear similar to a
brief frequency upsweep often seen in FM bats. The
mechanism for the production of these signals is cur-
rently unexplained, but it is likely that the apparatus
used to generate them is consistent across the Odonto-
ceti (Cranford et al., 1996; Johnson et al., 2006).
There are at least two ‘‘tests’’ of where sonar sounds

are generated in Ziphius. Because we expect different
sounds to emanate from different forehead configura-
tions, then we may find detectable differences between
high-fidelity acoustic recordings of adult males and
females. Such recordings may already exist. Mark John-
son and his colleagues at Woods Hole Oceanographic
Institution have collected a plethora of recordings from
a variety of odontocetes, including ziphiids and sperm
whales (Madsen et al., 2002a,b, 2004; Johnson and
Tyack, 2003b; Johnson et al., 2004; Zimmer et al.,
2005a,b; Johnson et al., 2006).
Another interesting ‘‘test’’ of acoustic function within

the head of Ziphius could make use of finite element
modeling (FEM) techniques (Krysl et al., 2007). For
example, one intriguing question is: What is the function
of an ASO that is encased in the high-density rostral
bones? It would appear that this arrangement would

TABLE 2. Comparison of segmentation techniques by measurements of density and volume of the
tympanoperiotic complexes (TPC) in the adult male Ziphius cavirostris

Technique

Density
range
(g/cc)

Density
range

width (g/cc)

Scan
thickness
(mm)

TOTAL TPC
volume (cm3)

LEFT TPC
volume (cm3)

RIGHT TPC
volume (cm3)

1 Threshold 1.50–2.87 1.37 1.5 97.91 47.32 50.50
2 Threshold 1.50–2.87 1.37 0.6 92.79 47.16 45.63
3 Threshold 1.69–2.98 1.29 0.6 79.04 38.31 40.73
4 Threshold 1.69–2.98 1.29 0.6 79.00 38.30 40.70
5 Threshold 2.16–2.98 0.82 0.6 50.70 25.90 24.80
6 Threshold 2.16–2.87 0.71 1.5 40.69 19.90 20.79
7 Computer 1 Human

(TC) 7/30/05
1.5 83.91 42.78 41.13

8 Computer 1 Human
(TC) 8/30/07

1.5 77.26 37.02 40.24

9 Computer 1 Human
(TC) 1/18/06

0.6 68.52 33.60 34.92

10 Computer 1
Human (MM)

1.5 79.27 38.03 41.24

aComparative segmentation measurements for the adult male Ziphius specimen as an indicator of error. The column la-
beled ‘‘Technique’’ indicates that we used two different methods to define tissue boundaries. The values in the Density
Range column were translated from computed tomography (CT) numbers using the graph in Figure 1b. The Threshold
technique was used to take the human out of the segmentation process, where the decisions about which volume elements
(voxels) to include are based solely upon whether its density is within a pre-selected range. The table indicates the number
of voxels or volume that is contained within the bony ear complexes (TPC) for various boundary definitions. The values
obtained using only the threshold technique for different density ranges are shown in rows 1–6. Boundaries and the corre-
sponding volumes defined by human observers using some computer-based image processing tools are shown in rows 7–9.
Values in rows 7, 8, and 9 were calculated by the same person (T.C.) on different dates as indicated.
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result in sounds being ‘‘trapped’’ inside the ASO or per-
haps ‘‘guided’’ by the high-density bony boundaries.
This may be similar to the function of the dense con-
nective tissue case that bounds the spermaceti organ in
sperm whales (Norris and Harvey, 1972; Cranford,
1999). Studies of several odontocete species have shown
that the transmitted sonar beam emanates from the
melon (Schevill and Watkins, 1966; Norris and Evans,
1967; Au, 1980, 1993; Au et al., 1986, 1988, 1995,
2006). By extension, it must be the same in Ziphius,
but then how does sound get from the ASO to the
melon? These questions, and many others, can be
addressed using FEM techniques. These techniques can
be used to simulate acoustic propagation pathways and,
by inference, the site of sound generation in the head of
Ziphius. They can also be used to investigate sound
reception pathways and the potential effects of high-in-
tensity sounds. These studies are already under way
(Cranford et al., in press).
Even if we accept that the ASO in Ziphius may be

functionally equivalent or ‘‘analogous’’ to the spermaceti
organ in the sperm whale, it is difficult to make convinc-
ing argument that the two structures are homologous
(Norris and Harvey, 1972), considering that these struc-
tures appear to be in different positions with respect to
the main nasal passage. It would be useful to know
what types of lipids are represented in the various fat
bodies. Identifying the various lipid fractions will
require sampling and chemical analysis as has been con-
ducted on other odontocetes (Morris, 1973, 1975; Malins
and Varanasi, 1975; Litchfield et al., 1976; Flewellen
and Morris, 1978; Karol et al., 1978; Koopman et al.,
2003, 2006; Koopman, 2007).
There are a few observations that support the condi-

tional acceptance of Norris and Harvey’s (1972) sugges-
tion that Ziphius has a lipid organ (ASO) that is homolo-
gous to the spermaceti organ (SO) in sperm whales. For
example, both lipid structures (ASO & SO) terminate at
the phonic lips. The phonic lips probably represent the
ancient external closure of the nasal openings that have
invaginated over evolutionary time so that the phonic
lips are now located just inside the external nasal clo-
sure, the blowhole (K.S. Norris, personal communica-
tion). The phonic lips are designated as the source of
sonar signals in every odontocete that has been investi-
gated (Cranford et al., 1996; Cranford, 1999; Cranford
and Amundin, 2003).
The ASO and SO both have an average lower density

and, in dissection, appear different in reflected light
when compared with the melon or junk. Another com-
mon feature is that the SO and the ASO are horn-
shaped (Zimmer et al., 2005c), broad posteriorly and
narrowing or tapering anteriorly (Figs. 5a,b, 7b). Volu-
metrically, the ASO and the SO are second only to their
associated skulls, making them prominent structurally,
physiologically expensive, and most likely functionally
significant (Cranford, 1999; Møhl et al., 2000; Møhl
et al., 2003a and 2003b).
There are some significant differences between the

ASO and the SO. Primary among them, the ASO is nes-
tled in the skull and below the melon in Ziphius, but we
see this arrangement upside down in Physeter, where
the junk (homologue of the melon) sits upon the dorsal
aspect of the bony rostrum and the SO is dorsal to the
junk (Norris and Harvey, 1972; Cranford, 1999, 1992). It

is also noteworthy that, even though the phonic lips are
connected to the tapered ends of the lowest density fat
body in both species, these locations are at opposite ends
of the forehead (primarily because of the extreme torsion
within Physeter; Klima, 1987; Cranford, 1992). The
region of contact between the melon and the low density
fat bodies (ASO & SO) along with the terminal phonic
lips leads us to believe that the acoustic functions in the
ASO & SO may be similar. The precise mechanism(s) of
the functionality and the extent of potential functions
have not been resolved. Still, our CT studies and dissec-
tions indicate that the ASO of the adult male Ziphius is
not homologous to the SO of the sperm whale because of
its relationship to prominent nearby landmarks such as
the spiracular cavity.
One reason that it is difficult to distinguish these two

components in the female is probably due to the lesser
degree of tissue differentiation in neonates. The devel-
opment of the odontocete melon is not likely to be com-
plete in a neonate, because lipid moieties and concen-
trations tend to be quite different in adults (Koopman
et al., 2003; Koopman, 2007). This makes it difficult to
distinguish between components in the neonate by
methods such as density differences or appearance in
reflected light. Lesser tissue differentiation in the neo-
nate may also account for the fact that we do not see
evidence of the posterior (left–right) bifurcation of the
melon, contrary to what we see in all other odontocete
specimens we have examined. The average density for
the entire ASO is 0.84 g/cc3 and the mean density
of the melon is 0.87 g/cc3 for our adult male Ziphius
(Table 1). The density difference between these largely
lipid structures is small (0.02 g/cc3). One explanation
may be that these density values are averages across
large volumes (more than 2 liters for each lipid struc-
ture) within the head. In addition, these organs are not
purely lipids but also contain connective tissue compo-
nents. The difference between these structures is easy
to distinguish in the scans, so we can rest assured that
the difference is real, but it is difficult to know what is
at the root of the density difference. For example, is the
density difference due to varying lipid moieties or con-
centrations as shown in previous studies (Litchfield
et al., 1973, 1976, 1979; Morris, 1975; Flewellen and
Morris, 1978)? The density difference might also be in-
dicative of a greater number of connective tissue fibers
in the melon as compared to the ASO, as it appears in
dissection. Specifying the source of the density differ-
ence between the ASO and the melon in the adult male
Ziphius will require further study. Nailing down the
connective tissue structure and lipid analysis in the
Ziphius forehead look to be the most expedient and
promising way forward.
Let us briefly consider the development of the prenarial

basin, the depression on the superior aspect of the skull
just anterior to the superior bony nares in adult males. At
this point, we are uncertain as to exactly how the prena-
rial basin is formed. Heyning (1989a, page 297) surmised
that the prenarial basin in Ziphius is formed by the ‘‘reab-
sorption of the premaxillaries, maxillaries, and vomer
{bones} in this region.’’ Heyning’s notion was based on
observations of prepared skulls and his dissections. He
did not have the benefit of the 3D views that CT scanning
provides. We see no evidence to support his suggestion
that bone absorption is the mechanism by which the pre-
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narial basin is formed. To the contrary, our view of 3D
bony morphology suggests that the bones have been rear-
ranged to some degree and became thicker and denser
than surrounding bones. We suggest that the deepening
cavity may have been formed as the fat body intrudes
into the region, ‘‘pushing aside’’ the various bony elements
(Fig. 3). That the bones of the basin are extremely dense
or pachyosteosclerotic is also counterintuitive to the
notion of bone absorption. A definitive answer to the ques-
tion of how the Ziphius prenarial basin is formed will
await ontogenetic work, perhaps along the lines of Milan
Klima (Klima, 1987, 1995, 1999).
Steep density gradients or abrupt density changes at

tissue interfaces can be valuable as acoustic refractors
and reflectors. Air spaces function as nearly perfect
acoustic mirrors at a water or tissue interface. Air sacs,
sinuses, and cavities are common features in the heads
of the Delphinoidea (oceanic dolphins) and the Platanis-
toidea (river dolphins) (Lawrence and Schevill, 1956;
Schenkkan, 1971, 1972, 1973; Mead, 1975). The mem-
bers of these groups are not known for their deep-diving
prowess; in fact, most inhabit relatively shallow water
environments.
The platanistoids inhabit mostly riverine and a few

near-shore marine environments. Very little is known
about the diving habits and limits of the oceanic dolphins
but most of them inhabit coastal waters or the continental
shelf, although a few species are more widely distributed
or cosmopolitan. In these relatively shallow water envi-
ronments, using air boundaries as acoustic mirrors is a
plausible strategy. But in deep-diving odontocetes, where
the hydrostatic pressure can be orders of magnitude
greater than it is at the surface, any air volume is
severely reduced and this limits the depths to which air-
based acoustic reflectors can be effective.
As a consequence, air spaces are drastically reduced

in the nasal regions of ziphiids (and sperm whales), in
contrast to all other odontocete families. In the locations
where we find nasal air passages and diverticula in del-
phinoids, we instead find dense connective tissue or
pachyosteosclerotic bone in ziphiids. This finding sug-
gests that acoustic mirrors based on air spaces are ei-
ther nonessential or cannot be functionally maintained
at depth for sound generation and beam formation oper-
ations. It also suggests that steep density gradients or
interfaces between tissue types can be effective substi-
tutes. The density disparity between compact bone and
lipid tissue is the maximum attainable difference
between tissues. We suspect that the very abrupt change
between the low-density ASO and the high-density
bones that embrace it are functionally significant, an
idea that can be tested with finite element modeling
tools (Sun et al., 2002; Richmond et al., 2005; Ross,
2005; Krysl et al., 2006, 2007).

Basicranial Anatomy

The combined structure of the peripheral auditory ap-
paratus can be seen (Figs. 13, 14) as a suite of struc-
tures that converge (bones and fat bodies) upon and sur-
round (air sinuses) the tympanoperiotic complex. These
views make a plausible case for the ‘‘internal acoustic
pinnae’’ (Fig. 13) formed by one or more of the following
components: the external fat bodies (not pictured) over-

lying the posterior pan bones of the mandibles and form-
ing part of Norris’ acoustic window (Norris, 1968); the
thinned translucent external wall of the pan bones; the
internal mandibular fat bodies that conduct acoustic sig-
nals to specific locations on the TPC; and especially the
air-filled sinuses (pterygoid, peribullary, and tympanic)
that likely exclude acoustic stimuli from extraneous
pathways and may focus or amplify sounds at specific
locations. The analogy with the pinnae of other mam-
mals may be imperfect and it is not unique (Norris,
1968). But from a systemic point of view, various combi-
nations of these components of the peripheral auditory
system likely serve functions often associated with avian
or mammalian pinnae. They likely provide sound gath-
ering, amplification, interaural time delays, binaural
acoustic isolation, and hydrostatic pressure compensa-
tion functions for the hearing apparatus. The potential
additional demands upon these functions during deep
diving in the aquatic environment will be discussed fur-
ther in the next section.
The anatomy of the air spaces on the ventral aspect of

the Ziphius skull tells a very different story from the
forehead. The pterygoid sinuses are very large when
compared with those of the riverine or oceanic dolphins.
For example, our adult male Ziphius has a PCBL of 4.33
m and a total pterygoid sinus volume of almost 3 liters
(2.99) (Table 1). By contrast, our records show that an
adult female Orcinus orca, the largest oceanic delphi-
noid, has a PCBL of 5.71 m and a total pterygoid sinus
volume of just over 1 liter (1.14). These comparisons
show that the male Ziphius is only 75% the size of the
killer whale but it has almost 3 times the volume within
the pterygoid sinuses. At the same time, we should
remember that these volumes were measured in dead
animals and thus cannot be assumed to be maximum or
minimum values. But these values do appear (during
dissection) to represent reasonable approximations of
relative pterygoid sinus volumes between these two
specimens from different taxonomic families and per-
haps hint at functional significance.
The pterygoid sinuses are also confluent with a com-

plex of sheet-like and finger-like projections of air spaces
(peribullary sinuses) in and around the TPCs, forming
acoustics shields or reflective boundaries along the
medial and posterodorsal aspects of the bony ear com-
plexes. These structures can function as exquisite sound
mirrors that provide acoustic isolation of the TPCs and
protection from self-made sounds originating in the
nasal complexes. A concise explanation of the multifunc-
tion role of air in the hearing apparatus of a dolphin,
and by extension all odontocetes, can be found in Ridg-
way and Au (1999) and Norris (1968).
We concur with Fraser and Purves (1960) that the

pterygoid sinuses provide a reservoir of air that can be
directed posteriorly into the peribullary sinuses as the
animal dives. They emphasized the maintenance of the
tympanic cavity for the proper operation of the ossicular
chain. The FVP provides a passive means for corralling
the air into the peribullary sinuses around the TPCs.
Fraser and Purves (1960) write, ‘‘The air sacs them-
selves are so extensive that their contraction would
cause disruption of the adjacent musculature were it not
for the intervention of some space-filling mechanism. It
seems that the fibro-venous plexus which surrounds the
sacs is ideally suited for this purpose, because there
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would be reciprocal filling of the plexus with reduction
in the volume of the sinuses.’’
This is a passive mechanism, as the air volume in each

pterygoid sinus is squeezed by the hydrostatic pressure,
reducing its volume during diving, venous blood flows into
the adjacent spaces of the FVP (Fig. 12), expanding its
medial wall into the vacated sinus, and occluding or filling
the space left by the collapsing air. The end result is that
a small remaining volume of the air could be used to form
the reflective acoustic mirror around each TPC to pre-
serve binaural hearing or maintain an air-filled tympanic
cavity, which allows efficient operation of the ossicular
chain. This suggests that air is a precious commodity for
deep-diving odontocetes and that there are probably
mechanisms to make use of every bit.
We surmise that air sinuses in and around compo-

nents of the hearing apparatus may be essential for it to
function at peak performance but this does not necessar-
ily mean that odontocete hearing would cease without
some of them. In fact, one observation is pertinent to
this topic. The character of the FVP changes from front
to back. Anteriorly the structural elements of the FVP
are thin, translucent, and gossamer-like (Fig. 12), so

that most of the volume space could be filled with ve-
nous blood. Moving posteriorly, the character of the FVP
changes gradually until most of the volume is composed
of greatly thickened connective tissue walls, so that the
blood containing spaces are reduced. One explanation
for this dramatic change in the structure of the FVP is
that when the hydrostatic pressure is great enough to
compress the air of the neighboring peribullary sinus
into a space too small to be functionally effective, there
may still be enough reflectivity from the connective tis-
sue layer of the FVP to serve the same functions at
extreme depths. This finding may be one more example
of how connective tissue can serve as a substitute for air
spaces in deep-diving odontocetes.
Fraser and Purves (1960) maintain that a small bubble

of air in the tympanic cavity is a prerequisite for hearing
at depth. As a consequence, they proposed that the vol-
ume of the pterygoid sinuses might determine maximum
dive depth. Fraser and Purves (1960, p.119) state, ‘‘It
seems likely that the pterygoid air sinuses form a reser-
voir for this process of pressure regulation, and that the
maximum depth to which the animal can dive is in rela-
tion to the ultimate compressibility of the air sacs and

Fig. 13. Posterior view of the anatomic components of the ‘‘inter-
nal acoustic pinnae,’’ part of the hearing apparatus in the adult male
Ziphius. The posterior third (‘‘pan bone’’) of the bony mandibles (white)
are so thin that light and biosonar sounds can pass through them by
an as yet undescribed mechanism (Norris, 1968). The internal mandib-
ular fat bodies (MFB; yellow) fill the hollow region within the lower jaw

and terminate on two lateral aspects of tympanoperiotic complexes
(TPC; red). The air-filled pterygoid sinuses (cyan) are large and may
serve as reservoirs to feed the maxillary sinuses (Dodger blue); the
peribullary sinuses (blue), which form acoustic shields to isolate the
TPCs from one another; as well as air for the tympanic cavity around
the ossicles.

373ZIPHIUS SONAR ANATOMY



the size of the tympanic cavity.’’ Our volumetric results
allow us to conduct a ‘‘thought experiment’’ on possible
dive limits based upon the Fraser and Purves notion.
The volume of air in the right pterygoid sinus of our

adult male is 1.5 liters, and the volume of the right
peribullary sinus (including the tympanic cavity) is
35 ml. If we assume a constant (body) temperature, we
can use Boyle’s Law to calculate the amount of pressure
required to compress 1,500 ml of air to 35 ml, a reduction
factor of approximately 43. That value suggests, if the
animal began with these spaces air-filled at the surface
(1 ATM of ambient pressure), that it would take approxi-
mately 43 atmospheres of additional pressure to com-
press the entire volume of the pterygoid sinus into the
volume of the peribullary sinus. If we use a conversion
factor of approximately 10 m of depth equals 1 ATM of
pressure increase; that translates to a depth of 430 m. As
an estimate of the effect of diminishing air volume on the
hearing apparatus, this should be considered a depth of
minimum effect because the pressure relief surface of
these air spaces need not be as thick as we find them in
this postmortem specimen to function as a reflector.
These animals clearly can dive much deeper, 1,888 m
according to Tyack and his colleagues (2006).
Continuing this thought experiment, we measured the

volume of the right tympanic cavity at almost 7 ml.

Compressing the volume of the pterygoid sinus into the
volume of the tympanic cavity requires approximately
214 atmospheres. This translates to a depth of approxi-
mately 2,140 m. In addition, we surmise that the volume
of the tympanic cavity could be reduced by half and still
contain an air bubble around the ossicular chain,
although the mechanism for positioning the bubble is
unclear. If the ‘‘essential’’ air volume is only 3 or 4 ml
that corresponds to depths between 3,750 and 5,000 m,
essentially no limit on dive depth. Again, it should be
recognized that these numbers can only be viewed as a
crude approximation gleaned from the anatomy of a
postmortem specimen. At the same, our thought experi-
ment seems to indicate that dive depth may be limited
by the ratio of pterygoid sinus volume to tympanic cav-
ity volume, as suggested by Fraser and Purves (1960).
The notion that maximum dive depth might be limited

by pterygoid sinus volume is intriguing. But it does not
preclude the caveat that hearing may well continue to
function beyond the proposed limit, if in a diminished
capacity. For example, the thickened interstitial connec-
tive tissue, as described for the posterior portion of the
FVP, might function as a reflective boundary when the
air volume at depth is too small to serve that function
across the entire volume of the peribullary sinuses. The
possible key role of the pterygoid sinuses is buttressed

Fig. 14. The same posterior view as in Figure 13, except that the
bony mandibles and mandibular fat bodies have been removed. What
remains are the acoustically reflective air-filled sinuses, the large pter-
ygoid sinuses (cyan), the maxillary sinuses (light blue), the peribullary

and tympanic sinuses (blue), along with the bony tympanoperiotic
complexes (TPC; red). These air spaces are essential functional com-
ponents of the internal acoustic pinnae in deep-diving odontocetes.
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by the fact that the deepest diving odontocetes (sperm
whales and beaked whales) have the largest pterygoid
sinuses, while shallow water species, like platanistoids,
have reduced pterygoid sinuses. Unfortunately, the max-
imum volume of the pterygoid sinuses cannot be easily
extracted from scans of dead specimens. The wall
between the lateral pterygoid sinus and the adjoining
FVP is membranous with considerable capacity for
expansion. During the dissection, it appeared as if the
pterygoid sinus was capable of expanding to at least
twice the volume represented in the scans (perhaps as
much as 6 liters total volume).
There is one curious result that deserves mention.

The careful reader will note that the measured volume
for the ears of the neonate is larger than that for the
adult (Table 1). Accelerated development of the tympa-
noperiotic complexes in odontocetes has been reported
previously (Yurick and Gaskin, 1987, 1988). Neverthe-
less, it seems rather odd that a neonate would have ears
larger than an adult.
We were suspicious of this result so we collected seg-

mentation information by three different methods for
comparison. When we used a threshold-only method for
segmenting the TPCs, we found that the ears of the adult
are volumetrically slightly (23%) larger than that of the
neonate. Inspection of the resulting segments revealed
that this method did not capture the thinnest bony
regions, of which there are many in odontocete TPCs. If
these very thin bones are only a few pixels or less across,
then the bones appear less dense because of scanner algo-
rithms (Spoor et al., 1993). This finding means they will
not be captured by a threshold-only process.
We also used the hands, eyes, and brains of two expe-

rienced operators combined with image processing tech-
niques to segment the ears of the adult and neonate
Ziphius specimens. These two independent, operator-
determined volumes were similar and are those reported
in Table 1. So, the question becomes, how do we inter-
pret this odd result? There may be multiple contributing
factors. The volume of the TPCs is small relative to the
FOV, so any error will be magnified to some degree. In
addition, the characteristics of bone in neonates and
adults are normally very different, but perhaps less in
this case considering the potential for accelerated devel-
opment of the hearing apparatus. It has also been sug-
gested that our curious result might be explained by the
tendency for neonates to exhibit accelerated develop-
ment of the brain and sensory systems resulting in
enlarged features, perhaps for some sort of neurosensory
‘‘innate releasing mechanism’’ as espoused long ago by
Konrad Lorenz (1935). This is perhaps not so preposter-
ous in a deep-diving organism where most tissues are
relatively transparent to their sonar sounds. An expla-
nation of our conundrum remains equivocal and awaits
future investigation.

Concluding Remarks

An important objective of this study was to demon-
strate the value of quantitative image analysis. Digital
images cry out for quantitative analysis but very often
researchers do not take full advantage of this capacity.
As we have shown, there are many advantages in using
image analysis to understand functional morphology.
For example, volume (a proxy for size), is an indicator of

relative investment of resources, and perhaps functional
importance. Digital images also allow us to define tissue
boundaries quantitatively and, more importantly, pro-
vide morphology that is frozen in time so that compari-
sons can be made perennially with future specimens.
Digital image analysis also provides a means for quanti-
fying precision and/or error in our measurements. And
finally, CT scans yield information that allows us to gen-
erate 3D density maps, which are important to under-
standing sound propagation.
Taken together, the biosonar anatomy in the head of

Ziphius suggests one overriding theme that permeates
most of the results reported here; acoustic reflectors are
crucial. Air is a precious commodity in the life history of
these prodigious diving mammals, but when air is
unavailable a good substitute can be an interface of
dense connective tissue or bone, particularly if it is an
interface with acoustic fat.
A portion of this theme runs through the forehead

where the dense connective tissue arch forms a wave-
guide or tunnel around the fatty melon, the anterior
aperture of which is the only plausible pathway for
sound emitted from the head (Figs. 2, 5–7). One critical
role for air in the forehead is primarily in pressurizing
and powering the sound generation process. Presumably,
all odontocetes generate sonar signals in a similar man-
ner using homologous structures, the ‘‘unified hypothe-
sis’’ of Cranford et al. (1996). If we extrapolate the pat-
tern seen in Tursiops truncatus (Cranford et al., 1997;
Cranford, 2000; Cranford et al., In review) to all odonto-
cetes, we find that only small bubbles of air are required
to generate echolocation clicks. This must also be the
case for the deep-diving Physeteroids, the sperm whales
and beaked whales.
The other portions of the theme are prominent in

association with the hearing apparatus on the underside
of the head. Air plays a prominent role in maintaining
the binaural properties of the hearing apparatus as pre-
viously discussed.
Because of its potential to be affected by exposure to

high-intensity sound, the hearing apparatus is at the cen-
ter of our interest here. It is possible that the cascade of
events leading to stranding and death could begin with
the tympanoperiotic complexes. At the same time, it is re-
markable that we have a paucity of anatomic facts and
incomplete understanding of the functional aspects of the
hearing apparatus in odontocetes, some of the world’s larg-
est mammals. For example, there is a still debate about one
of the most basic facets, whether the ossicular chain is a
functional part of the conduction pathway (McCormick
et al., 1970; Fleischer, 1980a; Ridgway et al., 2001).
In odontocetes, there are multiple acoustico-adapta-

tions, including development of a novel acoustic pathway
from the environment to the tympanoperiotic complex,
thinned, translucent mandibles sandwiched between de
novo fat bodies, enlarged pterygoid sinuses, increases in
the density and stiffness of cochlear components, and an
elongate basilar membrane, among others. Many of the
bony elements have become almost porcelaneous and are
often fused to one another. The connections between ele-
ments have been stiffened presumably to support high-
frequency vibrations. All of these changes are used to
receive, process, and analyze sound. Are there deleteri-
ous effects on these structural complexes by high-inten-
sity sound?
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Unfamiliarity is often an obstacle to gaining knowl-
edge and understanding of a creature or system. Odonto-
cetes spend the majority of their lives in an underwater
world where light barely penetrates the surface layers
and where vision, our most acute sense, is of limited
value. The primary sensory modality in odontocetes is
the hearing apparatus, but the wholesale evolutionary
revamping of its architecture makes it as unfamiliar as
the world in which these animals live. By definition,
ziphiids are unfamiliar. The purpose of the work
reported here is to pull back the veil of unfamiliarity for
this little-known species and lay the groundwork for
simulating and visualizing sound propagation pathways
within the head. This investigative trajectory should
bring us closer to understanding the biosonar apparatus
and the effects of high-intensity sound on these animals.
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