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LIVING TMOLPHINS

The rangs of cetacean body size is immense. The smallest dolphin neonate
miy weigh as littls as 3 kg while the largest blue whale (Bryden 1972; Lockyer
1976) may weigh almost 200000 kg — over 60000 times as large. These air-
breathing mammals are present in all the oceans of the world, and four of the
smaller species live only in lreshwaler river systems. Adapted to & compleely
aqualic existence, tied to the surface by the necessity o breathe air, and lured
to the depths in search of rich food resources required for a high rate of
metabolism, the whale family not surprisingly has produced the champions
among marmmalian divers

Some celaceans fzed along the polar ice cap, even venturing inside pack ice
and surfacing to breathe in polynvas or leads where pack ice is broken.
Crhers swim near the egquator over the deepest waters in the world, while siil
athers hunt for food in the mangrove shallows of the tropics. With such
diversity in their sizes and habitats, considerable ranges in any celacean's
diving capability might be expected.

DEPTHS OF DIVES
Historical backzround

Until recent years, the only information about deep diving cetaceans had
been accumulated from observers attached to expeditions and whaling
vessels. Dhuring the 19th century, William Scoreshy (1820) stedied diving by
. mezsuning the runcut of the harpoan lings. He eoncluded thal whales could
dive at least to 50 fathoms (about 100 m). According to Scammon (1874), a
whale could sometimes runout a mile of harpoon line, but dives were not
likely this deep. He observed that harpeoned bowhead whales often went to
the botwom of the Arcuc Ocean and Bering or Okhotsk seas in areas nol over
100 Fathoms fabout 200 m) deep. Such whales semetimes stayed down for an
hiowr or more (Bcammaon 1874,
From the 1940s through the mid- 19608 widely differing opinions were
expressed as to the diving depths of cetaceans. Ommanncy (1932) thought
that whales seldom dived decper than €0 m. Laurie (1933) argued that the
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depth limit for krill-eating specics should be about 100 m, since kil s
seldom Tound below that depth. Scholander LI} attached tny capillary
pressure manomelers to barpoon lines. The maximum dive recorded for s
harpooned in whale was to 355 meters. O hers have concluded that dolphins
and porpoises are nol deep divers (Slijper 1962y, Tomilin (1937} and
Kleinenberg, Yablokov, Bel'kovich and Tarasevich (1964} deduced that
Belugas dive to depths no preater than 20 w0 40 m, Cadenal (19359, Troum
Norris, Baldwin, and Samson 196%), based on stomach conlenls, suggested
that bottlenased dolphins might dive to 200 m. Matthews (19352} expressed
the view that there is thearetically ao limit 1o he depth a cetucean could
plumle,

Madern studics of diving depth

Even in 1986 there are published reports of diving depths in enly a few
species. We de know, however, that some marine dolphins and small toot hed
whales such a3 helugas and pilol whales are capable of deep dives, and, bused
on reperls ol their entanglement in deep sea cables (Fesson 1957) [ew
celologists doubt that the sperm whale is capable of diving deeper (than
1000 m (see Tahle 3.1,

Recently, two methods have been em ploved 1o assess diving depth in small
cetacenns. The first technigue (Ridgway, Scronce, and Kanwisher |49
Riclgway 19721 involves training a caplive animal 1o dive 1o 4 tes] switch in
the open acean (Fig. 3.1). The second technigus involves a taching a recornder
or telemetry device 1ooa dolphin at sen (Evans 19710,

In the first method, the dolphin is trained to dive on acoustic signal to a
switch located at the end of a lang maring cable. The swilch is enclosad in
pressure housing containing the acoustic signal, a hydrophone, a pressure
transducer, and a plunger that the dolphin can press oo activate the swilch.
To carn Teod reward {iypically, small fish such as Columbia River simell,
Thalelfeinhvs vendus, Pacilic mackerel. Scamber dicga. or herring, Clupes
fiareniries], the dalphin must press the plunger at the end of the cable 1o turn
ofl the signal, then return to the surface Tor & hish.

When the trainer sounds the acoustic dive signal, the dalphin wsually
lows several mes. A stopwateh is started on the lnal Blow (exhalation and
inhalation cycled as the animal dives. When (he dolphin presses the plunger,
thus twrming the sound oll, 1he elapsed lime ig recorded as descent lime
When the animal reaches the surlace, the stopwartch is slapped, and descent
nterval is subtracted from total dive time Lo vield ascent time. In one series of
L‘.:L;:-:'rizn-:nt:: [Fig. 3.2), a -:1-:_‘:];:-hi|'| was trained to exhale inlo an nnde rwiter
funnel so that its exhaled breath could be analysed (Ridgway er al. 1969), In
angther series, 1w botllenosed dolphins were trained to slide onlo g rubiber
couch afler completing 25 dives in rapid succession {Redgway and Howard
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Tarle 30 Observed depil and durarion of adtves for some cofacoans

Liepth Dwration Method*  Relerences

{m) {irnl
Sperm whale Plhyseser I3 75 k Heeren [1%957)
1250 A Whiliney im Morris
and Flirvew (14972
While whale Deldplitaapreras 64T I& r Ridgway v ol (1984)
Pilot whale Globivephefa 11 15 T Rowers and Hender-
=on [ 19771
Bottlenase dolphin Fursisps
Pacific varigty 515 B T MaeSheely, perseal
coInnIunciian
L1810
Allznti varicly 390 " T Ridpwiy and

Seronrec, wnpablished
ahesrvilions IR
Rebinzan and Cracd-
dozk (19573

Fragsers dolphin Lageradelphic 500 I:

Fin whale Safacnnpiena 155 n H Suhioslinder 14941
Ealler whale € reinner 263 T Biovwers wnd Hender
som (1972)
Common dedphin Delphis 26 5 i3 Evans (1971)
White-striped dnlphin
Lagenorhypnchus 215 i T Hall ¢ 157

*Methods wsed o determing the depths were as fallaws: A = coastic coarding: T = irpined lrev
swimmting dives: B = recorder attached: E=entinghed in submarnine cable: 1= gyesure sensor
attached to harpoon lne F= feeding habits

19791 A mass spectrograph probe was inserted into (heir musele trcugh 2
hypodermic needle 1o measure partial pressure of nitrogen,

In the initial stodies (Ridgway er 2l 1969), a male Tersiops from the Gull
of Mexico reached a depth of 300m. In subsequent tests {Ridgway and
Seromce 1980, unpublished observations), a female of the same AIECIEs
(Atlantic varety) reached 390 m. In additional wsis, MeShechy (personal
communicalion 1981} dived a trained Fieesings 1o @ depth of $35m,

Hall {19701 induced a trained Lagetorfynchis that had been capured off
Southern California to dive as deep as 215 m. Bowers and Hendersen {1977
drilled a cooperative Gloficephafa that reached 610m snd an Oreimes tha
dived 1o 265 m. While whales trained to dive on command {Ridgway,
Bowers, Miller, Schullz, Jacobs, and Dooley, 19841 in the GEN orean
remained submerged as long as 15 min and 50 sec and dived as deep as 647 m
Other than records of sperm whales (Table 3.1 enlangled in deep sea cables
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Kooyman and coworkers (Koeoyman, Billups, and Farwell 1953} hawve
developed recorders for monitoning diving activily—a tme-deplh recorder
and a depth histogram recorder. These devices bhave besm atlached to
pinnipeds and birds, but, w date, no cetacean studies have been done with
such regorders,

Ha LAY OF 12 TG

VWe know that dolphins dive o considerahle depths. For an air-breathing
muammal, diving poses potential problems and several questions immediately
anse. How do delphins cope with the crushing effects of pressure? How do
they avoid the bends when making rapid, decp dives? How da they avoid the
many additional problems that plague human divers, such as high pressure
nervous syndrome (HPMS) and nitrogen narcosis?

Wile know a good deal about the answer 1o the first question and almaost as
much about the second one, but we are almast completely ignorant as to how
they avoid HPMNE and we know nothing about their sesceptibility 10 nitrogen
Narcosis.

The ¢ffects of pressure

Although several authors have supeested that cstoceans exhale before
descending and dive with lungs nearly empiy or only partially full of air
(Slyper 1962 Andersen 1965) and thes assertion has oflen been repeated (cf.
Clarke 1970; Eisenberg 1981, close observation of trained dolphins at the
outsel of many dives shows that such suggestions are unfounded, Morris er
al. (1965} gave the lollowing description: “Alter the starl command was
given, “Pono’ took one or two breaths, including a characlenstc one just
belore submergence, & quick Breath that oflen broke the nermal breathing
rievihm; then she dove with her lunes Hlled .. In the experimenis of
Ridgway et af. (1969) and Ridgway and Howard (1979), the dolphins also
q.i.i'.'!_:n.i. '.-.-i:|| I:|r|J_55 fi|||._‘:|_|. 5|.:|'|;_||:1|'||.i.¢|' [|';|w'-| I_]_I slales, '“|l; ib F; ;_-'.l_'ll-\::r'i,:.': ul?.a'«.n,:: \'::ll_il_‘:-ll
that the whales dive alier an imspiration.’

Full lungs, owever, have only a slight elfect on the compression of Lhe
dolphin's thorax as it dives, In aceordance with Boyle's Law, the volume of a
civen quantity of gas viaries inversely as the pressure on it A dolphin diving
with 10 litres (L} of air has only one L of gas inits lung at 100 m depth. The
armaunt, in fact, 15 less than one L, because some of the oxygen and some of
the nitrogen will have gone inte the blood stream on the way down—the
oxygen hound to haemoglobin and the nitrogen in solution, 11 the dolphin
began the dive with lungs half filled (3 L), the gas volume at 100 m would be
only 500 ml and less, The compression with respect to todal lung volume
wirtlld b %5 per cenl rather than 90 per cont,

To compensate lor the loss of 90 per cent of its gas volume the dalphin
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thorax must collapse, The human diver is limited in his ability 1o expand and
therefore Lo collapse his thorax. Even trained breathhold divers EXperience &
condition called “squeeze’ at depths of 30 ar 40m and risk sericus injury or
death in diving desper; however, by an almost superhuman elorl one
champion diver, Jacques Mayol, made a dive 1o 100m. Maorphaological
allerations in structure have made the dolphin immune 1o the effects of
squesze’. The dolphin diaphragm is positioned more ahliquely than in other
I1'|'.'|I:|i.l1'|-:|.|:-'|-. Many of the dolphin's ribs are floating, that 15 they have no
connechion to the sternum and most of these that do connect make contact
by long cartilages, The dolphin thorax is flexible: because of this flexibility
Iun:g and chest compliance are nod limited, and no resistance is olered Lo the
ECA'S [Hessure.

Thus, when the trained bottlenosed daolphin, “Tuffy,” pressed a plunger on
his diving test switch aclivating a camers 1o luke his picture al 300 m depth,
the collapse of the chest was apparent in the resulting photograph (Ridgway
ef al. 190%; Fig. 3.3).

Humans can have trouble clearing their sars or equalizing the pressure
difference between that in the middle car and in the water, This is cspecially
difficult il the diver has 2 cold, Failure 1o clear properly on deseent or ascent
can resull in severe pain, ear popping, tnnitus, and bleeding from the ear
canal or nasal sinuses. The diving women of Japan, called Ama. often have

Frai. 13 ."'-.I:l,l|| copsed dalphin pushes the planger on the fest swilch a1 a depch of WKW
Th 1._-;-: callapse is evidenl. especially in thie area behind the 1ol lipper. The phetopraph was
taken with an undersater camern thal w 1% triggersd when the dolphin pressed the Lest switch
nlunger. : i
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Kaoovman and coworkers (Booyman, Billups, and Farwell 1983) have
developed recorders for manitoning diving activity—a time-depth recorder
and a depth histogram recorder. These devices have besn aflached to
pinnipeds and birds, but, to date, no cetacean studies have been done with
such recorders,

HaEARDES OF RIVING

We know that dolphins dive o considerable depths. For an air-breathing
mammal, diving poses potential problems and several questions immediately
arise. How do dolphins cope wilth the crushing effects of pressure? How do
they aveid the bends when making rapid, deep dives? How do they avoid the
many wdditional problems thal plagee human divers, suel as high presser
nervous syidrome (HPMS) and nitrogen narcosis?

We know a good deal about the answer 1o the first question and almost as
much about the second one, bt we are almest compleiely ignorant as to how

MANCO5IE,

The ckfiects of pressure

Although several authors have suppested that cetacesns exhale before
descending and dive with lungs neacly empty or only partially full of ar
(Slgper 1962, Andersen 1965) and this assertion las often been repeated {cf.
Clarke 1970; Eisenberg 1981), close observation of trained dolphins at the
outsel of many dives shows that such suggestions are unfounded. Morns er
af. [1963]) gave the Tollowing description: “Aflter the stan command was
given, Ponc’ took one or two brealhs, inchoding a characteristic one just
belore submergence, a quick breath that olten broke the normal breathing
rivwthm; then she dove with her lungs filled. .. In the experiments of
Hidgway ef o (1968) and Kidgway and Howard (1979), the dolphing also
dived with lungs Alled. Scholander {1940) states, *It s a general observation
that the whales dive alter an inspiration,’

Full lungs, however, have only a slight effect on the compression of the
dolphin's thorax as it dives, In accordance with Bovle's Law, the volume of a
given quantily of gas varigs inversely as the pressore on i A dolphin diving
with [0 Litres (L1 of air has only one L ol gas in ils lung an 100 m depih. The
armount, i fact, 15 less than one L, becausse some of the oxygen and some of
the nitrogen will have gone into the blood stream on the way down—the
oxygen bound e haemoglobin and the nitrogen in solutien. 1T the dolphin
begun the dive with lungs half filled (5 L), the gas volume at 100 m owould be
only S0 ml and less, The compression with respect to total lung volume
wiruld be 935 per cent rather than 20 per cent,

To compensate Tor the loss of 90 per cent of ils gas volume the dolphin
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thorax must collapse. The human diver is imited in his ability to expand and
therefore to collapse his thorax. Even trained breathhold divers experience a
condition called "squeeze’ at depths of 30 or 40 m and risk serious injury or
death in diving decper; however, by an almost superbiuman effart one
champion diver, Jacques Mayol, made a dive 1o 100 m, Morphological
alterations in structure have made the dolphin immune ta the elfects of
Squezee’. The delphin diaphragm is positioned more chliquely than in other
“"3'-1'”%'_'%- Many of the dolphin’s ribs are lloating, that is, they have no
connection (0 the sternum and most of those that do conneet make contact
by long cartilages. The dolphin thorax is Nexible: hecause of this flexibility
lung and chest compliance are not limited, and no resistanee is ofered ta ihe
S80S PTEsSLNE.

Thus, when the trained bottlenosed dolphin, “Teffy,” pressed a plunger on
his diving test switch activating a camera to take his picture at 300 m idepth,
the collapse of the chest was apparent in the resul ing photograph (Ridgway
ef al. 1908 Fig. 3.3),

Humans can have trouble clearing their ears or equalizing the pressure
difference between that in the middle ear and in the water. ‘This is capecially
difficult il the diver has a cold. Failure 1o clear properly on descent or ascent
cian resull in severe pain, ear popping, tinnilus, and Bleeding from Lhe ear
canal or nasal sinuses. The diving women of Japan, called Ama, often have

Fic;. 3.1 Ryl . > ' 3 3 H i

B a3 _-'L"-"-'-I-lﬂllﬂﬂ.‘J dalphin pushes the plunger on the st switch at a depth of 300 m.
e .rlI-JLI.l.. collnpse &= cvident, especially i the ured betulizal the Beft flipper. The photograph was
_.:.-:_:. with ams underwater comera Lhat was triggesed when the dalplion pressed ihe test awieh
plunger, :
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sinusilis, rhinitis, hearing loss, opagity of the tympanic membranes, chronic
otitis media, and stenosts of the Eustachian tubes (Strauss 1969,

Dolphins show some strustiural varations that may help them o cope with
the problem of cqualizing pressure in the ear, sinuses, and nasal syalem, A
robust Bustachian wube leads from each side of the nasal cavily to the
ipsilateral middle gar, The delphin middle garis invesied in 3 massive venous
plexus. The cranial bony sinuses are lined with venous plexuses that can
probably expand to fll zpace in rezponse 0 unegualized pressurs changes
(Eevsenbach de Haan 1937)

Fidpway (19721 has listed four specialized charactenstios that appear to
vary among odontocele species, deponding on their requirements for desp
diving: (1) flexible thoracic structure that allows the thorax o collapse as
hydrostatic pressurs increases; (2) lungs containing large amounts of elastic
lissuge that siretches on inspiration, and al exhalation allows the lungs e
become atelectic withoul separating from the chest wally (3} a resilient
triches that permits the respiratory passages to collapse well bevond the
lirmits of sea-level depd space volume {probably, in Gt w collapss comple-
lelyy and {4} large distensible veins, venous sinuses, and retia mirabilia thar
can engorge with blood and Gl space as respiratory air s compressed during
a dive,

The rete mirabile

Farly anatomists such as Edward Tyson (LGS0 and lohn Huenter {1787)
dissected small celaceans and hazarded their opinions that features such as
the vascular plexuses called retia could function (o equilibrate pressurne
during decp dives. In addition fo pressure reliel, Breschel (183G, cited by
Wilson 1379 also thought the retin might function o store oxvgenated
Blood, as did Ommanney (1932), Erikson (cited in Scholander 19407 swg-
pested that the thoracio rete might serve as & shunt throueh which blcod may
Ao while bypassing muscle and peripheral tissue during diving, Mo anato-
migal or physiclogical evidence has been obtained for Erickson's theory.
Cunningham (1877) and Makajpma (1961) reasoned that the thoracie rete
Muncticned o cushion the spinal cord and maintain a constant thermsal
cnvironment for this part of the nervous svstem. Makajima (19610 identificd
12 different regions of retia in Dersiops and Graspus and suggested that a
prezzure adjustment Mungtion was maore likely than one of oxygen storage.
Scholander (1940) rejected a working hypothesis that the large rete in the
dorsal portion of the thorax could swell © ke up space lell by the
compressing lung air during a Jive, He argued that ‘the intrathoracic
plexuses are oo small in capacity to be of any significance as swelling
organs.” Hui (1975} experimented with a dead Defphives in g pressure
chamber. Based on the resuliz of these experiments, Hui suggesied that the
thoracic rete might engorge slightly to reduce [rom 86 per cent Lo 7% per cent
the percentage of pleural cavity volume lemporanly displaced by thoracic
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collapse. and displacement of abdominal viscera during a dive to 69.7 m (7
almospheres),

In some mammals the internal caratid artery s the m ajor supplier of Blood]
to the brain, This is not the case in the dolphin which supplies 1ts brain
through the massive thoracico-spinal retin (Viamonte, Morgane, Galliano,
Magel, and McFarland 1968). In ils course from hearl Lo hrain, blood pazses
through the retia, This arrangement is thought to have 3 pressure-damping
function for the cerebral circulation (Magel, Morgane, MoFarla nd, and
Cialliano 1968).

MeFarland, Jacabs, and Morgane (1979) noted the complete ahsence of
any role of the internal carotid artery or vertebral arterics in supplving blood
to the dolphin brain and the absence of a Circle of Willis. The entire cerebral
blood supply comes through a thoracico-spinal rete, supplied by intercostal
and posterior thoracic arleries. Vogl and Fisher (1981a), in a study of
Defphingpierus and Morodon, concluded that the carctid artery is closed at
level just proximal to the carotid rete and has no direct involvement with the
cerebral blood supply, Vogl and Fisher (1981b) summarize addilional
ndings as lollows: *Circulatien (o the brain is effected by two pairs of
arleries originaling lrom intracranial retia, The rostral pair supplizs most of
the Terebrain (prosencephalon} and hindbrain {rhembencephalon). The
circulatory patlern is characterized by (1) complele independence of anteriar
cerelral arleries (no anastomoses); (1) exlensive cortical supply by the
anterior choroidal arteries; (3) absence of subdyral communicating vessels
between rostral and cavdal frunks; (4) union of caudal trunks o form a small
basilar artery; and (3) absence of vertebral arteries and hence of a vertebral
basilar system.” In another paper, Vogl, Todd, and Fisher (1981) found thar,
despite the presence of large nerve trunks coursing through the rete, the rete
mirabile is not under extensive nervous control in Monadon. They suppest
thiat @ny vasomotor activity may be in_response to eatecholamines or other
vasoaclive agents in the circulation (Vogl er al. 19%1).

Ridgway and Howard {1982) suggested that the rete might play some role
in the dolphin’s resistance to bends while making many repeated dives in the
ocean. The large thoracico-spinal retia are dorsally positioned and well
placed Lo trap bubbles that might be generated, Vogl and Fisher (198 1h) have
shown that the afferent vessels far outnumber the eferent ones. Temporary
blockage ol even hall of these vessels might have little effect on circulation 1o
spinal cord or brain, Krogh (1934) also thought the rete might play some role
in protecting whales from bends: ‘I suspect that the retia mirahilia of Blood
vessels present in all deep-diving mammals may have something Lo do wilh
the mechanism for escaping caisson disense.

Diving dolphins and the kends

Daolphing are breathhold divers. They do not hreathe compressed gas as
scuba amd “hard-hat” divers do. For a long time this was thought 1o be
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sullicient explanation of why dolphins do not bend alter making numerous
dives at sea (o, Sljper 19620, Maore recently, we have learned that a skin diver
withoul equipment who repestedly decends to depth is also in danger of the
bends. Qur wnderstanding of this problem is due mainly 1o the studies of
Paulev (19065, 1967) In one siudy, be made 60 dives 10 2 depth of 200m,
spending aboul two minutes on the hotlom esch Gme, during a five hour
period. He developed the symploms of bends: pain in the joints, breathing
dillicultics, blurred visien, and abdominal pains, He was put in a recompres-
sion chamber at & aim. pressure and his symptoms rapidly disappeared. The
trestment was continued according 1o ULS, Navy staging lables. He was
brought to one atm. for 19 h 57 min.

Faulev™s treatment was completely sucoesslul bul there are other cases
wirere Lus has not been so (Schmidi-Mielzen 1973), In ancther study, Pauley
(1967 showed that nitrogen accumulated in the tissees when humans made
repeated breathhold dives, The nitrogen tensions exceeded those allowakle
lor ‘no decompression dives’, The stwdies provide o possible explanation for
Taravana, a syndrome of Polynesian divers of Tuamoiu archipelage who
show central nervous sympioms Lthal appear 1o be bends (Strauss 1969).

Two series of experiments with trained dolphins in the open ocean have
felped in the understanding of the problem with respect 10 diving dolphins
(Ridgway er of, 1909, Ridgway and Howard 1979; also see Kanwisher and
Fadgwiy 1983),

Stholander (1940) had proposed that a'veolar collapse would occur in
diving mammals at about 100 m, Such collapse prohibits gaseous exchange
during decp dives and possibly protects the mammal agaunst bends and
nitrogen narcesis, Actually, this hypothesis was proposed six vears earlier by
Damant (%34} who stated the following: AL 100m the total pressure is
about 11 atmospheres absolute, 0, al that depth, Lhe whale's lung is
compressed until an average alveolus has orly one eleventh of the volume it
had when the whale e the surface and began to dive. This shrinking of the
dlveal must greatly decrease the surface svailable Tor diffusion and, in
addiven, the epithelium of the alveolus mest become thicker, stull further
hindering dilTusion, The effect of these changes is to obstruct the entrance of
excess nitrogen into the blood when the whalz is al a considerable depth and
to favor its discharge when the animal is bresthing at the surface.”

To test the hypothesis, a trained dolphin, housed in a Aoating pen in the
Pacilic about 200 m off Point Mugu, California, was used. For diving tests,
the dolphin was called Irom ils pen to swim beside a small boal 1o a test buoy
located in deep water about 8 km offshore. Tae dolphin vsually positioned
iself on the stern wave of the boat (o get a rez ride by “surfing’ most of the
wiy. The dolphin, a male named Tully, was trained o dive to the end of a
citble 308 m long and press the switch (see Fig. 3.1). When a high-lrequency
signal was lurned onoal a conirel box aboard the boal, Tuffy had 1o dive and
press the switch turning off the sound. Imme iately, a low-lrequency cue
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beckoned the dolphin Lo exhale into an inverted water-filled funnel 50 cm
below the surface (see Fig. 3.2). The dolphin was also tzught 1o remain jusl
under the surfuce in response Lo a signal and then afler a time, up Lo about six
minuies, exhale into the Mennel,

Tufly had been trained o participate in the US. Navy Sealab 11 tests in
1965, delivering ilems to, and carrying lines between, divers on the sea floor,
Ridgway ef al (1969) took advantage of Tulfy's experience and had him
swim rapidly biack and forth between twa divers on the botiem at a depth of
Hm. After two to five minutes of such swimming, the low-frequency cue was
sounded from the boat and the dolphin returned 1o exhale in the funnel.

With these methods, expired air was collected from deep dives, surface
breathholds, and shallow dives that involved considerable exercise {5wim-
ming back and forth between divers). The analyses of oxyeen and carbon
dioxide afler dives and breathholds requining the same period of time showed
that the most oxygen was taken from the lung air when Tulfy swam back and
lorth at shallow depths. Less oxygen was used on breatholds near the surfacs,
and much less lung oxygen was used when the delphin dived 1o depths
grester than 100 m

Although prolonged breathholding is essential Tor deep diving, this ahilicy
alone dess not enable the animal o go lo great deplhs, Straciural adap-
tations, such as thoracic collapse (Fig. 3.3), resilient Iraches and bronchi,
highly elastic lungs, and expandable vasculature, permit air (o be compressed
away from the alveoli of the lung during the increasing pressure of the dive.
When the diving delphin reaches 100 m, the alveoli and respiratory bron-
chiales are probably collapsed, and this theoretically prevents more nitrogen
from going into the hlood and protects the animal from bends.

Open ocean diving studies with a trained dolphin have shown that when
making & few very deep dives, a doelphin may be protected from bends by
collapse of the respiratory pertiens of the Jung (Ridgway et af. 1969, Mare
recent studies have shown that the mosl common repetitive dive patiern of
wild dolphins is 1o depths shallower than 100m (Evans 1971}, Considering
Paulev's (1963, 1967) human studies, Ridgway and Howard (1979 used
Workman's {1963) human decompression values 1o design a repetitive dive
schedule for dolphins that would exceed the schedule necessary to praduce
bends in 4 human, '

Two trained dolphing made 23 to 235 dives 1o 100m depth in an hour.
Mean dive time was about 90 sec and surface intervals were | min, Afler
completion of the dive series, each dolphin slid anto a rubber couch and
remainged for an hour while a hypodermic needle probe connecied (0 a mass
spectrometer sampled muscle nitrogen. Based on these measures, nitrogen
lensions as high as 1600 torr were abserved (Ridgway and Howard 1979),
Assuming no alveolar collapse, levels of 2400 1o 2900 1arr should have been
reached. Therefore, in these two Tursiops, it was possible Lo pick 70 m as the
point of respiratory surface collapse,
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The study of Fidgway and Howard (1979} alzo showed that effective
muscular circulation was maimtained during free dives in the open ocean.
This is in contrast to classical findings in seals restrained (or submersion
(Elsner, Franklin, Van Citters, and Kenncy 19a6h), Shunting of blood from
the extremitics to the greal vessels during diving permits blood oxvgen stores
o be used almost exclusively to perfuse the heart and brain and therehy
provides for long dive durations. The concept of a reflex-like circulatory
redistribution for selective exygenation of sensitive lissues at the expense of
those having greater anacrobic capability has received considerable attention
iScholander 1963 Elsner ef al. 1966b; Andersen 1966), Tersiops (Irving,
Stcholander, and Grinnell 1941, Elsner, Kenney, and Burpess 1966a; Kan-
wisher and Ridgway 1983) did not show so marked a circulatory adjustment
to diving as Jdid restrained zeals. Even though marine mammals have the
capability for peripheral vasoconstriction, they maintain an effective intra-
muscular circulalion when diving lree in an open ooean  environment
(Kooyman and Campbell 1972; Ridgway and Howard 1979). Bottlenosed
dolphing are nol protecled by lung collapse from the decompression hazards
af dives to depths shallower than 70m, and the mechanism by which
dolphins avaid decompression sickness on dive schedules known to produce
the syndrome in man 1 not vel completely undersiood.

Letivin, Crruberg, Ross, and Pleckin (19820 have suggested that the
phyzsiolory and anatomy of dolphing is less generative of bukble nuclel than
that of humans, Mackay (1982) suggests that repetitive diving crushes any
bubble nuclel that might otherwise grow 1o symptomatic size during ascent,
bt Ridgway and Howard (1982) pointed oul that this last suggestion sceims
L ignore the results of Pauley {1963)

Az we mentoned previously, specialized anatomy such as fhe vascular
networks and rete mirakile might make dolphins more resistant to bends.
Crifferences in hody chemistry such as a more potent hepann (Abe, Kazama,
and Matsuda 1963) or lack of Hageman factor (Robingon, Kropatkin, and
Aggeler 19690 might also be invelved. Allthough Scholander (1940) found
thal bubbles formed just as readily in whale blood, the gquestion’ of some
dolphin biochemical or biophysical resistance to bends deserves further study
with modern technigues,

Buoyancy repulation

With a few exceplions, celaceans swim with a slighty negative buoyvancy
iSchevill, Ray, Kenyon, Orr, and Van Gelder 1967), 17 lung air is lost, they
tend o sink, Ridgway er ol (1969) made some measurements on a Freshly
dend Tursiops weighing 200 kg, With deflated lungs, the animal weighed
[0 kg just underwater, When the lungs were Tully inflated with 11 L ol air, the
bedy was newtral ar very slightly buoyant al the surface. As the dolphin dives
and Lhe air in its lungs compresses, the animal’s bBody becomes heavier, This
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i probably of little consegquence 1o the delphin, since normal swimming
thrust is such that out-of-meatral buoy ancy values of these small pr|:||:n.':|rl;ic:-r|.::
(0.5 per cent of body weight) are unhkely to be very significant. OF course
when a dolphin rests or sleeps at the surface, buayancy provided by lung air
may be quite imporiant.

Clarke (1970, 1978) has given considerable thought 1o the problem of
Bueyancy regulation in the sperm whale and the function of the spormacet
organ. He suggested (1970 that the spermaceti argan serves as a buayancy
regulator by cooling as the whale dives, Ridgway (1971} opposed Clarke's
theory on physiclogical grounds, and Norris and Harvey (1972} questioned
the idea from several points of view incleding observed behaviour.

Although Clarke's (1970, 1978) hypothesis is intriguing, it might one day
be tested A6 advances in microelecironics, telemetry, and remote sensing
continue. Sensors might be placed in and around the nares and spermaceti
organ of a captured whale. The animal could be released and its diving
record monilored from a trailing boat, Values of temperature, pressure, and
sound production could be transmitted while'the whale is on the surface
belween dives,

EESPIRATION
The blew

Scholander (1940) pointed out that expiration beging just before the whale
reaches Lhe surface and before waler is cleared off (he nostrils {also sec
Kooyman, Norris, and Gentry 1975). 1t is this water together with water
condensing from the breath that gives the visible blow of whales al el
Gilmore (1960) has noted that the blow is hardly visible when grey whales
exhale slowly. The dolphin blow is visible only at very short rangs or
unusually cold, dry weather, Coulombe, Ridgway, and Evans { 1965] showed
that unlike most terrestrizl mammals, dolphins exhale air that is not
completely saturated with water vapour,

In man and most terrestrial mammals, 10 ta 30 per cend of the body heat
produced is lost in breathing, Because dolphins breathe less fr-::qu::nlilﬁ they
conserve much ol this body heat that would be lost by a faster breathing rate.
Exhalation of drier air saves still more heat that might normally be Iost in
evaporative cooling.

Dolphins such as Twrsiops breathe two or three times 2 minute during
moderate swimming, but after a long dive they may blow 10 or even 15 times
during the first minute on the surface. Sperm whales down for an hour may
breathe 80 times in ripid succession before diving again. Scoreshy fIREI:;}
observed a very regular diving and breathing pattern in a sperm whale he
followed all day, The animal would dive for 50 min then surface for 30 or 60
blows in ten minutes before diving aguin.
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Lawrence and Schevill (1956) have shown thai Tursiops exhales and
inhales in about 0.3 sec. Kooyman and Cornell (1981) studied the flow
properties of expiration and inspiration of a trained Twesiops with a
citlibrated flow meter and came up with the same lgure. Kooyman :3!ul
Sinnett (1979) measured a peak expiratory Now rate of 10 vital capacitics
(WO} per sec in experiments with excised harbour porpoise lung. Ifinnyfn;m
and Cornell (1981) found 6 VO per sec peak expiratory Now in their trained
Twrstaps. [nspiratory Mow rales in hoth species wers much slcmwcr__ K ooyman
and Cornell {1981} summarize the implications of cetacean respiratory flow
patterns us follows: “The whale improves ils utilization of time at |;|1:- 5u1:|::1-:.-:
by mitiating the blow just prior 1o surfacing (Kooyman et ol IS'.-_'-'..}\_ [his
'-‘;“"'.*' beginning and Tast expiration nol only leave more time while the
blowhole 15 above the water's surface for the slower inspiration, but the
explosive respiration also clears the upper airway mmplm-::].}- ol witter. The
short duration of the entire breathing maneuver reduces the time spent by the
animal at or near the turbulent wirfwater interface and thus reduces swim-
ming effort as well. Finally, the Jarge VO and small residual volume of slmelll
whales {Tursiops, Phocoena, and Glaficephala) (Irving e al. 1941, Q‘.E,:”I
Elsner, Hale, and Kenney 196% Kooyman and Sinnetl 1979) result in a
somewhat more effective turnover ol alveolar gas alter a deep breath than in
other mammals,” A

Dalphing breathe less freguently than werrestrial mammals. They compen-
sute by taking deeper breaths and they extract more oxygen J'rm.u the air they
Breuwthe (Irving of ol 1941, Kanwisher and Sundnes 19635; Ridgway e al.
1909, They also exchange a greater percentage of lung air will_1 c:a.-:h lrremih.
Irving er al {1941) reported 80 per cent tidal air in Tursiops while Ul.a::_u? af r.u'_
(1969) found up to B8 per cent tidal air in the pilot whale, Laurie (1933)
observed the collapsed lungs of dead whales and suggested that the lunps
must be practically emplied by each expiration,

I terrestrial mammals, lung volume represents about & per cent of body
volume irrespective of body weight (Schoidi-Nielsen 1975). Scholander
(1940) concluded that whales have small lungs compared to terrestrial
mamials and that the better diving whales have relatively smaller lungs.
Lroudappel and Sljper (1938) maintzined that larger whales have a lung
capacity of about 50 per cent of that of terrestrial mammals, u.-}_u_-n,-us i Lhe
smaller toothed whales the lung capacity is about 130 per cent of that of land
mammals,

Tidal air ranged from 5.5 10 10.0 L in Tersiops of 145 1o 170 kg measured
By Irving ef af. (1941). Lung volume of these dolphins then r:.mgm! from 49 1o
Thmlke. Ridgway er af. (1969} measured tidal air in a t:al_m:d ;"u.rg..-p._.-u_-.- by
having the animal exhale into a calibrated underwater canister. haximuem
exnlations by the 138 kg animal ranged from 5 1o 6 L, Using the E-:l::I.]:ur:r cent

lgure, lung volume would be about 7 Lor 51 mifkg. A 200 kg dolphin af the
same species {Ridgway er ol 1969) had a measured lung '.'|.'&-|I1:1"|$.|_'t-|- S5mlkg.
According 1o these Nlndings, tidal air in Twesops s 5 or 6 times that of

Dving dolphine 47

humans but total lung volume is similar o that found in average terrestrial
mammals,

Spencer, Gornall, and Poulter (196 Thused a calibrated “buskel” pricumota-
chygraph 10 measure respiratory Nows and tdal volume in a killer whale
{Croiiwes). Tidal volume averaged 46.2 L for a 1090 kg female. Olsen ef af
L1909y messured tida] volume 1395 L) and lung volume (45,1 L in a 450 kg
female pilot whale by helium dilutjon. The killer whale was beached during
the measurements, and if we assume avers ge tidal air was 70 per cent rather
than 80 or 88 per cent, then its lung volume might be about 66 L or roughly
60 ml kg compared 1o 100 ml/kg for the pilol whale,

In studies of Black Sea Persiops, Kolchinskava, Man'kovska va, and
Misyura (1980) found lower values for tidal zir and similar values for 1ol
lung capacity. They argue that the tidal air values ol Irving ef ai. {1941} were
falsely elevated because the animals were breathing into a tube and thus
making forced exhalations. They argued that subsequent invesligators have
simply duplicated the earlier resulis, Kooyman and Cornell {1981), on the
other hand, found a VO of 26 L or 9] mifkg on a 285ke trained Pacific
Tuwrsiape, a value 50 per cont larger than previous investigators had lound in
Atlantic Twrsiops. The Pacific Tersiops is 3 deeper diver (Table ilyand hasa
higher haemoglobin and higher haematocrit { Lenfant, Elsner, Kooyman and
Drrabek 1969, Duffield, Ridgway, and Cornell 1933 than the Atlaniic VRIICLY
of the same genus. There may be considerable variation in lung valume
hetween different cetacean species and perhaps even hetween individuals of
the same species from different geographical areas, Al present, however, one
can make the statement that cetacean lung volume is larger, smaller, or wbout
the same as that of terrestrial mammals and find published findings 1o
support the conclusion,

Mare studics with unrestrained, trained animals like that of Koovman and
Cornell (1981) or that af Ridgway e @l (1969) need 1o be done on a wider
variety of individuals and species. 1t would be especially interesting 1o see
how lung velume may relate 1o diving capalbulity, body size, swimming speed,
AVETALe respiratory rate, and eeologpy.

Sphincters in the respiratory bronchioles

Between the dolphin’s alveoli and major bronchi there is a serics of
sphincters that can segment Lhe lower bramehi into compartments, The
sphinctlers (Fig. 3.4) are not present in the larger whales. When dolphins die
in the water, subsequent histology oflen reveals many of thess sphincters 1o
be closed. In one case, » healthy Tursiops was caught in a net underwater and
asphyxiated. Large numbers of contracted sphineters were seen on histelogic
examination (Simpson and Gardner 1972, Ridgway 1972). Kooyman and
sinnett (1979) observed contracted sphincters in Stencedfo that died in teng
SININg nels,

In Teursiops, the expirced breath may contain e ithe ms 1 5 nee camt oo
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FiG. 34, Myoelastic sphincier in 4 microscapic sectien of dalphin lung tissue.

after prolonged breathholds (Ridgway 1972). To achieve such a low value,
even wilh a small dead space, some mixing of lung air meust occur, The
smeoth muscle sphincters may promole circulation of gas in the periphery of
the respiratory tree and may function in emplying the lungz almost comple-
tely at the end of exhalation. Elephant seals and sea lions are diving
mammals thal do not have such sphincters and have never achieved sueh law
oxyeen values (never lower than 4.0 per ¢ent) in exhaled air even alter much
longer breathhelds. In addition, the pinsiped exhaled air rarcly contained
maore than 6.0 per cent carhon dioxide wheress dolphin values somelimes
approached 3.0 per cenl (Fidgway 1972, 19730,

Goudappel and Slijper {1958) speculated that ‘the system of sphinclers
rust be considered as an adaptation Lo Nuctuations of the air-pressure in the
lungs during quick and Irequent diving and emerging, and especially during
the violent inspiration and expiration of Cetacen with a very large lung
capacity.” On deep dives, the sphincters may close as the alveali collapse and
remain closed during much of the ascent. Thus, the peripheral bronchi would
be segmented into a series of small pressurs gradients, which together make a
large pressure gradient between the central airways and Lthe alveoli {Gowdap-
pel and Slijper 1958).

' 1
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Many authors have found that small cetaccans have a higher metabalic rale
than terresirial mammals of similar size {Scholander 1940; Irving ef af. 1941;
Kanwisher and Sundnes 1965; Pierce 1970; Ridgway and Patton 1971:
Hampton, Whittow, Szekercezes, and Rutherford 1971}, The high protein
diet (dolphing censume almost no carbobydrates) contributes considerably
le a high metabolic rate. Those species studicd have large thyroid glands
{Harrizon 1969} and a high level of cireulating thyreid hormones {Ridgway
and Pattan [971), Long term food consumption of captive animals correlates
well with observed levels of oxygen consumption. The Tursiops studied by
Ridgway and Patton (1971) required over 6000 keal/day Lo maintain body
weoight. The feading rates of several specics of odonlocetes have been
summirized by Sermeant (1969),

Kanwisher and Sundnes (1965) showed that harbour porpoises had 1o
maintain a metabelic rale about three times as large as a land mammal of a
similar size to keep warm in cold walers. In their calorimetry experiments,
Plhocoeng of 25-30 kg, in a water bath at 8 to 10°C, consumed 350 and 370 ml
of oxygen per min, At 20 to 22°C these values only decreased 1o 305 and
340 ml/min.

Table 3.2 compares published values for oxygen consumplion in small
cdontocetes with those from the Weddell zeal {Kooyman, Kerem, Camphell,
and Wright 1972). Weddell seals consumed 1.5 1o 3,0 times that predicted for
the mean standard metabolic rate based oo land mammals (Eooyman ef af,
1973) whilst California sea lions consumed 1.7 o 2.6 times the standard rate
(Matsuura and Whittow 1973

Based on its lood consumplion in captivity (about 15 kg of fish per day or
120 kg animal, Ridgway 1966), the Dall porpoise (Fig. 5) has a very high

n

TapLe 3.2,  Hesting oxyren consunpiion in senre small odonioceies
compared with valwes from the Weddell seal

Aol Dzygen  Relerence
Weight  consumplion
ikgd {ml kg min)

Fhoeeena 25 14.0 Eanwisher and Sundnes [1965)

i frl Eanwisher and Sundnes (1945)
Tursiaps ] 4. [rving i af. {194])

1] &1 Hamplon e el (1971

|54 7.4 Pierce (1%70)

55 Pierce (W70

|28 7.0 Ridgway ancd Patton (1971]

Lepdsnyehoies E ¥t s0* Kooyman ef @l (1971)

TAverape ol § animals.
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metabolic rale. The Dall porpoise off Southern California has sxlremely thin
olubber and the tetal percentage of body fat is undoubtedly very law, This is
the extreme southern end of the animal’s range and one might expect thicker
blubbcr on animals in higher latiludes. Twrsiops blubber is alwavs much
thicker, but usually body fat in this dolphim amounts ta only 18 or 20 per cent
of body weight. In this respect, dolphins from temperate walers are not &
great deal different from humans. They just deposit nearly all of their bady
fal inle a Blubber layer around the body. There are no de postts of Fat in the
mesenlery of pleural cavities or between muscle bundles. In larger whales,
the liver and the bones may contain significant amounts of oil

The metabolism of larger whales has been discussed by Kanwisher and
Sundnes (1966), Brodie (1975), Gaskin (1 B3, and Kanwisher and Ridgway
(19%3).

Bradyeardia

Ohver one hundred years ago, Paul Bert (18700 described the phenomenon of
reduced [requency of heart contractions’ in submerged ducks, This con-
dilton has since been termed diving bradycardia and is the most Familiar
cardiovascular response of diving animals. In seals, the response can be
eliminated by section of the vagus nerve (Harrison and Tomlinson 19%0).
tany investigators have speculated thal marine manmals may have sensors
about the head or spoul that trigger Brradycardia.

Most early investigators wsed various methods of lorcing the animal to
dive. It is now recognized that restraint and fright may have been a primary
component of many of the diving expeniments reported [(Kanwisher and
Ridgway 1983). For this reasen, more recent invesligators have emphasined
methods of inducing the animal 1o cooperate in the ex periments (Ridpway ef
al, 1969 Ridgway 1972 Kooyman aml Campbell 1972).

Kanwisher and Sundnes {1962) studicd eardiac rhythm in Phocoena. They
stale: "Alter every breath the heart rate increased in | or 2 seconds 1o 15—
L 20/min. Alter 10 seconds this decreased rapidly and by 30 seconds was 50
alfmin. [L remained at this rate until the next breath.”

I Fursiops, the heart rate increases just afler inspiration to a rate of 70—
100 per min whether the dolphing are swimming o resling on 4 mat oul of
witer. Within a few seconds the heart rate falls to 30 or 40 per min and
remains at this rate until the next breath regardless of whether the breath hold

P 15 (a) The Dall parpoise Phoceencider dalli is a very (350 swimmer and probalbiy 2 decp
:|u.-||.|! anamal. It has n |.||'|;; Blced |."-;_l:|||-|1|':I and & |"5||_ |Nc_-|-|,_-,g||-,h_" lewel that Si.'l.“ it an
enpanded axygen ranspost and siorge capabality. This captive ariirsal consumed abaul I5kg
of Nsh dazly during ils 20 monibs a0 Faini Mugu, Califormaa, Small fippers Bl Lo reduce the
animal’s rmtia ol surface area 1o velume, (8] T he Dall porpoise has an cxtremely large, muscular
aexrt AL ey weigh as msch Bs 134 per cent of body weight inanimals st the extreme sacihern
end af the range off Southern Califarmin, whose Hubber i= very Lthin {olen | om or Jes),
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15 for 20 sec or several minutes. Thos, when the dolphin is breathing two or
three times per minule the heart rate is continually fluctuating between the
upper and lower values in concert with breathing, A similar cardiac arrhyth-
mia has been seen in Oreinus, Glabicephals, Logerorhynchus, Phocoenoides,
and several other odontocetes (Ridgway 1972 Kanwisher and Ridgway
I953). This normal rezpiratory cardiae archythmia is ebliterated by cven the
lightest levels of anacsthesia. The heart rate becomes very regular at a higher
level (Ridgway 1972}

Kanwisher and Senft (19600 recorded a stranded fin whale 45 feet in
length, finding & regular pulse of 27 beats per min (hpm) which they assumed
to be the tachycardia rate. They thought a more normal rate for such a large
whale might be 8 te 10 bpm,

A free-swimming bottlenosed dolphin with telemetry gear on @ harness
had a heart beal of 80-90 per min just after Blowing which slowed in a fow
seconds (o 3343 bpm and remained at that rate until the next blow when the
faster rate reappearced briefly. Longer breathholds did not result in o reduced
number of bpm. The heart rate secemed to Fall to a base level and remain there
wntil {he mext blow, In Gect, the lower rate seemed Lo be most charactenistic of
the znimal and it might be more appropriate 1o speak of & respiratory
tachyeardia, The longer the breathhold, the more pronounced the tachycar-
dia that Tollowed when breathing resumed, Expired air collected afer
experimental breathholds showed that the tachyeardia persisted until the
exhaled carbon dioxide level had returned e normal. After a long breath-
hold, the breathing rate increased (o aboul five limes the resting rale and the
heart rate increassd from the apneic level of about 35 bpm to aboutl | 50bpm
and remained elevated, but steadily decreasing, untl exhaled carbon dioxide
returned to normal values (Ridgway 1972).

Anperabic melabolism

Dwuring long dives, zome lissues must be depleted of their oxygen stores and
depend wpon anacrobic metabolism (Hochachka and Storey 1975 Koow-
man, Castelling, and Davis 1981). Bidgway ef ol {1989) suggested thal during
the later portion of & deep dive there was barely enough oxygen remaining in
the dolphin's system {o maintain the heart and that even the brain might be
capable of some anaerobic metabolism. Yery littde work has actually been
dons on the anagrebic capakility of dolphins, Their diving times are not as
long mor are they as casy (o experiment with as are the seals, In any case it
would appear most dives are aerobic, and a principal feature of the belter
divers iz an increase in the capability for storage and transport of oxvgen.

THE RLOOD

A relatively larger Dlood velume was one of the first diving adaptations
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naticed. Bert (1870} found that blood volume was greater in ducks than in
hens, and Bohr {1597) found higher blood volumes in ruillemots and pufins
than in aen-diving birds. Since then numerous investigators have reported
high blood volumes in diving mammals (Ridgway 1972,

Ridgway ef af. (1 984) found that blaod volume in belugas (in ml/kg) was in
Lhe same range as that of much smaller adenlocetes (1/8th to I.-'*ifla s large)
such as the Dall porpoise Phocoencides dalili (aboul 100 kg body weight), and
the white-striped dolphin Lagenarfiynchis ofiliguidens (about 100 kg) (Ridg-
way 1972), The blood volume data do net support the idea that blood
volume in cetaceans can be scaled 1o body weight as has been sugpested For
mammals in general (Prothero 19800 or that blood volume in mammals is
:elnil'ur.ml}' M mifkg of body weight (Stahl 1965), Nine different groups of
inviestigalors using four different technigques (Scholander 1940: Harsicen and
Tomlinson 1956; Wasserman and Mackenzie 1957 Ridgway and Johnston
1966, Bryden and Lim 1969; Lefant ef al. 1969: Simpson, Chilmarting and
Ridgway 1970; Ridgway 1972; Ridgway ef al, 1984]) have reporied high blood
valumes (120 1o 180 ml/kg) in hooded, harbour, elephant, and Weddell scals
a5 wr:l! as California sea lions, the beluga, the harbour porpoise, and the Dall
P POLEE.

The significance of the increased blood volume in some small cetacenns
seems Lo be in giving the animals increazed oxyaen slorage and transporl
capacity, especially since the higher blood voleme i= alten coupled with
higher levels of haemoglobin and red blood cells (haemalocrit or pracked cell
volumne) (Table 3.3).

When trained delphins | Tursiops and Lagenorfiynchus) were kept in the
open ocean and required Lo make frequent deep dives, a training effect was

Tavee 3.3 Comparison of Mood measiores thar relaie o tosal GV
CRpaciiy i seversl pdontoce fex

N Haematoent N Haemoglobin M Blood volume

Y [/ 1 ml) (ol ki)
Fliecsenoider! I8 . 570 14 203 b 1430
Muonadon? & 575 . 22
2 575 2 200
Delphingpieras i 10 324 1 k! 2 [ 265
F 11 32.2 ] M3 1 1289
Lagenardprchus' 3 S50 3 1301 13 10%.0
Tursioos!
Atlantic Comsial i 420 T 4.5 10 0 1o 45

Pacific Offshore [ 32.0 [ 1.4

All values are means. N =number of measurements.
R"F"-"?“_'?’i? '"Ridgway ard Johnston (15661 *First: Vapl and Fisher {1%47) seeond:
MacMNell (1975, "Ridgoay e of, (1984); ‘Duflicld o o, {1953) and Hidgway (1972),
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ohserved (Ridgway 1972) This was evidenced by increases in hacmaoglobin,
hagmatocrit, and blood volume and a decrease in red blood cell diameter.

Yogl and Fisher (1982} compared the haemalology and circulatory
anatomy of beluga with that of narwhal [(Monodon meroceres), Their
baematocril and haemoglobin values For narwhal are significantly higher
than for any belugas measured and are in the same range as thoze reported
lor Phocoenaides (Ridgway and Johnston 1966). The tharacic retia were alsa
lareer in the narwhal. We agree with YVogl and Fisher (1982) that the narwhal
iz probably a deeper diver than the beluga, and considering that the latter has
dived as deep as 647 m the lormer’s capability must be considerable,
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