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ABSTRACT

A number of mass strandings of beaked whales have in recent decades been temporally and spatially coincident with military activities
involving the use of midrange sonar. The social behaviour of beaked whales is poorly known, it can be inferred from strandings and some
evidence of at-sea sightings. It is believed that some beaked whale species have social organisation at some scale; however most strandings
are of individuals, suggesting that they spend at |east some part of their life alone. Thus, the occurrence of unusual mass strandings of beaked
whales is of particular importance. In contrast to some earlier reports, the most deleterious effect that sonar may have on beaked whales
may not be trauma to the auditory system as a direct result of ensonification. Evidence now suggests that the most serious effect is the
evolution of gas bubbles in tissues, driven by behaviourally altered dive profiles (e.g. extended surface intervals) or directly from
ensonification. It has been predicted that the tissues of beaked whales are supersaturated with nitrogen gas on ascent due to the
characteristics of their deep-diving behaviour. The lesions observed in beaked whales that mass stranded in the Canary Islands in 2002 are
consistent with, but not diagnostic of, decompression sickness. These lesions included gas and fat emboli and diffuse multiorgan
haemorrhage. This review describes what is known about beaked whale anatomy and physiology and discusses mechanisms that may have
led to beaked whale mass strandings that were induced by anthropogenic sonar.

Beaked whale morphology isillustrated using Cuvier’s besked whal e as the subject of the review. As so littleis known about the anatomy
and physiology of beaked whales, the morphologies of a relatively well-studied delphinid, the bottlenose dolphin and a well-studied
terrestrial mammal, the domestic dog are heavily drawn on.

KEYWORDS: BEAKED WHALES; STRANDINGS; BOTTLENOSE DOLPHIN; ACOUSTICS; DIVING; RESPIRATION; NOISE;
METABOLISM

INTRODUCTION relatively accurate procedure, but extrapolation, particularly
when it involves several orders of magnitude in size, isless
so (K. Schmidt-Nielsen, pers. comm. to S. Rommel).
Beaked whales are considered deep divers based on their
feeding habits, deep-water distribution and dive times
(Heyning, 1989h; Hooker and Baird, 1999; Mead, 2002).
Observations from time-depth recorders on some beaked

Strandings of beaked whales and other cetaceans that are
temporally and spatially coincident with military activities
involving the use of mid-frequency (1-20kHz) active sonars
have become an important issue in recent years (Nascetti et
al., 1997; Frantzis, 1998; Anon., 2001; 2002; Balcomb and
Claridge, 2001; Jepson et al., 2003; Fernandez, 2004;
Fernandez et al., 2004; 2005; Crum et al., 2005). This
review describes the relevant aspects of beaked whale
anatomy and physiology and discusses mechanisms that
may have led to the mass strandings of beaked whales .
associated with the use of powerful sonar. The anatomy and 10’ \ m/p{'vs

physiology of marine mammals are not as well studied as . S
are those of domestic mammals (Pabst et al., 1999) and %{
within the cetacean family of species even less is known 10° /;f? =5/

about the beaked whales than about the more common /ﬁ@?

. 5N
Furthermore, many of the morphological and physiological =

delphinids (e.g. the bottlenose dolphin, Tursiops truncatus).
principles that are applied to pathophysiological evaluations

Cuvier’'s beaked whale

Body length (m)

-
(=)

of marine mammals were developed on small terrestrial 107

mammals such as mice, rats and guinea pigs (e.g. Anon., 10% 10" 10° 10' 10> 10° 10*  10°
2001). Predictions and interpretations of functional Body weight (kg)

morphol ogy, phySIOlOgy ,and pathophyS| OI,Ogy must Fig. 1. Body size, expressed as weight and length for a variety of
therefore be handled cautiously when applied to the mammals. Marine mammals are large when compared to most other
relatively large diving mammals (Fig. 1). Interpolation is a mammals and beaked whales are relatively large marine mammals.
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whales have documented divesto 1,267m and submergence
times of up to 70min (Baird et al., 2004; Hooker and Baird,
1999; Johnson et al., 2004). Notably, beaked whales spend
most of their time (more than 80%) at depth, typicaly
surfacing for short intervals of one hour or less. Virtualy no
physiological information on beaked whales exists and
information on any cetacean larger than the bottlenose
dolphin is rare. Given this paucity of data this review relies
on information obtained from both terrestrial mammals and
other marine mammal species. In particular it draws heavily
from the morphology of a well-studied terrestrial mammal,
the domestic dog (Canis familiaris) and a relatively well-
studied cetacean, the bottlenose dolphin, referred to herein
as Tursiops (Fig. 2). Beaked whale morphology isillustrated
using Cuvier’s beaked whale (Ziphius cavirostris), further
referred to as Ziphius. Ziphius, based on stranding records
(they are rarely identified at sea), is the most cosmopolitan
of the 21 beaked whale species (within 6 genera: Berardius,
Hyperoodon, Indopacetus, Mesoplodon, Tasmacetus and
Ziphius) (Baird et al., 2004; Dalebout and Baker, 2001,
Mead, 2002; Rice, 1998).

ANATOMY/PHYSIOLOGY

Before considering the potential mechanism by which
sounds may affect beaked whales, it is important to review
what is known and can be inferred of their anatomy and

physiology.

External mor phology

Aside from dentition and conspecific scarring between
males, there are few external morphological differences
between the genders of Ziphius (Mead, 2002). The head is
relatively smooth (Figs 2 and 3) and the average adult total
body length is 6.1m (Heyning, 2002). The throats of all
beaked whales have a bilaterally paired set of grooves
associated with suction feeding (Heyning and Mead, 1996).
Ziphius bodies are robust and torpedo-like in shape, with

small dorsal fins approximately 1/3 of the distance from the
tail to the snout. The relatively short flippers can be tucked
into shallow depressions of the body wall (Heyning,
2002).

Specialised lipids

Marine mammals have superficial lipid layers called
blubber (Fig. 3). Blubber in non-cetaceans is similar to the
subcutaneous lipid found in terrestrial mammals; in contrast,
the blubber of cetaceans is a thickened, adipose-rich
hypodermis (reviewed in Pabst et al., 1999; Struntz et al.,
2004). Cetacean blubber makes up a substantial proportion
(15-55%) of the total body weight (Koopman et al., 2002;
McLellan et al., 2002) and the lipid content can vary
depending upon the species and the sample site (Koopman
et al., 2003a). Blubber is richly vascularised to facilitate
heat loss (Kanwisher and Sundes, 1966; Parry, 1949) and is
easily bruised by mechanical insult. Since blubber has a
density that can be different from those of water and muscle,
it may respond to ensonification differently, particularly if
conditions of vascularisation (i.e. volume and temperature
of blood) vary. Theroles blubber (and other lipids) may play
in whole-body acoustics should be the subject of further
research.

As in other odontocetes, the hollowed jaw is surrounded
by acoustic lipidst, although the beaked whale acoustic
lipids are chemically different from those of other
odontocetes (Koopman et al., 2003b). These acoustic lipids
conduct sound to the pterygoid and peribullar sinuses and
ears (Koopman et al., 2003a; Norris and Harvey, 1974,
Wartzog and Ketten, 1999) and may function as an
acoustical amplifier, similar to the pinnae of terrestrial

1 Evidence from anatomical, morphological, biochemical and
behavioural studies all support the role of the melon and mandibular
lipids in the transmission and reception of sound by odontocetes
(Norris and Harvey, 1974; Koopman et al., 2003b; Ketten et al.,
2001;Varanasi et al., 1975; Wartzog and Ketten, 1999). Thus, these fats
are collectively referred to here as the ‘acoustic lipids'.

Fig. 2. The skeleton of a Cuvier’s beaked whale, (a) compared to selected marine mammal skeletons: sea otter, Enhydra
lutris (b); harbour seal, Phoca vitulina (c), Florida manatee, Trichechus manatus latirostris (d); California sea lion,
Zalophus californianus (€); bottlenose dolphin (f) and the domestic dog, Canis familiaris (g). Each skeleton was scaled
proportionately to the beaked whale. The Ziphius skeleton was drawn from photographs of Smithsonian Institution
skeleton #504094 and from photographs courtesy of A. van Helden; other skeletons were re-drawn from Rommel and

Reynolds (2002).
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Fig. 3. The externa morphology of a Cuvier’s beaked whale (a) compared with that of the bottlenose dolphin (b). When
compared to terrestrial mammals, Odontocetes have extensive and atypical fat deposits and fat emboli have been
implicated in some beaked whale mass strandings; thus, their potential sources (such as well-vascularised fat deposits)
are of special interest. Skin lipids (or blubber) perform several functions: for example, buoyancy, streamlining and
thermoregulation. (c) This drawing illustrates the thickness of the blubber of a dolphin along the midline of the body.
(d-f) Odontocetes have specialised acoustic lipids, represented by contoursin f, which are found in the melon and lower
jaw. These lipids have physical characteristics that guide sound preferentially.

mammals (Cranford et al., 2003). The ziphiid melon is
similar in size, shape and position to that of other
odontocetes (Heyning, 1989b), but Koopman et al. (2003b)
have shown that like the jaw fat, the acoustic lipids of the
ziphiid melon are also chemicaly different. This suggests
potential differences in sound propagation properties and
perhaps in response to anthropogenic ensonification. Thus,
understanding the role and composition of acoustic lipids
may be important in interpreting lesions in mass stranded
beaked whales.

Extensive fat deposits are also found in the skeleton. Most
cetacean bones are constructed of spongy, cancellous bone,
with a thin or absent cortex (de Buffrenil and Schoevaert,
1988). Like the fatty marrow found in terrestrial mammal
bones, the medullae of cetacean bones arerich in lipids and

up to 50% of the wet-weight of a cetacean skeleton may be
attributed to lipid. Since it has been demonstrated that
individual lipids within the same, as well as different, parts
of the cetacean body may be structurally distinct, it may be
of value to analyse the composition of fat emboli to
determine if the sources are from general or specific lipid
deposits. Thus, lipid characterisation of fat emboli may help
pinpoint the source of lipids and therefore the site of injury.

The skeletal system

There is a pronounced sexual dimorphism in the skulls of
Ziphius; the species name (cavirostris) is derived from the
deep excavation (prenarial basin) on the rostrum that occurs
in mature males (Heyning, 1989a; Heyning, 2002; Kernan,
1918; Omuraet al., 1955). The bones of male beaked whale
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rostra (the premaxillaries, maxillaries and vomer) may
become densely ossified (in the extreme, up to 2.6g cm—3in
Blainville's beaked whale, Mesoplodon densirostris),
thought to be an adaptation for conspecific aggression (de
Buffrenil and Zyberberg, 2000; MacLeod, 2002). Both
genders have homodont dentition (teeth are al the same
shape) and a caudally hollowed, lipid-filled, lower jaw, as
do other odontocetes.

The premaxillary, maxillary and vomer bones are
elongated rostrally and the premaxillaries and maxillaries
are also extended dorsocaudally over the frontal bones (Fig.
4b; telescoping, Miller, 1923). The narial passages are
essentially vertical in all cetaceans and the nasal bones are
located at the vertex of the skull, dorsal to the braincase. In
Tursiops, the nasal bones are relatively small vestiges that
lie in shallow depressions of the frontal bones (Rommel,
1990). Conversely, the nasal bones of beaked whales are
robust and are part of the prominent rostral projections of
the skull apex (Fig. 4; Kernan, 1918; Heyning, 1989a).

Odontocetes have larger, more complex pterygoid bones
than terrestrial mammals. In delphinids, the pterygoid and
palatine bones form thin, almost delicate, media and lateral
walls lining the bilaterally paired pterygoid sinuses. The
pterygoid sinuses of Tursiops are harrow structures that are
constrained by the margins of the pterygoid bones. In
contrast, the pterygoid bones of beaked whales are thick and
robust (Figs 4 and 5) and their pterygoid sinuses are very
large (measured by Scholander (1940) each to be
approximately a litre in volume in the northern bottlenose
whale, Hyperodon ampullatus). Beaked whale (and
physeteroid) pterygoid sinuses lack bony lateral laminae
(Fraser and Purves, 1960). These morphological
characteristics of the pterygoid region imply differences in
mechanical function and perhaps response to ensonification
by anthropogenic sonar, and thus may be important in
interpreting lesions found in beaked whales.

In most mammals, there is atemporal ‘bone’, which is a
compound structure made up of separate bony elements
and/or ossification centres (Nickel et al., 1986). In many
mammals, the squamosal bone is firmly ankylosed to the
periotic (petrosal, petrous), tympanic (or parts thereof) and
mastoid bones to form the temporal bone (Kent and Miller,
1997). However, thisis not the case in fully aquatic marine
mammals (cetaceans and sirenians), where the squamosal,
periotic and tympanic bones (there is some controversy over
the nature of the mastoid as a separate ‘bon€’) remain
separate (Rommel, 1990; Rommel et al., 2002). Unlike the
skulls of most other mammals in which the periotic bones
are part of the inner wall of the braincase, the cetacean
tympano-periotic bones are excluded from the braincase
(Fig. 5; Fraser and Purves, 1960; Geisler and Lou, 1998).
The beaked whale tympano-periotic is a dense, compact
bone (as in other cetaceans), whereas its mastoid process
(caudal process of the tympanic bulld) is trabecularz (like
most other cetacean skull bones). The Ziphius mastoid
process, unlike that of the delphinids (and some other
beaked whales), isrelatively large and interdigitates with the
mastoid process of the squamosal bone (Fraser and Purves,
1960).

The beaked whale basioccipital bone is relatively
massive, with thick ventrolateral crests, in contrast to the
basioccipital crests in delphinids, which are relatively tall
but thin and laterally cupped (Fig. 5). In odontocetes, there
are large, vascularised air spaces (peribullar sinuses)
between the tympano-periotics and basioccipital crests. In

2 A trabecular mastoid is also observed in some physeteroids.

Tursiops, the pathway from the braincase for the 7th and 8th
crania nerves is a short (paralel to these nerves), open
cranial hiatus (Rommel, 1990) bordered by relatively thin
bones. In Ziphius, this path is a narrow, relatively long
channel through the basioccipital bones (Fig. 5). It issimilar
in position, but not homologous to the internal acoustic
(auditory) meatus of terrestrial mammals. The morphology
of the pterygoid and basioccipital bones and the size and
orientation of the cranial hiatus likely contribute to
differences in acoustical properties and mechanical
compliance of the beaked whale skull. These bony
structures are therefore of potential importance in the effects
of acoustical resonance.

The vertebral column supports the head, trunk and tail
(Figs 2 and 6). In Tursiops the first two cervical vertebrae
arefused, but therest aretypically unfused (Rommel, 1990);
in contrast, the first four cervicals of Ziphius are fused.
There is more individual variation in the numbers of
vertebrae in each of the postcervical regions of cetaceans
than in the dog. The numbers of thoracic vertebrae vary
between Tursiops and Ziphius: there are 12-14 thoracics in
Tursiops and 9-11 in Ziphius. In cetaceans, the lumbar
region has more vertebrae than that of many terrestrial
mammals, significantly more so in Tursiops (16-19) than in
Ziphius (7-9), however the lumbar section of Ziphius is
greater in length than that of Tursiops. As in al other
cetaceans, there has been a substantial reduction of the
pelvic girdle and subsequent elimination (by definition) of
the sacral vertebrae. The caudal regions have also been
elongated to varying degrees. The vertebral formula that
summarises the range of these numbers for Tursiops is
C7:T12-14:L.16-19:S0:Ca24-28 and for Ziphius is C7:T9-
11:1.7-9:90:Cal9-22 (Figs 6b and 6c).

There is a bony channel, the neural cana (Fig. 6b),
located within the neural arches, along the dorsal aspects of
the vertebral bodies of the spinal column. In most mammals
the neura cana is dightly larger than the enclosed spinal
cord (Nickel et al., 1986). In contrast, some marine
mammals (e.g. seals, cetaceans and manatees) have
considerably larger (i.e. 10-30X) neural canals, which
accommodate the relatively large masses of epidural
vasculature and/or fat (Rommel and Lowenstein, 2001;
Rommel and Reynolds, 2002; Rommel et al., 1993;
Tomlinson, 1964; Walmsley, 1938). These epidural vascular
masses are largest in deeper diving cetaceans (Ommanney,
1932; Vogl and Fisher, 1981; Vogl and Fisher, 1982; S.
Rommel, pers. abs. in beaked whales and sperm whales). In
the tail, there is a second bony channel formed by the
chevron bones, which is located on the ventral aspect of the
spina column (Pabst, 1990; Rommel, 1990). The chevron
bones form a chevron (hemal) canal, which encompasses a
vascular countercurrent heat exchanger, the caudal vascular
bundle (Figs 6b and 6¢; Rommel and Lowenstein, 2001).

Theribs of cetaceans are positioned at a more acute angle
to the long axis of the body than those of terrestria
mammals in order to accommodate decreases in lung
volume with depth. The odontocete thorax has
costovertebral joints that allow alarge swing of the vertebral
ribs, which substantially increases the mobility of the rib
cage (Rommel, 1990). This extreme mobility of therib cage
presumably accommodates the lung collapse that
accompanies depth-related pressure changes (Ridgway and
Howard, 1979). In cetaceans, the single-headed rib
attachment is at the distal tip of the relatively wide
transverse processes instead of the centrum as it isin other
mammals (Rommel, 1990). In contrast to Tursiops, in which
4-5 ribs are double-headed, 7 of the ribs in Ziphius are
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Fig. 4. Bones of the domestic dog skull (a) compared with a schematic illustration (b) showing telescoping in odontocetes and with the
skull bones of Tursiops (c) and Ziphius (d). Telescoping refers to the elongation of the rostral elements (both fore and aft in the case
of the premaxillary and maxillary bones), the dorso-rostral movement of the caudal elements (particularly the supraoccipital bone)
and the overlapping of the margins of several bones. One major consequence of telescoping is the displacement of the external nares
(and the associated nasal bones) to the dorsal apex of the skull. One of the most striking differences between the Tursiops and Ziphius
skulls is the relatively massive pterygoid bones of the latter. The nasal bones of beaked whales are more prominent and extend from
the skull apex. Tursiops has extensive tooth rows; in contrast Ziphius has no maxillary teeth. The dog and Tursiops skulls are adapted
from Rommel et al. (2002). The Ziphius skull was drawn from skulls S-95-Zc¢-21 and SWF-Zc-8681-B (courtesy of N. Barros and D.
QOdell), from photographs of Smithsonian Institution skull #504094 and from photographs courtesy of A. van Helden and D. Allen.

double-headed. This arrangement may contribute to the
function (e.g. mechanical support or pumping action) of
thoracic retia mirabilia located on the dorsal aspect of the
thoracic cavity (Fig. 7) by placing the costovertebral hinges
closer to the lateral margins of the retia. Delphinids have
bony sternal ribs, whereas those of beaked whales are
cartilaginous. The sternum of Tursiops is composed of 3-4
sternabrae, whereas that of Ziphius is 5-6. These
morphological differences might produce different
dynamics during changes of the thorax in response to diving
and thus alter some of the physical properties of the air-
filled spaces. This is an area requiring further research,
particularly because we do not know at what depth beaked
whale lungs collapse.

The air-filled spaces

In addition to the flexible rib cage, cetacean respiratory
systems possess morphological specialisations supportive of
an aquatic lifestyle (Pabst et al.,, 1999). These
specialisations involve the blowhole, the air spaces of the
head, the larynx and the terminal airways of the lung.

The single blowhole (external naris) of most odontocetes
is at the top of the head (Fig. 7). During submergence, the
air passages are closed tightly by the action of the nasal plug
that covers the internal respiratory openings (Fig. 8). The
nasal plug sits tightly against the superior bony nares and
seals the entrance to the air passages when the nasal plug
muscles are relaxed (Lawrence and Schevill, 1956; Mead,
1975).
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thin and laterally cupped. Note that in contrast to the Ziphius calf cross-section, the adult head would have a greater amount of bone

and the brain size would be different. The cross section of an adult

Tursiops is after Chapla and Rommel (2003) and that of Ziphius

is after a scan of a calf (courtesy of T. Cranford). Midsagittal sections of an adult Tursiops (c; after Rommel, 1990) and an adult
Ziphius (d; drawn from photographs of a sectioned skull at the Museum of New Zealand Te Papa Tongarewa).

The anatomy of the blowhole vestibule and its associated
air sacs varies within, as well as between, odontocete
species (Mead, 1975), yet the overall echol ocating functions
are believed to be similar. In Ziphius, the vestibule is longer
and more horizontal than in Tursiops (Fig. 8) and Ziphius
has no vestibular sacs, no rostral components of the
nasofrontal sacs and the right caudal component of the nasal
sacs extends up and over the apex of the skull (Heyning,
1989a). In some Ziphius males, there are relatively small,
left (caudal) nasal sacs, which are vestigial or absent in
females (Heyning, 1989b). The premaxillary sacs, which lie
on the dorsal aspect of the premaxillary bones, just rostral to
the bony nares, are asymmetrical, the right being several
times larger than the left. In adult Ziphius males, there is a
rostral extension of the right premaxillary sac that is
(uniquely) not in contact with the premaxillary bone
(Heyning, 1989a). In Tursiops, there are small accessory
sacs on the lateral margins of the premaxillary sacs
(Schenkkan, 1971; Mead, 1975). In contrast, Ziphius has no
well-defined accessory sacs (Heyning, 1989a). Based on

simple physics, these differences in air sac geometry may
influence the mechanical responses of the head to
anthropogenic ensonification.

Odontocetes have air sinuses surrounding the bones
associated with hearing; the peribullar and pterygoid
sinuses (Figs 8 and 9). These air sinuses are
continuous with each other (Chapla and Rommel, 2003)
and have been described by Boenninghaus (1904) and
Fraser and Purves (1960) as highly vascularised (see
below; Fig. 9) and filled with a coarse albuminous foam,
which may help these air-filled structures resist
pressures associated with depth as well as with acoustic
isolation. The odontocete larynx is very specialised — its
cartilages form an elongate goosebeak (Reidenburg and
Laitman, 1987). The laryngeal cartilages fit snugly into the
nasal passage and the palatopharyngeal sphincter muscle
keeps the goosebeak firmly sealed in an almost vertical
intranarial position (Lawrence and Schevill, 1956). These
morphologica features effectively separate the respiratory
tract from the digestive tract to a greater extent than is
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(Redrawn after Rommel and Reynolds, 2002).

found in any other mammal (Figs 7b and 7c; Reidenburg
and Laitman, 1987). The complex head and throat
muscul ature manipulates the gas pressures in the air spaces
of the head and thus can change the acoustic properties of
the air spaces and the adjacent structures (Coulombe et al.,
1965).

The thoracic cavity (Figs 7a and 7b) contains (among
other structures) the heart, lungs, great vessels and in
cetaceans and sirenians, the thoracic retia (McFarland et al .,
1979; Rommel and Lowenstein, 2001). In Tursiops, the
cranial aspect of the lung extends significantly beyond the
level of the first rib (Fig. 7a), in close proximity to the skull
(McFarland et al., 1979). The terminal airways of cetacean
lungs are reinforced with cartilage up to the alveoli (Fig. 7d;
e.g. Ridgway et al., 1974). Additionally, the cetacean
bronchial tree has circular muscular and elastic sphincters at
the entrance to the alveoli (Fig. 7d; Drabek and Kooyman,
1983; Kooyman, 1973; Scholander, 1940). It has been
hypothesised that bronchial sphincters regulate airflow to
and from the alveoli during a dive (reviewed in Drabek and

Kooyman, 1983). Under compression, the alveoli in the
cetacean lung collapse and gas from them can be forced into
the reinforced upper airways of the bronchia tree. Thus,
nitrogen is isolated from the site of gas exchange, reducing
its uptake into tissues and mitigating against potentialy
detrimental excess nitrogen absorption (reviewed in Pabst et
al., 1999; Ponganis et al., 2003). The microanatomy of
beaked whale lungs has not been described and is therefore
an area requiring future research.

In cetaceans, the ventromedial margins of the lungs
embrace the heart (Fig. 7€), so the heart influences the
geometry of the lungs. These single-lobed lungs change
shape with respiration and depth and the heart affects the
size and shape of the lungs because gas distribution in the
lungs changes, but the shape of the heart remains
relatively unchanged. Additionally, because of the mobility
of the ribs, the size and shape of the lungs change in a
manner different than do those of a terrestrial animal
with a rigid rib cage and multilobed lung (Rommel,
1990). Since respiratory systems contain numerous gas-
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filled spaces, the pressure exerted on them at depth
affects their volume, shape and thus their resonant
frequencies. The shapes of compressed cetacean lungs and
the thorax are also influenced by small changes in blood
volume within the thoracic retia mirabilia (Figs 7e and 10c-
€; Hui, 1975). Although the thoracic retia have not yet been
described in beaked whales, it has been assumed (because
they are deep divers and their retia are relatively large) that
filling these retia with blood may have a noticeable
influence on internal thoracic shape, particularly with
depth.

The actions of the liver and abdominal organs pressing
against the diaphragm, in concert with abdominal muscle
contractions, affect gas pressure in and the distribution of
mechanical forces on the lungs. Appendicular-muscle-
dominated locomotors (such as the dog) couple different
sorts of respiratory and locomotory abdominal forces
(Bramble and Jenkins, 1993) compared to axial-muscle-
dominated locomotors (such as the cetaceans; Pabst, 1990).
This action has not been investigated in cetaceans, but it is

likely that it plays some role in altering the physica
properties of the pleural cavity and the flow of venous blood
and therefore may be important in any mechanical anaysis
of this region.

The vascular system

The mammalian brain and spina cord are sensitive to low
oxygen levels, subtle temperature changes and mechanical
insult (Baker, 1979; Caputa et al., 1967; McFarland et al.,
1979). The vascular system helps avoid these potential
problems. Mammalian brains are commonly supplied either
solely by, or by combinations of the following paired
vessels: interna carotid, external carotid and vertebral
arteries and less commonly by the supreme intercostal
arteries (Fig. 10; Nickel et al., 1981; Rommel, 2003; Slijper,
1936). In cetaceans, the internal carotid terminates within
the tympanic bulla but contributes blood to the fibro-venous
plexus (FVP), which is associated with the pterygoid and
peribullar sinuses (Fig. 9, Fraser and Purves, 1960). These
FVPs do contain some arteries (Fraser and Purves, 1960) but
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are mostly venous vascular structures3. The cetacean brainis
supplied almost exclusively by the epidural retia via the
thoracic retia (Breschet, 1836; Boenninghaus, 1904; Fraser
and Purves, 1960; Galliano et al., 1966; Nagel et al., 1968;
McFarland et al., 1979). These vascular structures have not
yet been fully described for beaked whales.

In most cetaceans, the blood delivered to the brain leaves
the thoracic aorta via the supreme intercostal arteries and
supplies the thoracic retia from their lateral margins (Figs
10d and 10€). The blood then flows towards the midline and
into the epidural (spinal) retia mirabilia of the neural canal
(Wilson, 1879; McFarland et al., 1979) and is directed

3 FVPs have been described as retia mirabilia but should be classed by
themselves. Retia mirabilia (singular- rete mirabile) in the thoracic and
crania regions have been studied by many workers (Breschet, 1836;
Wilson, 1879; Boenninghaus, 1904; Ommanney, 1932; Slijper, 1936;
Walmsley, 1938; Fawcett, 1942; Fraser and Purves, 1960; Nakajima,
1961; Hosokawa and Kamiya, 1965; Galliano et al., 1966; McFarland
et al., 1979; Vogl and Fisher, 1981; 1982; Shadwick and Gosline, 1994;
they were reviewed by Geisler and Lou, 1998), but they are still poorly
understood, in part because of the variety of terms (e.g. basicranial rete,
opthalmic rete, orbital rete, fibro-venous plexus, carotid rete, internal
carotid rete, rostral rete, blood vascular bundle) used to describe them;
in some references (e.g. McFarland et al ., 1979), several different terms
are used to label the same structure; conversely, the same term has been
used to describe different structures in different individuals. The
pterygoid and opthalmic venous plexuses and the maxillary arterial rete
mirabile of the cat and the palatine venous plexus of the dog (Schaller,
1992), which areinvolved with heat exchange, could be homologous to
the FVP. The arterial plexuses of the cetacean braincase may be
homologous to the rostral internal carotid arterial plexus of terrestrial
mammals (Geisler and Lou, 1998).

towards the head to supply the brain (Fig. 10c).
Interestingly, it has been suggested that the sperm whale
(Physeter macrocephalus) brain may be supplied in a
dlightly different manner (Melnikov, 1997) and because of
their phylogenetic proximity (Rice, 1998), it isreasonableto
assume that beaked whale morphology approximates that of
the condition in Physeter. This is a potentially important
area for future research.

In the cetaceans for which thoracic and epidural retiahave
been described, the right and left sides of these vascular
structures have little or no communication and there is an
incomplete circle of Willis, potentially supplying the right
and left sides of the brain independently (McFarland et al.,
1979; Nakajima, 1961; Vogl and Fisher, 1981; 1982;
Walmsley, 1938; Wilson, 1879). This bilateral isolation of
paired supplies may have profound implications on
hemispherical sleep (Baker, 1979; Baker and Chapman,
1977; McCormick, 1965; Oleg et al., 2003; Ridgway, 1990)
and other important physiological processes.

Blood flow is not only separated at the brain. In general,
mammal's possess two venous returns from their extremities:
one deep and warmed; one superficial and cooled (Fig. 11).
In the deep veins, which are adjacent to nutrient arterial
supplies, countercurrent heat exchange (CCHE) occurs if
the temperature of the arteriesis higher than that of the veins
(Figs 11-13; Schmidt-Nielsen, 1990; Scholander, 1940;
Scholander and Schevill, 1955); warmed blood is returned
and body heat is trapped in the core. Arteriovenous
anastomoses (AVAS), can bypass the capillaries and bring
relatively large volumes of blood close to the skin surface to
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maximise heat exchange with the environment (Fig. 11b;
Bryden and Molyneux, 1978; Elsner et al., 1974). Blood
returning in these veins is relatively cool (Hales, 1985). In
most mammals, the warmed and cooled venous returns are
usually mixed at the proximal end of the extremity. In some
cases, such as the brain coolers of ungulates and carnivores,
evaporatively cooled blood from the nose is used to reduce
the temperature of blood going to the brain (Fig. 11c) before
joining with the central venous return, thereby allowing the
brain to operate at atemperature lower than that of the body
core (reviewed in Baker, 1979; Schmidt-Nielsen, 1990;
Taylor and Lyman, 1972).

In mammals, CCHEs have many configurations in
addition to the venous lake surrounding the arterial rete at
the base of the brain (Caputa et al., 1967; Caputa et al.,
1983; Taylor and Lyman, 1972; illustrated for the antelope
in Fig. 11¢). Increasing the surface area of contact between
the arteries and veins in different ways optimises these
CCHEs. Three examples of CCHEs found in cetaceans are
illustrated in Fig. 11d. On the left is a flat array of
juxtaposed arteries and veins found in the reproductive
coolers of cetaceans (Rommel et al., 1992; Pabst et al.,
1998), in the middle is a vascular bundle, an array of
relatively straight, parallel channels, an optimum
configuration for CCHE (Scholander, 1940), such as is
found in the chevron canals of cetacea (Fig. 13c; Rommel
and Lowenstein, 2001). On the right (Fig. 11d) is a
periarterial venous rete (PAVR), which is a rosette of veins
surrounding an artery. These CCHEs are found in the
circulation of cetacean fins (Figs 13d and 13¢), flukes and
flippers (Scholander, 1940; Scholander and Schevill,
1955).

Superficial veins of a cetacean can supply cooled blood to
the body core (Fig. 12a). The veins carrying this blood feed
into bilaterally paired reproductive coolers (Figs 12d-g)
(Rommel et al., 1992; Pabst et al., 1998). In addition to
providing thermoregulation for the reproductive system,
cooled blood from the periphery is also returned to the heart
via large epidural veins (Figs 12d; Figs 13 and 14), which
perform some of the functions of the azygous system in
other mammals (Rommel et al., 1993; Tomlinson, 1964). In
deep divers, such as beaked whales and sperm whales, these
epidural veins are even larger than those observed in
delphinids (S. Rommel, pers. obs.). In Tursiops, the epidural
venous blood may return to the heart viafive very enlarged,
right intercostal veins to join the cranial vena cava (Figs
13a; 14b and 14c). Alternatively, during a dive, epidura
blood may continue to flow in acaudal direction beyond the
intercostal veins so that blood from the brain pools as far
away from the brain as possible, as has been hypothesised
for seals (Rommel et al., 1993; Ronald et al., 1977).

Cooled blood supplied by superficia veinsto the epidural
veins could potentially exchange heat with the epidural
(arterial) retia and/or return cooled blood to the cranial
thorax. Additionally, it may cause a change in the local
temperature of the spinal cord and juxtaposed veins
(Rommel et al., 1993). This hypothesis is supported by the
regional heterothermy observed in colonic temperature
profiles for seals, dolphins and manatees (Rommel et al.,
1992; 1994; 1995; 1998; 2003; Pabst et al., 1995; 1996;
1998). Additionally, superficial veins cranial to the dorsal
fin (Fig. 12a) may provide cooled blood that can be
juxtaposed to the arterial retia in the head and neck. This
morphology has not been described in sufficient detail in
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any cetacean and should be considered to be an important
area of future research due to the significant implications of
spinal cord heterothermy.

The morphology of the vascular system alows us to
speculate on some functions that might be important in
interpreting strandings of deep divers. It is clearly possible
that cooled blood deep within the body may change some of
the physical parameters, (e.g. viscosity, solubility and pH) of
tissues and fluids. Cooled blood could possibly change
physiological parameters e.g. nervous response time,
balance (because of temperature changes in fluid density
within the semi-circular canals) and acoustic and resonant
properties of tissues. The epidural and thoracic retia may
also provide some control of central nervous system (CNS)
temperature. This hypothesis was rejected by previous
workers (e.g. Harrison and Tomlinson, 1956; McFarland et
al., 1979) but those investigations lacked the current

knowledge of superficial venous return (Pabst et al., 1998;
Figs 12a and 12b; Rommel et al., 1992). It is well known
that epidural cooling protects against ischaemic spinal cord
damage in humans and terrestrial mammals (Marsala et al.,
1993) and we now know that it is possible for cooled blood
to flow in the epidural veins. Since ischaemia is an
important part of deep and prolonged dives, it is reasonable
to assume that cooling of the CNS may occur in diving
mammals in order to limit the consequences of reduced
perfusion (Rommel et al., 1995).

In mammals, the temperature of the CNS is also
important in regulating tissue activity (Blumberg and Moltz,
1988; Caputa et al., 1983; 1991; Chesy et al., 1983; 1985;
Miller and South, 1979; Wunnenberg, 1973) and contributes
to prolonging dives in marine mammals by reducing
metabolic demands (Cossins and Bowler, 1987; Elsner,
1999; Hochachka and Guppy, 1986; Ponganis et al., 2003).
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Fig. 11. a Simplified schematic of the mammalian circulatory system,
showing alternate warmed and cooled venous returns, which
typically mix with each other and the central venous return at the
proximal end of each extremity. b. Warmed venous return is achieved
by CCHEs. Cooled venous return is achieved when veins are allowed
to lose heat to the environment. AVAs allow blood to bypass capillary
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illustrated here, cooled venous blood from the nose reduces the
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surrounds the arterial supply of the brain. d. Cetaceans have elaborate
CCHEs, three of which are illustrated here.

The superficial venous returns from the skin and
evaporatively cooled blood at or near respiratory structures
provide cooled blood that could modify deep body
temperatures and extend dive capabilities (Rommel et al.,
1995); deeper divers (such as beaked whales) could
conceivably have excellent control of this thermoregulation
mechanism. As previously mentioned, the concept of
evaporative coolersis not unique to dolphins; they have also
been described in seals (Costa, 1984; Folkow et al., 1988)
and are responsible for brain cooling in terrestrial mammals

(Baker, 1979; Baker and Chapman, 1977; Blumberg and
Moltz, 1988). The structure involved in the CNS coolers of
terrestrial mammals (rostral plexus, pterygoid plexus,
opthalmic plexus) may be homologous to some of the
plexuses supplying the heads of cetaceans (Geidler and Lou,
1998).

Both the internal and external jugular veins of Tursiops
drain the caudal margin of the FVP and there are severa
robust anastomoses between the internal and external
jugular veins (Fig. 14a) at the base of the skull. In this
region, the facial, lingual and maxillary branches join the
externa jugular vein and the mandibular, pterygoid and
petrosal branches join the interna jugular vein. These
anastomoses are located near the caudal margin of the FVPR,
close to where the hyoid apparatus joins the skull on the
ventrolateral aspects of the basioccipital bones
(tympanohyal of Ridgway et al., 1974). We have been
unable to find a complete description of these vascular
structures for the cetacean head.

The brain is surrounded by three connective tissue layers:
the dura mater (which is adherent to the bones of the
braincase), the arachnoid and the pia maters (which enclose
the cerebrospina fluid [CSF] and brain, respectively). The
veins of the odontocete braincase (Fig. 14c), like those of
terrestrial mammals, are divided into two groups: the
meningeal veins on the surface of the brain, which are deep
to the dura matter and the dural sinuses, which are veins
found between the dura and the braincase and which may
create grooves in the skull bones.

The venous system draining the braincase and skull base
is extremely complex (Fraser and Purves, 1960). The
bilaterally paired FVPs consist of small-caliber, thin-walled
veins extending onto the bones of the orbit, the peribullar
sinus and the pterygoid sinus (Fig. 14b). Each FVP appears
to also extend into the mandibular acoustic fat body, which
is juxtaposed to the pterygoid and peribullar sinuses and is
continuous with the acoustic fat of the mandible (Fig. 9;
Boenninghaus, 1904; Fraser and Purves, 1960). The
structure of this special plexus should be the focus of further
work.

According to Fraser and Purves (1960), there are
anastomoses (e.g. emissary veins) between the veins of the
braincase and those from the FVP. The only emissary vein
observed thus far (in Tursiops) is between the basilar dural
sinus on the floor of the braincase and the internal jugular
(Figs 13aand 14c). In Tursiops, this emissary vein exits the
skull via the cranial hiatus and joins the jugulars near the
jugular notch between the basioccipital crest and the
paroccipital process. The geometry of these veinsislikely to
be very important because this is the region of the
haemorrhage described for a Bahamas beaked whale head
(labelled ‘internal auditory canal/cochlear aquaduct’ in
Anon., 2001). Interestingly, there is a robust plexus of
branches from each internal jugular vein that surrounds each
proximal carotid artery, giving the proximal internal jugular
the appearance of a very large vein or venous plexus — part
of thisplexusisillustrated as a vasa vasorum of the external
carotid in Ridgway et al. (1974), but our injections of
Tursiops showed it to be much more robust than illustrated
by them.

In the dog and other domestic mammals, the external
jugular vein is significantly larger than the internal jugular
vein (Ghoshal et al., 1981; Nickel et al., 1981). In contrast,
the internal jugular vein may be equal to or larger than the
external jugular in cetaceans (S. Rommel, pers. obs.; Fraser
and Purves, 1960; Ridgway et al., 1974; Slijper, 1936). The
relatively large size of the delphinid interna jugular vein
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investigated. (Rommel et al., 1992; Pabst et al., 1998).

may be due to the large drainage field of the FVP(s) and the
vasa vasorum of the carotid artery, as well as input of the
emissary vein draining the caudal ventrolateral basilar dural
sinuses within the braincase.

Other vascular structures

Typically, most cetaceans have small spleens (Rommel and
Lowenstein, 2001), in contrast to the deep-diving pinnipeds,
which have relatively large spleens that provide storage of
red blood cells to increase haematocrit during dives (Elsner,
1999; Zapol et al., 1979). Increasing hematocrit aters blood
properties such as viscosity (Elsner et al., 2004).
Interestingly, beaked whales have much larger spleens than
delphinids (Nishiwaki et al., 1972) and beaked whale livers

may berelatively larger aswell. Both organsfilter blood and
may therefore be important in the management of emboli.
The large venous sinuses and muscular portal sphinctersin
cetacean livers (reviewed in Simpson and Gardener, 1972)
may increase the hepatic entrapment of otherwise fatal
portal gas emboli, which have been described in the Canary
Islands (Fernéndez et al., 2004; 2005) and UK (Jepson et al.,
2003) cetacean strandings. The kidney, another organ that
filters blood, has been reported to have DCS-like (gas
bubble) lesions in the same Canary Islands and UK
strandings. Capillary fenestrae may allow fat and gas
emboli to pass through them. Unfortunately, the specifics of
the vascular anatomy describing these functions are
inadequate.
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physical properties (e.g. viscosity, solubility, pH) in the tissues it comes in contact with.

Finally, a number of cetacean cardiovascular adaptations, Autochthonous or venous-gas bubbles and epidural venous
such as the large venous sinuses (Harrison and Tomlinson, thrombosis have been proposed as mechanisms of spinal
1956; Tomlinson, 1964) and convoluted pathways for blood DCS lesions in humans (Hallenbeck et al., 1975; reviewed
flow (e.g. Nakajima, 1967; Slijper, 1936; Vogl and Fisher, in Francis and Mitchell, 2003). The large epidura venous
1981; Walmsley, 1938), may have relevance to the spaces (Harrison and Tomlinson, 1956) and the lack of
mitigation of gas emboli and DCS. For example, the double Hageman and other clotting factors and more potent heparin
capillary network in the lung aveoali (reviewed in Simpson in cetacean blood (reviewed in Ridgway, 1972) may
and Gardener, 1972) may help prevent transpulmonary therefore also reduce the risk of cetacean spinal cord bubble
passage (arterialisation) of venous gas emboli. The injury.

extensive meshwork of small arteries (the retia mirabilia)

that perfuse the entire CNS (Viamonte et al., 1968) might Dive physiology

efficiently filter any arterialised gas emboli (Ridgway and The numerous diving challenges (e.g. DCS, shallow-water
Howard, 1979). It is notable that the retia are most blackout, nitrogen narcosis) are probably overcome by a
developed in the deeper divers (Vogl and Fisher, 1981). number of anatomical, physiological and behavioural
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adaptations, such as the dive response, lung collapse,
controlled ascent from deep dives and surface interval (e.g.
Baird et al., 2004; Elsner, 1999; Ponganis et al., 2003). The
dive response includes a slowing heart rate (reduction in
cardiac output) and a change in the distribution of peripheral
resistance (change in blood flow). While diving, this
response helps ensure that oxygen-sensitive tissues (e.g. the
CNS and heart) maintain a supply of oxygen, while those
with lower metabolic rates or that are tolerant to hypoxia
receive less blood flow. Lung collapse obviates the
exchange of lung gas with blood and most likely serves to
minimise the uptake of nitrogen by tissues. Most studies of
diving adaptation have been performed on pinnipeds (e.g.
Davis et al., 1983; 1991; Elsner, 1999; Kooyman et al.,
1981; Ponganis et al., 2003), with relatively few being
conducted on cetaceans (e.g. Scholander, 1940; Ridgway
and Howard, 1979). Although it is generally accepted that
these physiological responses to diving are shared across
both cetacean and pinniped taxa, none of these phenomena
or their physiological impacts have been quantified in
beaked whales.

Research on freely diving seals suggests that the
redistribution of blood flow during diving is a graded
response, with restriction of blood flow to certain organs

occurring only as oxygen stores become depleted (e.g. Davis
et al., 1991; Ponganis et al., 2003; Ronald et al., 1977,
Zapol et al., 1979). Nonetheless, in forced dives, peripheral
vasoconstriction redistributes blood so that the brain
maintains constant vascular flow at the expense of other
tissues, which is similar to results observed during
unrestrained deep dives (Kooyman, 1985; Ponganis et al.,
2003). Few similar lines of forced-dive research have been
conducted on cetaceans (Scholander, 1940).

During adive, if the pressure exerted on agasis doubled,
its volume is halved. Water exerts approximately one
atmosphere of pressure for every 10m of depth, so a marine
mammal at 10m experiences twice the hydrostatic pressure
it would at the surface and the air within its lungs will
occupy one half of its volume. Hydrostatic pressures
experienced by diving marine mammals, in conjunction
with anatomical structures supporting the respiratory
system, influence the depth at which lung collapse occurs
(Hui, 1975). Without differentiating between lung and
alveolar collapse, dive experiments suggest that nitrogen
exchange ceases at depths of approximately 70m in
bottlenose dolphins (Ridgway and Howard, 1979) and 30-
50m in seals (Falke et al., 1985; Kooyman, 1985; Zapol et
al., 1979). A contributory factor to the different depths may
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be that seals exhae before diving (Kooyman et al., 1970;
Scholander, 1940), whereas dolphins dive on a lung full of
air (Ridgway et al., 1969).

The effects of increased hydrostatic pressure are not
limited to volume and geometry of the thoracic cavity and
its contents. Increased hydrostatic pressure also acts on
lung air (before complete collapse), by increasing the
amount of nitrogen that dissolves into the blood across
the alveolar membrane. Additionally, raising the pressure
also increases the absolute amount of gas that can be
dissolved into other tissues and fluids. As nitrogen is
biologicaly inert and lipophilic, it readily accumulates in
lipid-rich tissue (e.g. lipids, bone marrow). If tissues
become nitrogen supersaturated during rapid ascent,
nitrogen can rapidly come out of solution, potentially
forming bubbles in lipid-rich tissues and regions
supportive of cavitation (e.g. localised negative pressure
sites associated with the motion of joints). If large enough
and in sufficient quantities, bubbles may result in vascular
emboli, cause haemorrhage in capillary dense tissues and
create localised regions that apply pressure to nervous
tissue. If severe enough, the presence of the bubbles in
humans may cause symptoms of DCS, including pain,
disorientation, nausea and neurological impairment.
Accumulation of gasemboli in joints and the associated pain
is termed ‘the bends' . Additionally, bubbles may damage
lipid tissues (where dissolved nitrogen gas concentrations
may be relatively high) and release fat emboli into
circulation (Ponganis et al., 2003).

In cetaceans, the extensive arrangement of extracranial
arterial retiais an adaptation to diving and is more extensive
in deeper divers (Vogl and Fisher, 1982); however, alack of
these structures does not preclude deep diving or extended
breath-holds, because they are not found in seals or sealions
(Pabst et al., 1999; Rommel and Lowenstein, 2001). Unlike
seals and sea lions, cetaceans have short necks, which
reduces the distance between the heart and the brain. This
presumably increases the potential for mechanical injury
from the systolic pulse of the heart. The brain supply of
cetaceans may act as a windkessel, dampening pressure
fluctuations resulting from the pulsatile flows produced by
the heart (Galliano et al., 1966; Nagel et al., 1968; Shadwick
and Godline, 1994). Additionally, this vascular structure
may have a function in the management of emboli.
Interestingly, the short-necked sirenians also have retia
similar to those of cetaceans as part of their brain blood
supplies (Murie, 1872; Rommel et al., 2003).

HYPOTHESISED FACTORS INVOLVED IN SONAR-
RELATED STRANDING EVENTS

Gas and fat emboli

Emboli are clots, globular obstructions or gas bubbles that
occlude blood vessels or damage tissues by expansion. Gas
emboli are typicaly formed by uncontrolled dysbaric
changes. When hydrostatic pressure is decreased rapidly
(such as during rapid ascent from a dive), high partia
pressures of gases in a saturated medium (such as blood and
interstitial fluid) force gases out of solution. If the ascent
rate is fast enough, gases leaving a saturated tissue form
bubbles, which continue to grow with decreasing
hydrostatic pressure (Boyle's Law). The growing bubbles
are either trapped in tissues and cause physical damage by
way of their expansion, or they can be transported by the
circulatory system to sensitive tissues and cause a blockage.
Obstruction of blood flow to the heart or CNS is the most

severe manifestation of gas embolism, athough numerous
other forms of gas emboli of varying severity exist (Francis
and Mitchell, 2003).

Fat emboli were originally seen in human patients with
long-bone and pelvic fractures but are now associated with
a range of conditions including dysbaric osteonecrosis
(DiMaio and DiMaio, 2001; Jones and Neuman, 2003;
Kitano and Hayashi, 1981; Saukko and Knight, 2004). Fat
emboli are believed to be formed when fatty tissue is
injured, resulting in release of fat droplets into circulation.
Fat emboli have been the proximal cause of death in human
bone-fracture cases. The beaked whales that mass stranded
in the Canary Islands in 2002 had widely disseminated fat
emboli in numerous tissues. Although not diagnostic of
DCS, these findings are consistent with a DCS-like or
acoustically mediated mechanism of gas-bubble formation
(Fernandez et al., 2005; Jepson et al., 2003).

Acoustically mediated bubble growth

Even though marine mammals are believed to be protected
from the formation of gas emboli through behavioural or
physiological means, Crum and Mao (1996) produced a
model suggesting that a sufficient level of acoustic exposure
might cause bubbles to form and grow. One form of thisis
called rectified diffusion (Crum, 1980). During the
compression phase of each sound wave, each bubble is
reduced in size, pressure within the bubble is increased and
gas diffuses out of the bubble. In the rarefaction phase of the
sound wave, bubble diameter increases, pressure is reduced
and gas diffuses into the bubble. Since the amount of gas
moving into and out of the bubble is related to its surface
area and there is a greater surface areaduring the rarefaction
phase, the result is a net gain of gas within a bubble during
each cycle of the applied sound.

Within a gas-supersaturated medium, the threshold for
rectified diffusion was predicted to be lower and gas bubbles
were predicted to grow, once activated, without the
continued presence of an acoustic field (Crum and Mao,
1996). Houser et al. (2001) modelled the accumulation of
gaseous nitrogen within the muscles of various cetacean
species based upon known dive profiles. The results
suggested that species that descend slowly and deeply,
beyond the depth of lung collapse, were those likely to
accumulate the most nitrogen in their muscles. This process
isaugmented if surface intervals of sufficient length to allow
nitrogen washout are not performed regularly. Beaked
whales and sperm whales were predicted to accumulate the
most nitrogen, as high as 300% supersaturation, after a
typical dive sequence. Thus, if such a mechanism were
possible, the likelihood of gas emboli growing, when
ensonified by midrange military sonar, was predicted to be
greater for these types of divers (Crum et al., 2005; Houser
et al., 2001).

Dysbaric Osteotrauma (DOT)

Osteonecrosis refers to bone and bone marrow death
brought on by ischaemia. In dysbaric osteonecrosis,
disruption or cessation of oxygen and/or blood supply to the
bone and bone marrow brought on by harmful pressure
changes, are believed to be the primary pathogenic
mechanism (Hutter, 2000; Jones et al., 1993). Hyperbaric
exposure causing tissues to become saturated with gasses,
makes individuals prone to hypobaric outgassing and
outgassing due to supersaturation is believed to result in gas
emboli. These emboli may expand and thus damage bone
marrow, thereby releasing fatty thromboses and indirectly
causing ischaemic necrosis. Alternatively, the gas emboli
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may directly obstruct vascular pathways. Dysbaric
osteonecrosis typically produces chronic lesions in bones
and therefore does not fit with the very short time period
between sonar exposures to beaked whale mass strandings.
Nonetheless, chronic lesions found in the bones of sperm
whales imply that even under normal circumstances, deep
diving whales are vulnerable to DOT (Moore and Early,
2004). This potential vulnerability of deep diving whales, in
concert with other pathogenic circumstances such as
abbreviated ascent rates and prolonged surface intervals,
could conceivably be the cause of severe and acute
manifestations of DOT.

Such bone trauma may release fat emboli from the
damaged marrow into the circulation, thereby resulting in
acutely and widely disseminated thromboses and rapid
death. The fat emboli suggested by Jepson and
Fernandez (Fernandez et al., 2004; 2005; Jepson et al.,
2003) may therefore have afar moreimportant role than has
previously been assumed. The ‘standard’ histological
techniques applied to the Bahamian beaked whales were
presumably inadequate to assess the presence of fat and gas
emboli.

Behavioural alterations

Under the hypothesis of behavioura alteration, acoustic
exposure is not the primary pathogenic mechanism,; rather, it
causes a behavioural response that induces beaked whalesto
forgo natural diving protocolsin response to the sound field.
Prior to lung collapse, an increased hydrostatic pressure of
air within the lung causes more nitrogen to dissolve into the
blood across the alveolar membranes of the lungs. An
animal that has a substantial amount of nitrogen gas
absorbed in itstissues and which may be frightened by sonar
could be forced to alter its dive profile and ascend faster
than normal. This may result in the supersaturated tissues
exceeding the threshold for bubble formation in these
animals (Crum et al., 2005). We have learned from human
divers that even slight modifications to ascent rate can be
damaging or fatal. Under such a condition, rapid ascent or
extended surface interval may exceed acceptable rates
and/or quantities of nitrogen offloading to the extent that
nitrogen bubbles evolve, forming gas emboli (Jepson et al.,
2003; Fernandez et al., 2004; 2005). Extended surface
intervals are likely, perhaps even more likely, to be a
critical factor influencing nitrogen tissue supersaturation
and bubble pathogenesis, given that beaked whales appear
to spend most of their time at depth and only limited
surface intervals have been recorded (Hooker and Baird,
1999). Although these mechanisms of pathogenesis are
plausible in light of recent pathobiological discoveries,
conclusive evidence is elusive. Future research should
therefore be open to other potential mechanisms of
pathogenesis.

Resonance

Air-containing spaces in diving mammals create media
interfaces with tissues and act as boundaries a which
acoustic energy may be reflected and/or absorbed. These air
spaces may resonate if ensonified at the appropriate
frequency and amplitude. At a meeting organised by NOAA
Fisheries in 2002, scientists were invited to evaluate the
potential for resonance to cause damage in diving marine
mammals (Anon., 2002). Resonance was modelled using a
free, spherical bubble model, which should predict the
maximum vibratory response during ensonification at the
sphere’s resonant frequency. Results from this simplified

model (Anon., 2002) suggested that displacement due to
vibration at resonance, even without the damping provided
by adjacent biological tissues, may be insufficient to cause
significant damage at gas-tissue boundaries. Furthermore,
resonant frequencies predicted for various air spaces were
below those used by the midfrequency sonar systems
implicated in a previous stranding event.

Although useful, the spherical lung model may be an
oversimplification. Complex structures such as lungs likely
have more modes of resonance than simple structures and
although the displacement of tissues at those modes should
be less than at the fundamental frequency of resonance, it
may still be harmful. A compressible, air-filled (there are
also blood, mucus and connective tissues) lung-pair with an
incompressible heart at its midline is a complex shape (Fig.
11). Such a structure will have complex modes of vibration
that change as the volume and shape of the lung-pair
changes with depth (damaged or diseased lungs will
resonate differently). However, it is unknown how the
dimensions of the lungs change with depth, how many
modes of vibration there are and how the modes change with
depth, blood viscosity and temperature.

Further examination of other resonance models may lead
to a more accurate representation of the complex geometry
of mammalian lungs and the physical properties that govern
their resonant characteristics. A good understanding of the
effects of size, shape, function and composition on
resonance would improve our understanding of the etiology
of acoustically induced lesions. Furthermore, additional
measurements of vibrations on living marine mammals may
provide insight into how resonance changes with depth in
animals that have collapsible lung cavities.

Disseminated Intravascular Coagulation (DIC) —
coagulopathy, bleeding diathesis

Another hypothesis proposed for the causes of beaked whale
strandings is that of diathetic fragility, or the tendency to
bleed. It has been proposed that this may occur in concert
with resonance in such a way that bleeding becomes
associated with the tissues of resonating structures or air
spaces. It may also result from a stress response initiated by
acoustic exposure. ldentifying whether blood components
known to be related to diathesis are found in beaked whales
has been suggested as a means to investigate this
possibility. Coagulopathies are caused by any process that
substantially activates the clotting cascade for prolonged
periods. Activation of the clotting cascade within the blood
vessels causes the ordinarily liquid blood to clot.
Sustained activation of the clotting cascade leads to
depletion of clotting factors and a subsequent inability of the
remaining blood to coagulate in response to tissue injury.
Cetaceans are missing one of the usual clotting factors
(Hagman and Fletcher factors; Bossart et al., 2001) and may
therefore be prone to some forms of coagulopathy even
without extensive depletion of clotting factors (see also
Gulland et al. (1996), for this disorder, termed DIC, in
seals).

DIC is variable in its clinical effects and can result in
either systemic clotting symptoms or, more often,
uncontrolled bleeding. Bleeding can be severe. DIC may be
stimulated by many factors, including blood infection by
bacteria or fungi, severe tissue injury from burns or head
injury, cancer, reactions to blood transfusions, shock and
dystocia. Although DIC is a hypothetical mechanism that
has been proposed as a factor in cetacean strandings, there
are few data to support it.
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REVIEW OF NECROPSY FINDINGS

In the Bahamian beaked whale strandings, massive ear
injuries were seen (bilateral intracochlear and unilateral
subarachnoid haemorrhages) and blood clots on the
ventrolateral aspects of the braincase along the path of the
acoustic nerve (in most mammals, the internal auditory
meatus) and extending into the ear. The Ziphius braincaseis
robust (Fig. 5) with a long, narrow channel, which is in
contrast to the short, wide crania hiatus of Tursiops. The
mechanical properties (e.g. compliance) of these two skulll
types and their surrounding tissues is probably dramatically
different and may help account for the appearance of the
lesions described in the Bahamian stranded beaked whales
(Anon., 2001). In these carcasses, postcranial lesions (other
than contraction band necrosis of the heart) were not found,
possibly due in part to the degree of tissue autolysis.

In contrast, tissues from the Canary Islands beaked
whales were much better preserved, enabling a more
detailed pathological investigation. The Canary Islands
beaked whales had acute systemic haemorrhages within the
lungs, CNS and kidneys; systemic fat emboli; and the gross
and/or histological appearance of gas emboli in vesselsfrom
a range of tissues including the brain, choroid plexus,
visceral/parietal serosa and kidney. These acute, systemic
and widely disseminated lesions were considered consistent
with, although not diagnostic of, DCS (Jepson et al., 2003;
Ferndndez et al., 2004; 2005).

In the UK, a small number of cetaceans with acute and
chronic gas-bubble lesions have been found (Jepson et al.,
2003; 2005; Fernandez et al., 2004). The lesions, exclusive
to these UK-stranded cases, included large (0.2-6cm
diameter), hepatic, gas-filled cavities associated with
extensive pericavitary hepatic fibrosis and involved severa
dolphins, a porpoise and only one beaked whale. These
chronic hepatic lesions were found alongside extensive
portal and sinusoidal gas emboli, many of which were
associated with acute tissue responses, including marked
tissue compression and vessel distension, focal
haemorrhages, acute hepatocellular necrosis and fibrin
thrombi. To date, two UK-stranded common dolphins
(Delphinus delphis) also had clearly demarcated bilateral
acute coagulative rena necrosis (consistent with infarcts)
associated with gross and microscopic gas bubbles and
(arterial) gas emboli. Additional cavities formed by gas
bubbles were also seen in lymphoid tissue and other
parenchymatous organs. Of al the UK-stranding cases, the
brains from three carcasses were examined, spina cord
sections in only two cases (most were either grossly and
microscopically normal or showing signs of autolysis) and
the skeletal material was examined in none. It was therefore
not possible to confirm or refute the presence of lesions
consistent with DCS-like symptoms or other causes of gas
embolismin either CNS or bone for most UK -stranded cases
(Jepson et al., 2003; 2005). Although the lesions found in
the UK-stranded animals cover a wide range of acute and
chronic pathologies related to diving and pressure changes,
they may be useful in understanding beaked whale lesions.
It should be noted that these odontocetes all stranded singly
and their histories in terms of acoustic exposure are
unknown.

CONCLUSION

It is important to note that no current hypothesis of
pathogenic mechanisms resulting in acoustically-related
strandings is proven. Even the most widely accepted and

supported ideas have a number of unanswered questions.
Additionally, the diversity of beaked whale species affected,
in conjunction with the variety of geographic locations and
hydrographic features where incidents have occurred, limit
the certitude of interpretations that can be gleaned from
current findings.

ACKNOWLEDGEMENTS

We thank M. Chapla, T. Cox, G. Early, R. Elsner, A. Foley,
T. Grand, F. Gulland, A. Haubold, E. Haubold, T. Hullar, D.
Ketten, H. Koopman, J. Lightsey and L. McPherson for their
helpful comments during various stages of manuscript
preparation. We thank J. Mead and J. Heyning for helpful
discussions. We thank D. Odell and M. Stolen for access to
the collection of beaked whale skulls under their care. An
earlier version of this manuscript was presented by S.
Rommel at the Beaked Whale Technical Workshop,
sponsored by the US Marine Mammal Commission, on 13-
16 April 2004, Baltimore MD, USA.

REFERENCES

Anon. 2001. Joint interim report on the Bahamas marine mammal
stranding event of 15-16 March 2000 (December 2001). NOAA
unpublished report. 59pp. [Available at http://www.nmfs.noaa.gov/
prot_res/overview/Interim_Bahamas Report.pdf].

Anon. 2002. Report of the workshop on acoustic resonance as a source
of tissue trauma in cetaceans, 24 and 25 April 2002, Silver Spring,
MD. US Department of Commerce, National Oceanic and
Atmospheric Administration, National Marine Fisheries Service.
19pp. [Available at http://www.nmfs.noaa.gov/pr/readingrnv
MMSURTASSRes Wkshp_Rpt_Fin.pdf].

Baird, R.W., McSweeney, D.J., Ligon, A.D. and Webster, D.L. 2004.
Teagging feasibility and diving of Cuvier's beaked whales (Ziphius
cavirostirs) and Blainville's beaked whales (Mesoplodon
densirostris) in Hawaii. SWFSC Admin. Report prepared under
Order No. AB133F-03-SE-0986 to the Hawaii Wildlife Fund,
Volcano, HI. 15pp. [Available from: swfsc.nmfs.noaa.gov].

Baker, M.A. 1979. A brain-cooling system in mammals. Sci. Am.
240:130-9.

Baker, M.A. and Chapman, L.W. 1977. Rapid brain cooling in
exercising dogs. Science 195:781-3.

Balcomb, K.C., Il and Claridge, D.E. 2001. A mass stranding of
cetaceans caused by naval sonar in the Bahamas. Bahamas Journal of
Science 2:2-12.

Blumberg, M.S. and Moltz, H. 1988. How the nose cools the brain
during copulation in the male rat. Physiol. Behav. 43:173-6.

Boenninghaus, FW.G. 1904. Das ohr des zahnwales, zugleich ein
bertieg zur theorie du schdleiting. Zool. Jahrb., Jena 19:189-360. [In
German].

Bossart, G.D., Reidarson, T.H., Dierauf, L.A. and Duffield, D.A. 2001.
Clinical pathology. pp. 383-436. In: L.A. Dierauf and F.M.D.
Gulland (eds.) CRC Handbook of Marine Mammal Medicine. 2nd.
Edn. CRC Press, Boca Raton, Florida

Bramble, D.M. and Jenkins, FA. 1993. Mammalian locomotor-
respiratory integration: implications for diaphragmatic and
pulmonary design. Science 262:235-9.

Breschet, M.G. 1836. Histoire anatomique et physiologique d'un
organe de nature vasculaire decouvert dans les cetaces; suive de
quelques considerations sue la repiration de ces animaux et des
amphibies. Brechet Jeune, Paris. 12-13; 38-82pp. [In French].

Bryden, M.M. and Molyneux, G.S. 1978. Arteriovenous anastomosesin
the skin of seals Il. Anat. Rec. 191:253-60.

Caputa, M., Kadziela, W. and Narebski, J. 1967. Significance of cranial
circulation for the brain homeothermiain rabbits— 1. The role of the
cranial venous lakes in the defense against hyperthermia Acta
Neurobiol. Exp. 36:625-38.

Caputa, M., Kadziela, W. and Narebski, J. 1983. Cerebral temperature
regulation in resting and running guinea-pigs (Cavia porcellus). J.
Thermal Biol. 8:265-72.

Caputa, M., Kamari, A. and Wachulec, M. 1991. Selective brain cooling
in rats resting in heat and during exercise. J. Thermal Biol. 16:19-24.

Chapla, M. and Rommel, S. 2003. Comparative morphology of the
outer and middle ear of the Florida manatee. Poster presented at the
Fifteenth Biennial Conference on the Biology of Marine Mammals,



J. CETACEAN RES MANAGE. 7(3):189-209, 2006 207

Greenshoro, North Carolina, December 2003. [Available from:
www.marinemammal ogy.org].

Chesy, G., Caputa, M., Kadziela, W., Kozak, W. and Lachowski, A.
1983. The influence of ambient temperature on brain homeothermia
in the ox (Bos taurus). J. Thermal Biol. 8:259-63.

Chesy, G., Caputa, M., Kadziela, W., Kozak, W. and Lachowski, A.
1985. Selective brain cooling in the ox (Bos taurus) during heavy
exercise. J. Thermal Biol. 10:57-61.

Cossins, A.R. and Bowler, K. 1987. Temperature Biology of Animals.
Chapman and Hall, New York. 300pp.

Costa, D.P. 1984. The contribution of nasal countercurrent heat
exchange to water balance in the northern elephant seal. J. Exp. Biol.
113:447-54.

Coulombe, H.N., Ridgway, SH. and Evans, W.E. 1965. Respiratory
water exchange in two species of porpoise. Science 149:86-8.

Cranford, T., Hock, M., McKenna, M., Wiggins, S., Shadwick, R.,
Krysel, P, Trivedi, A. and Hildebrand, J. 2003. Building an acoustic
propagation model of a Cuvier’'s beaked whale. Paper presented at the
Fifteenth Biennial Conference on the Biology of Marine Mammals,
Greenshoro, North Carolina, December 2003. [Available from:
www.marinemammal ogy.org].

Crum, L.A. 1980. Measurements of the growth of air bubbles by
rectified diffusion. J. Acoust. Soc. Am. 68:203-11.

Crum, L.A. and Mao, Y. 1996. Acoustically enhanced bubble growth at
low frequencies and its implications for human diver and marine
mammal safety. J. Acoust. Soc. Am. 99:2898-907.

Crum, L.A., Bailey, M.R., Guan, J., Hilmo, PR., Kargl, S.G., Matula,
T.J. and Sapazhnikov, O.A. 2005. Monitoring bubble growth in
supersaturated blood and tissue ex vivo and the relevance to
marine mammal bioeffects. Acoustic Research Letters Online
6(3):214-20.

Dalebout, M.L. and Baker, C.S. 2001. DNA puts teeth into the species
identification and systematics of beaked whales. Paper presented at
the Fourteenth Biennial Conference on the Biology of Marine
Mammalss, Vancouver, British Columbia, December 2001. [Available
from: www.marinemammal ogy.org].

Davis, RW., Castélini, M.A., Kooyman, G.L. and Maue, R. 1983.
Renal glomerular filtration rate and hepatic blood flow during
voluntary diving in Weddell seals. Am. J. Physiol. 245:R743-8.

Davis, RW., Castellini, M.A., Williams, T.M. and Kooyman, G.L.
1991. Fuel homeostasis in the harbor seal during submerged
swimming. J. Comp. Physiol. B 160:627-35.

de Buffrenil, V. and Schoevaert, D. 1988. On how the periosteal bone of
the delphinid humerus becomes cancellous: ontogeny of a
histological specialization. J. Morphol. 198(2):149-64.

de Buffrenil, V. and Zyberberg, L. 2000. Structural and mechanical
characteristics of the hyperdense bone of the rostrum of Mesoplodon
densirostris (Cetacea: Ziphiidae): summary of recent observations.
Historical Biology 14(1):57-65.

DiMaio, J.V. and DiMaio, D. 2001. Forensic Pathology. 2nd Edn. CRC
Press, Boca Raton, Florida. 565pp.

Drabek, C.M. and Kooyman, G.L. 1983. Terminal airway embryology
of the delphinid porpoises, Senella attenuata and S. longirostris. J.
Morphol. 175:65-72.

Elsner, RW. 1999. Living in water: solutions to physiological
problems. pp. 15-72. In: J.E. Reynolds Il and S.A. Rommel (eds.)
Biology of Marine Mammals. Smithsonian Institution Press,
Washington, DC.

Elsner, R., Pirie, J., Kenney, D.D. and Schemmer, S. 1974. Functional
circulatory anatomy of cetacean appendages. pp. 143-59. In: R.J.
Harrison (ed.) Vol. 2. Functional Anatomy of Marine Mammals.
Academic Press, New York.

Elsner, R., Meiselman, H.J. and Baskurt, O.K. 2004. Temperature-
viscosity relations of bowhead whale blood: a possible
mechanism for maintaining cold blood flow. Mar. Mammal Sci.
20(2):339-44.

Falke, K.J., Hill, R.D., Qvist, J., Schneider, R.C., Guppy, M., Liggins,
G.C., Lochachka, PW., Elliot, R.E. and Zapol, W.M. 1985. Seal lung
collapse during free diving: evidence from arterial nitrogen tensions.
Science 229:556-8.

Fawcett, D.W. 1942. A comparative study of blood-vascular bundlesin
the Florida manatee (Trichechus latirostris) and in certain cetaceans
and edentates. J. Morphol. 71:105-34.

Fernandez, A. 2004. Pathological findings in stranded beaked whales
during the naval military manoeuvers near the Canary Islands. ECS
Newsletter 42(Special 1ssue):37-40.

Fernéndez, A., Arbelo, M., Deaville, R., Patterson, |.A.P, Castro, P,
Baker, JR., Degollada, E., Ross, H.M., Herraez, P, Pocknell, A.M.,
Rodrigez, E., Howie, R.E., Espinoza, A., Reid, R.J., Jaber, R., Martin,
V., Cunningham, A.A. and Jepson, PD. 2004. Whales, sonar and
decompression sickness. Nature 428:Brief communication. doi:
10.1038/nature02528.

Fernandez, A., Edwards, J.F., Rodriguez, F., Espinosa de los Monteros,
A., Herraez, P, Castro, P, Jaber, JR., Martin, V. and Arbelo, M.
2005. ‘Gas and fat embolic syndrome’ involving a mass stranding of
beaked whales (family Ziphiidae) exposed to anthropogenic sonar
signals. Vet. Pathol. 42:446-57.

Folkow, L.P, Blix, A.S. and Eide, T.J. 1988. Anatomical and functional
aspects of the nasal mucosal and opthalmic retia of phocid seals. J.
Zool., London. 216:417-36.

Francis, T.JR. and Mitchell, S.J. 2003. Pathophysiology of
decompression sickness. pp. 530-56. In: A.O. Brubakk and T.S.
Neuman (eds.) Bennett and Elliot's Physiology and Medicine of
Diving. 5th. Edn. Saunders, Edinburgh.

Frantzis, A. 1998. Does acoustic testing strand whales? Nature
392(6671):29.

Fraser, F.C. and Purves, PE. 1960. Hearing in cetaceans — evolution of
the accessory air sacs and the structure and function of the outer and
middle ear in recent cetaceans. Bull. Br. Mus. Nat. Hist. Zool. 7(1):1-
140.

Galliano, R.E., Morgane, PJ., McFarland, W.L., Nagel, E.L. and
Catherman, R.L. 1966. The anatomy of the cervicothoracic arterial
system in the bottlenose dolphin (Tursiops truncatus) with a surgical
approach suitable for guided angiography. Anat. Rec. 155:325-37.

Geidler, JH. and Lou, Z. 1998. Relationships of cetacea to terrestrial
ungulates and the evolution of cranial vasculature in Cete. pp. 163-
212. In: JG.M. Thewissen (ed.) The Emergence of Whales:
Evolutionary Patterns in the Origin of Cetacea. Plenum Press, New
York.

Ghoshal, N.G., Koch, T. and Pospesko, P. 1981. The Venous Drainage
of the Domestic Animals. Saunders, Philadelphia. 268pp.

Gulland, FM.D., Werner, L., O'Neill, S., Lowenstine, L., Trupkiewicz,
J., Smith, D., Royal, B. and Strubel, |. 1996. Baseline coagulation
assay values for northern elephant seals (Mirounga angustirostris),
and the diagnosis of a case of disseminated intravascular coagulation
in this species. J. WildI. Dis. 32:536-40.

Hales, JR.S. 1985. Skin arteriovenous anastomoses, their control and
role in thermoregulation. pp. 433-51. In: K. Johansen and W.W.
Burggren (eds.) Cardiovascular Shunts. Alfred Benzon, Symposium
21, Munksgaard, Copenhagen.

Hallenbeck, JM., Bove, A.A. and Elliot, D.H. 1975. Mechanisms
underlying spinal cord damage in decompression sickness. Neurology
25:308-16.

Harrison, R.J. and Tomlinson, D.W. 1956. Observations of the venous
system in certain pinnepedia and cetacea. Proc. Zool. Soc. Lond.
126:205-33.

Heyning, JE. 1989a. Comparative facial anatomy of beaked whales
(Ziphiidae) and a systematic revision among the families of extant
Odontoceti. Nat. Hist. Mus. Los Angeles Co. Contributionsin Science
no.405:1-64.

Heyning, JE. 1989b. Cuvier's beaked whale Ziphius cavirostris G.
Cuvier, 1823. pp. 289-308. In: S.H. Ridgway and R. Harrison (eds.)
Handbook of Marine Mammals. Vol. 4. River Dolphins and the
Larger Toothed Whales. Academic Press, London and San Diego. i-
Xix+442pp.

Heyning, J.E. 2002. Cuvier's beaked whale: Ziphius cavirostris. pp.
305-7. In: W.F. Perrin, B. Wursig and H. Thewissen (eds.)
Encyclopedia of Marine Mammals. Academic Press, San Diego.

Heyning, J.E. and Mead, J.G. 1996. Suction feeding in beaked whales:
morphological and observational evidence. Smithson. Contrib. Sci.
464:1-12.

Hochachka, PW. and Guppy, M. 1986. Metabolic Arrest and the
Control of Biological Time. Harvard University Press, Cambridge,
Massachusetts. 256pp.

Hooker, S.K. and Baird, R.W. 1999. Deep-diving behaviour of the
northern bottlenose whale, Hyperoodon ampullatus (Cetacea:
Ziphiidag). Proc. R. Soc. Lond. Ser. B. 266:671-6.

Hosokawa, H. and Kamiya, T. 1965. Sections of the dolphin’s head
Senella caeruleoalba. <ci. Rep. Whales Res. Inst., Tokyo 19:105-33.

Houser, D.S., Howard, R. and Ridgway, S. 2001. Can diving-induced
tissue nitrogen supersaturation increase the chance of acoustically
driven bubble growth in marine mammals? J. Theor. Biol. 213:183-
95.

Hui, C. 1975. Thoracic collapse as affected by the retia thoracica in the
dolphin. Respir. Physiol. 25:63-70.

Hutter, C.D. 2000. Dysbaric osteonecrosis: a reassessment and
hypothesis. Med. Hypotheses 54:585-90.

Jepson, PD., Arbelo, M., Deaville, R., Patterson, I.A.P, Castro, P,
Baker, J.R., Degollada, E., Ross, H.M., Herraez, P, Pocknell, A.M.,
Rodriguez, F., Howiell, FE., Espinosa, A., Reid, R.J., Jaber, JR,,
Martin, V., Cunningham, A.A. and Fernandez, A. 2003. Gas-bubble
lesions in stranded animals: Was sonar responsible for a spate of
whale deaths after an Atlantic military exercise? Nature
425(6958):575-76.



208 ROMMEL et al.. SOME HYPOTHETICAL CAUSES OF SONAR-RELATED STRANDING

Jepson, PD., Deaville, R., Patterson, 1.A.P, Pocknell, A.M., Ross,
H.M., Baker, JR., Howie, FE., Reid, R.J. and Cunningham, A.A.
2005. Acute and chronic gas bubble lesions in cetaceans stranded in
the United Kingdom. \et. Pathol. 42:291-305.

Johnson, M., Madsen, PT., Zimmer, W.M.X., Aguilar de Soto, N. and
Tyack, PL. 2004. Beaked whales echolocate on prey. Proc. R. Soc.
Lond. Ser. B. Supplement 6(271(S6)):383-6.

Jones, J.P. and Neuman, T.S. 2003. Dysbaric osteonecrosis. pp. 659-79.
In: A.O. Brubakk and T.S. Neuman (eds) Bennett and
Elliott's Physiology and Medicine of Diving. 5th. Edn. Saunders,
New York.

Jones, J.P, Ramirez, S. and Doty, S.B. 1993. The pathophysiologic role
of fat in dysbaric osteonecrosis. Clin. Orthoped. 296:256-64.

Kanwisher, J. and Sundes, G. 1966. Thermal regulation in cetceans. pp.
397-409. In: K. Norris (ed.) Whales, Dolphins and Porpoises.
University of California Press, Berkeley, California.

Kent, G.C. and Miller, L. 1997. Comparative Anatomy of the
\ertebrates. 8th Edn. Wm. C. Brown, Chicago, lllinois. 487pp.

Kernan, J.D. 1918. The skull of Ziphius cavirostris. Bull. Am. Mus. Nat.
Hist. 38:349-94.

Ketten, D.R., Gulland, F., Meringo, C., Chittick, E. and Krum, H. 2001.
Water, fat and acoustic impedance matching: soft tissue adaptations
for underwater hearing. Paper presented at the Thirteenth Biennial
Conference on the Biology of Marine Mammals, 28 November to 3
December 2001, Wailea, Maui, Hawaii. [Available from:
www.marinemammal ogy.org].

Kitano, M. and Hayashi, K. 1981. Acute decompression sickness.
Report of an autopsy with widespread fat emolism. Acta Pathol. Jpn.
31:269-76.

Koopman, H.N., Pabst, D.A., McLellan, W.A., Dillaman, R.M. and
Read, A.J. 2002. Changes in blubber distribution and morphology
associated with starvation in the harbour porpoise (Phocoena
phocoena): evidence for regiona differences in blubber structures
and function. Physiol. Biochem. Zool 75:498-512.

Koopman, H., Budge, S., Ketten, D. and Iverson, S. 2003a. Focusing
sound to the odontocete ear: does the complex topographical
arrangement of specific lipids form a wave guide through the
mandibular lipids? Paper presented at the Fifteenth Biennial
Conference on the Biology of Marine Mammals, Greensboro, North
Carolina, December 2003. [Available from: www.marine
mammal ogy.org].

Koopman, H.N., lverson, SJ. and Read, A.J. 2003b. High
concentrations of isovaleric acid in the lipids of odontocetes:
variation and patterns of accumulation in blubber vs. stability in the
melon. J. Comp. Physiol. B 173:247-61.

Kooyman, G.L. 1973. Respiratory adaptation in marine mammals. Am.
Zool. 13:457-68.

Kooyman, G.L. 1985. Physiology without restraint in diving mammals.
Mar. Mammal Sci. 1(2):166-78.

Kooyman, G.L., Hammond, D.D. and Schroeder, J.P. 1970.
Bronchograms and trachograms of seals under pressure. Science
169:82-4.

Kooyman, G.L., Castellini, M.A. and Davis, R.W. 1981. Physiology of
diving in marine mammals. Ann. Rev. Physiol. 43:343-56.

Lawrence, B. and Schevill, W.E. 1956. The functiona anatomy of the
delphinid nose. Bull. Mus. Comp. Zool. 114(4):103-51 + 30 figs.

MacLeod, C.D. 2002. Possible functions of the ultradense bone in the
rostrum of Blainville's beaked whale (Mesoplodon densirostris).
Can. J. Zool. 80:178-84.

Marsala, M., Vanicky, |., Galick, J.,, Radonak, J., Kundrat, |. and
Marsala, J. 1993. Panmyelic epidural cooling protects against
ischemic spinal cord damage. J. Surg. Res. 55:21-31.

McCormick, J.G. 1965. Relationshop of sleep, respiration and
anasthesiain the porpoise: a preliminary report. Proc. Natl Acad. <ci.
USA 3:697-703.

McFarland, W.L., Jacobs, M.S. and Morgane, P.J. 1979. Blood supply
to the brain of the dolphin, Tursiops truncatus, with comparative
observation on special aspects of the cerebrovascular supply of other
vertebrates. Neurosci. Behav. Rev. 3:1-93.

McLellan, W.A., Koopman, H.N., Rommel, SA., Read, A.J,, Potter,
C.W., Nicolas, JR., Westgate, A.J. and Pabst, D.A. 2002.
Ontogenetic allometry and body composition of harbour porpoises
(Phocoena phocoena L.) from the western North Atlantic. J. Zoal.,
London. 257:457-71.

Mead, J.G. 1975. Anatomy of the external nasal passages and facial
complex in the Delphinidae (Mammalia: Cetacea). Smithson.
Contrib. Zool. 207:1-72.

Mead, J.G. 2002. Beaked whales, overview. pp. 81-4. In: W.F. Perrin,
B. Wursig and G.M. Thewissen (eds.) Encyclopedia of Marine
Mammals. Academic Press, San Diego.

Melnikov, V.V. 1997. The arterial system of the sperm whale (Physter
macrocephalus). J. Morphol. 234:37-50.

Miller, G.S., Jr. 1923. The telescoping of the cetacean skull. Smithson.
Misc. Collect. 76:1-71.

Miller, V.M. and South, FE. 1979. Spina cord, hypothamic and air
temperature: interaction with arousal states in the marmot. Am. J.
Physiol. 236:R107.

Moore, M.J. and Early, G.A. 2004. Cumulative sperm whale bone
damage and the bends. Science 306:2215.

Murie, J. 1872. On the form and structure of the manatee (Manatus
americanus). Trans. Zool. Soc. Lond. 8:127-202.

Nagel, E.L., Morgane, PJ., McFarland, W.L. and Galliano, R.E. 1968.
Rete mirabile of dolphin: its pressure-damping effect on cerebral
circulation. Science 161:898-900.

Nakajima, M. 1961. The study on the rete mirabile of the Cetacea. Toho-
lgakuzaka Zasshi 8:1611-24. [In Japanese with English labels and
summary].

Nakajima, M. 1967. On the rete mirabile of the intestine in the beaked
whales, Ziphiidae (Cetacea). Acta Anat. Nipp. 42:283-7. [In
Japanese].

Nascetti, P, Perazzi, A. and Hastrup, O. 1997. An investigation of the
interaction between active sonar operations and marine mammals.
Eur. Res. Cetaceans [Abstracts] 10:61-7.

Nickel, R., Schummer, A., Wilkens, H., Vollmerhaus, B. and
Habermehl, K.-H. 1981. The Circulatory System, the Skin, and the
Cutaneous Organs of the Domestic Mammals. Verlag Paul Parey,
Berlin. 610pp.

Nickel, R., Schummer, A., Seiferle, E., Wilkens, H., Wille, K.-H. and
Frewein, J. 1986. The Locomotor System of the Domestic Mammals.
Verlag Paul Parey, Berlin. 499pp.

Nishiwaki, M., Kasuya, T., Kureha, K. and Oguro, N. 1972. Further
comments on Mesoplodon ginkgodens. Sci. Rep. Whales Res. Inst.,
Tokyo 24:43-56.

Norris, K.S. and Harvey, G.W. 1974. Sound transmission in the
porpoise head. J. Acoust. Soc. Am. 56:659.

Oleg, L., Mukhametov, L. and Siegel, J. 2003. Relationship between
unihemispherical sleep and eye state in cetaceans and pinnipeds.
Paper presented at the Fifteenth Biennial Conference on the Biology
of Marine Mammals, Greensboro, North Carolina, December 2003.
[Available from: www.marinemammal ogy.org].

Ommanney, F.D. 1932. The vascular network (retiamirabilia) of the fin
whale (Balaenoptera physalus). Discovery Rep. 5:327-62.

Omura, H., Fujino, K. and Kimura, S. 1955. Beaked whale Berardius
bairdi off Japan, with notes on Ziphius cavirostris. Sci. Rep. Whales
Res. Inst., Tokyo 10:89-132.

Pabst, D.A. 1990. Axia muscles and connective tissues of the
bottlenose dolphin. pp. 51-7. In: S. Leatherwood and R. Reeves (eds.)
The Bottlenose Dol phin. Academic Press, San Diego, CA.

Pabst, D.A., Rommel, SA., McLellan, W.A., Williams, T.M. and
Rowles, T.K. 1995. Thermoregulation of the intra-abdominal testes of
the bottlenose dolphin (Tursiops truncatus) during exercise. J. Exp.
Biol. 198(1):221-6.

Pabst, D.A., Rommel, SA. and MaLellan, W.A. 1996. Reproductive
thermoregulation in marine mammals. Am. Zool. 36:27A.

Pabst, D.A., Rommel, SA. and McLellan, W.A. 1998. Evolution of
thermoregulatory function in cetacean reproductive systems. pp. 379-
97. In: H. Thewissen (ed.) The Emergence of Whales. Plenum Press,
New York.

Pabst, D.A., Rommel, SA. and McLellan, W.A. 1999. Functional
anatomy of marine mammals. pp. 15-72. In: JE. Reynolds Ill and
S.A. Rommel (eds.) Biology of Marine Mammals. Smithsonian
Institution Press, Washington, DC.

Parry, D.A. 1949. The structure of whale blubber, and a description of
its thermal properties. Quart. J. Micr. Sci. 90:13-25.

Ponganis, P.J., Kooyman, G.L. and Ridgway, S.H. 2003. Comparative
diving physiology. pp. 211-26. In: A.O. Brubbak and T.S. Neuman
(eds.) Bennet and Elliott's Physiology and Medicine of Diving. 5th.
Edn. Saunders, Elsevier Science Ltd, Edinburgh.

Reidenburg, J.S. and Laitman, JT. 1987. Portion of the larynx on
Odontoceti (toothed whales). Anat. Rec. 218:98-106.

Rice, D.W. 1998. Marine Mammals of the World. Systematics and
Distribution. Special Publication No. 4. The Society for Marine
Mammalogy, Allen Press Inc., Lawrence, Kansas. v-ix+231pp.

Ridgway, S.H. 1972. Homeostasis in the aquatic environment. pp. 590-
747. In: SH. Ridgway (ed.) Mammals of the Sea: Biology and
Medicine. Charles C. Thomas (Publishers), Springfield, IL.

Ridgway, S.H. 1990. The central nervous system of the bottlenose
dolphin. pp. 69-97. In: S. Leatherwood and R.R. Reeves (eds.) The
Bottlenose Dolphin. 1st. Edn. Academic Press, Inc, San Diego, CA.

Ridgway, SH. and Howard, R. 1979. Dolphin lung collapse and
intramuscular circulation during free diving: evidence from nitrogen
washout. Science 206:1182-3.

Ridgway, S.H., Scronce, B.L. and Kanwisher, J. 1969. Respiration and
deep diving in the bottlenose porpoise. Science 166:1651-4.



J. CETACEAN RES MANAGE. 7(3):189-209, 2006 209

Ridgway, S.H., McCormick, J.G. and Wever, E.G. 1974. A surgical
approach to the dolphin’s ear. J. Exp. Zool. 188(3):265-76.

Rommel, S. 1990. Osteology of the bottlenose dolphin. pp. 29-50. In: S.
Leatherwood and R.R. Reeves (eds) The Bottlenose Dolphin.
Academic Press, Inc, San Diego, CA.

Rommel, S.A. 2003. Comparative morphology of brain blood supplies
in harbour seals, bottlenose dolphins, and Florida manatees. Paper
presented at the Fifteenth Biennial Conference on the Biology of
Marine Mammals, Greensboro, North Carolina, December 2003.
[Available from: www.marinemammal ogy.org].

Rommel, S.A. and Lowenstein, L.J. 2001. Gross and microscopic
anatomy of marine mammals. pp. 129-63. In: L.A. Dierauf and
FM.D. Gulland (eds.) CRC Handbook of Marine Mammal Medicine.
2nd. Edn. CRC Press, Boca Raton, Florida.

Rommel, S.A. and Reynolds, JE., Ill. 2002. Skeletal anatomy. pp.
1089-103. In: W.F. Perrin, B. Wursig and H. Thewissen (eds.)
Encyclopedia of Marine Mammals. Academic Press, San Diego.

Rommel, SA., Pabst, D.A., McLellan, W.A., Mead, J.G. and Potter,
C.W. 1992. Anatomical evidence for a countercurrent heat exchanger
associated with dolphin testes. Anat. Rec. 232:150-6.

Rommel, S.A., Pabst, D.A., McLéellan, W.A., Early, G. and Matassa, K.
1993. Cooled abdominal and epidural blood in dolphins and sedls:
two previously undescribed thermoregulatory sites. Paper presented
at the Tenth Biennial Conference on the Biology of Marine
Mammals, Galveston, Texas, November 1993. [Available from:
www.marinemammal ogy.org].

Rommel, SA., Pabst, D.A., McLellan, W.A., Williams, T.M. and Friedl,
W.A. 1994. Temperature regulation of the testes of the bottlenose
dolphin (Tursiops truncatus): Evidence from colonic temperatures.
Journal of Comparative Physiology B —Biochemical Systemic and
Environmental Physiology 164(2):130-4.

Rommel, SA., Early, G.A., Matassa, K.A., Pabst, D.A. and McLeéllan,
W.A. 1995. Venous structures associated with thermoregulation of
phocid seal reproductive organs. Anat. Rec. 243:390-402.

Rommel, SA., Pabst, D.A. and McLellan, W.A. 1998. Reproductive
thermoregulation in marine mammals. Am. Sci. 86:440-50.

Rommel, S.A., Pabst, D.A. and McLellan, W.A. 2002. Skull
morphology of marine mammals. pp. 1103-17. In: W.F. Perrin, B.
Wursig and H. Thewissen (eds.) Encyclopedia of Marine Mammals.
Academic Press, San Diego.

Rommel, SA., Reynolds, J.E., Il and Lynch, H.A. 2003. Adaptations
of the herbivorous marine mammals. pp. 287-306. In: L. t' Mannetje,
L. Ramerez-Aviles, C. Sandoval-Castro and J.C. Ku-Vera (eds.)
Recent Developments in the Nutrition of Herbivores. Proceedings of
the VIth International Symposium on the Nutrition of Herbivores.
Merida, Yucatan.

Ronald, K., McCarter, R. and Selley, L.J. 1977. Venous circulation in
the harp seal (Pagophilus groenlandicus). pp. 235-70. In: R.J.
Harrison (ed.) Vol. 3. Functional Anatomy of Marine Mammals.
Academic Press, New York.

Saukko, P. and Knight, B. 2004. Knight's Forensic Pathology. 3rd Edn.
Arnold Press, London. 662pp.

Schaller, O. 1992. |Illustrated \Veterinary Anatomical Nomenclature.
Ferdinand Enke, Stuttgart. 614pp.

Schenkkan, E.J. 1971. The occurence and position of the ‘ connecting
sac’ in the nasal tract complex of small odontocetes (Mammalia,
Cetacea). Beaufortia 19(246):37-43.

Scholander, PF. 1940. Experimental investigations on the respiratory
function in diving mammals and birds. Hvalrad. Skr. 22:1-131.

Scholander, PF. and Schevill, W.E. 1955. Counter-current vascular heat
exchange in the fins of whales. J. Appl. Physiol. 8:279-82.

Scmidt-Nielsen, K. 1990. Animal Physiology: Adaptation and
Environment. 4th Edn. Cambridge University Press, Cambridge, UK.
619pp.

Shadwick, R.E. and Gosline, J.M. 1994. Arterial mechanics in the fin
whale suggest a unique hemodynamic system. Am. J. Physiol.
267:R805-18.

Simpson, J.G. and Gardener, M.B. 1972. Comparative mircoscopic
anatomy of selected marine mammals. pp. 298-418. In: S.H.
Ridgway (ed.) Mammals of the Sea: Biology and Medicine. Charles
C. Thomas, Springfield, lllinois.

Slijper, E.J. 1936. Die Cetacean: Vergleichend-Anatomisch und
Systematisch. Asher and Company, Amsterdam. 590pp. [1972 reprint,
in German].

Struntz, D.J., McLellan, W.A., Dillaman, R.M., Blum, J.E., Kucklick,
JR. and Pabst, D.A. 2004. Blubber development in bottlenose
dolphins (Tursiops truncatus). J. Morphol. 259:7-20.

Taylor, C.R. and Lyman, C.P. 1972. Heat storage in running antel opes:
independence of brain and body temperatures. Am. J. Physiol.
222:114-7.

Tomlinson, J.D.W. 1964. Functional Anatomy of the Vertebral Venous
System. Cardiovascular Anatomy and Pathology Symp. #11. Edn.
Zool. Soc. London, Academic Press, New York.

Varanasi, U., Everitt, M. and Malins, D.C. 1975. Molecular basis for
formation of lipid sound lens in echolocating cetaceans. Nature
255:340-3.

Viamonte, M., Morgane, PJ., Galliano, R.E., Angel, E.L. and
McFarland, W.L. 1968. Angiography in the living dolphin and
observations of blood supply to the brain. Am. J. Physiol. 214:1225-
49,

Vogl, A.W. and Fisher, H.D. 1981. Arterial circulation of the spinal cord
and brain in the Monodontidae (order Cetacea). J. Morphol. 170:171-
80.

Vogl, A.W. and Fisher, H.D. 1982. Arterial retiarelated to supply of the
central nervous system in two small-toothed whales — narwhal
(Monodon monceros) and beluga (Delphinapterus leucas). J.
Morphol. 174:41-56.

Walmsley, R. 1938. Some observations on the vascular system of a
female fetal finback. Contr. Embry. 164(XXVI1):109-78 + 5 plates.
Publ. #496, Carnegie Institute of Washington, Washington, DC.

Wartzog, D. and Ketten, D.R. 1999. Marine mammal sensory systems.
pp. 15-72. In: JE. Reynolds and SA. Rommel (eds.) Biology of
Marine Mammals. Smithsonian Institution Press, Washington, DC.

Wilson, H.S. 1879. The rete mirabile of the narwhal. J. Anat. Physiol.
14:377-98 + 2 plates.

Wunnenberg, W. 1973. Alteration of EEG activity of the hypothalamus
by thermal stimulation of the spinal cord. Pfluegers Arch. 344:75-82.

Zapol, W.M., Liggins, G.C., Schneider, R.C., Qvist, J., Snider, M.T.,
Creasy, R.K. and Hochachka, PW. 1979. Regional blood flow during
simulated diving in the conscious Weddell seal. J. Appl. Physiol.
47:968-73.

Date received: August 2004
Date accepted: December 2005



