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The Physiological Ecology
of Whales and Porpoises

Like other mammals, these marine species have a high-cnergy

way of life. In pursuing it they evolved parcicular adaptations

of their own, notably che ability co dive deep for long periods

by John W. Kanwisher and Sam H. Ridgway

cies of entirely maring mammals—

the whales and porpoiscs—play as
crucial a role in oceanic ecosyslems as
the terrestrial mammals do on land, The
broad success of the land mammals at
the end of the Mesozoic era (same 63
rillion veasrs sagol was due in largs parl
ter their high-cnergy way of life, includ-
ing such leatures as warm-bloodedness
and an cxpanded central neevous sys-
fem. When some of these terresieial
marnmals Luter filled & marine ecolog-
cal miche, they evolved further adapta-
tions of the seme high-cnerpy type,

How have the whales and porpoiscs—
the Crrder Celacoa—overgome the many
physiolegicel obstacles presented by liv-
ing n ihe ocean? Consiler, for onc
thing, their severely stressed life evele.
Imitially expelled from a submerged
birth canal into water that can be close
o the freexing point, the newborn calf
muiat slruggle to the surface wnaided be-
fore i1 caneven take its first vital breath
of air. To be suckled by its mother the
calf must hold its breath and return wn-
derwiter. When eventually it can fead
iself, it may have to develop an entire-
Iv new behavioral reperiory: diwving in
crder te hnd s prey. Finally, once the
cetacean is an adolt, 11 muost masicr a
further repertory of complex gymns-
tics belfore it can repreduce and therehy
give rise 1o the offspring that initiate the
next life cycle.

Consider also the surprising diversity
of the cetaceans, both in geographic dis-
tribution and in siee. Whales and por-
poses are plentiful in all the oceans,
from the Tropics 1o the cdge of the polar
ice. both porth snd south, Many species
even migrate seasonally rom cold scas
o warm ones and back again. The larg
est adult blug while & soone 20,000
tirnes heavier than the srmallest nesorn
porpeise, vel both large and small spe-
cies are found in tropieal and polar scas,
The toothed whalcs—the odontoceles—
include small perposes such as the hir-

II 15 not generally reslized that 70 spe-

a

bor porpotse at one end of ther size
range and the great sperm whale at the
atbwer. How is it that the sperm whale is
the celicean that dives the deepest and
stays submerged the longest? How does
it avond the “bonds” and other physio-
logical problems human beings encown-
per when they dive 1o much shallower
depths? The porpoises, being smaller
than the smasllest of their larger toothed-
whiale cousins, have g much higher sur-
[ace-to-volume rii. How do they man-
age to stay warm in cold waters? Chics-
tions of this kind led us 1o the first of
several investigations: the thermal phys-
ooy of pogpoises.

(:}ur chaervations of caplive porpoiscs
al Marineland in Florids showed
s that the animals were able to main-
tain & atable internal femperature close
1o the hmaan one and sionilarly well reg
ulated. Since water removes heat from
an object much faster than air does, we
found this observation intrigoing. We
had thought these thermally stressed
mammals might exhibit the mare vari-
able body temperatores typical of ter-
rexirial hibernators. This not being the
cise, wie wiers led to caloulute the strn
geney of the thermal problem faced by o
small porpoise living in the cold waters
af high Lititodes

For the purpess of heat-low calcula-
tions @ celacean may be regarded 8 a
uniformly warm feshy core surrounded
by 2 surface laver of insulating hlubber.
The cutwird fow of heal from the core,
encountering the thermal resistance of
the blubber laver, must be great encugby
to maintain the wmperatore diference
between the surrounding water and the
warm nner cofe [0 s knoan that thos
difference is equal o the produoct of the
thermal resistance of the blubber times
thie outward Haw of metabolic beat gen-
grated in the core, When the insulation
is nsehcient, more body heast muest be
generated if the animal iz o maintain
a constant core temperature, Bor cxam-

ple. if the core temperature of & terres-
trial mammal Talls by as linle as 5 de-
aree Celsiug, the mammal will begin
1o shiver in order 10 increase its me-
Lihalimn. Over longer periods any sich
imbalance can be corrected by incress-
ing the amount of insulation. The land
mammal grows o winter cost and the
whale in polar waters develops a thicker
Baver of blubber,

When the amimal s active, such an
increased thermal barrier may actual-
Iy b door much of & goed thing, For ex-
ample, when a whale swims fast, the
increase noits metabolic activity aall
cause its core Lo overheal. The whale
then has recourse teoa circulalory strata-
germn. An inerease n Blood fow near the
body surfuce, particularly through the
flippers and Aukes, thermaslly by passes
the insulating blubbcr and returns the
core femperature 0 nosmal, In cota-
ceans generally o steady body lempera-
ture is mainly achieved by such chianges
iin blood flow, The same 15 true of hu-
rman beings: when they are foo warm,
more blocd s shunted o the surface of
the body, producing the lushed appear-
ance that is the oppesitc of Being “hlus
from the cold.”

There are fundamental differences,
howewver, between the physiolopy of
human beings and the physiology of
whales, For example, cotaceans hive no
eweal plands; evaporative cooling in an
arualic environment is impossible. By
the same token, for their surface insu-
lation human beings have only a very
poor sguivalent of blubber. Human cliv
crs have now learned 1o nmitate whales
by wearing insulation in the Torm of
foam-rubber sumils Ashore human b
ings overcome the handicap of their
essentally rropical origins by covenng
themselves with, among other things,
wanter insulation grown by other terres-
trial mamrmals.

Even before we began our investiga-
tions we were well awars that the small-
cel cofaceans would bBe the ones thit
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faced the greatest problem in maintain-
imz @ nermial mammalian temperature,
Considering the tetal swerlace arca that s
constantly losing heat o the surround-
ing water, fhe smaller the anmmal, the
smaller the core volume thisl generaies
the metabalie heat required to mainian
the necessary temperatore differential
across the Blubber, Inowddition 1o the
diszdvisntageons geomeiry of surface-
to-valume ratios, considerations of lin-
car sealing alio work against any small
porpoise irying Lo stay warm in cold wa-
ter. Because of their smaller dimensions,
thie smaller animals will tend te have @
thinner laver of blubher,

Regardless of their siee, celaccans
maintain & normal mammalian inter-
nal ternpersturs of about 37 degrees C.
I the Arctic, where fhe waler lempera-
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ture may be —2 degrees O, the lemper-
ature difference across the blubber bar-
rier is nearly 40 degrees. In the Tropics,
where the water lemperature may be
Ao deprees O, the temperature griadiend
across the barrier would be only a Gfth
of that in Arctic waters, Thus @ porponse
adapied fo wirm water would scom to
be headed for serious thermal roekle
on oenlering polar scps, et one of Lhe
amallest cetsceans, the harkor porpoise
{ Phacaens phocaenal, is Tound mostly in
cold mortbern Wwatcrs.

o determine the dimensions of the
prizhlem laced by harbor porpoises
in cold water e calculated how much
metabolic heat they would have o gen-
erale moofdes o kcep warm., Too de-
terming the tetpl surface area and the

thickness of the porpose’s insulating
Blabber we made dirsct measurements
on a desd harboer porpoise that had
wazhed ashore, When our lgures were
entered o the formula for heat loss, the
only conclusion e be drawn was that
with only a normal mammalian meta
Baolic heal supply & porpoise that small
could nol keep wiarm in northern wa-
ters. et thers the harbor porpoises
wore, sporiing i the same chill seas thal
should have killed them,

Such a paradox = upseiting (o biolo-
piztz who have come o expect orderli-
ness when they examine §ny paranc-
ter common o diferent animal groups,
The amount of melzbolic heat produc-
tien i animals of different siwes s

one such comparison that scemed well
cnouzh understood. For example, the
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melabolic rates of numerous lerresirial
mammals have long been arraved in
what & called the “mouse 1o clephant™
curve, I owas Believed thal given the ani-
mal's body weight one could closely s
timate (rom this curve 1he metabolic
heat production of any mammal. Oy
cslimate of the metsbolic rate needed 1o
keep the porpoisc warm in cold water,
however, was ao lagh that il was in clear
dizagreement with the dats Mecm lerres-
trial mramls.

There were fwo possible wavs 1o gx-
plain the paradox, The first was, quite
simmply, that the metabalizm of the cota-
coans does nol conform 1o the terresin-
al mammials” mouse-1o clephant curve.
This is to say 1he cotaceans may have an
intrinsically higher rate of Basal metab-
alism that allows even @ small cetacean
to survive noceld water, The seconsd
prosstbilily is that cetaceans hive o “nor-
mal™ which 15 10 sy @ terreseeial) basal
rate of heat production bt that by exer-
cising all the time when they are in cold
water they cian gonerate coongl exira
heat b keep themselves Trom geiting
toe cold, To us the enly way o choose
Between these two explanations was (o
present the question 1o the porpoiscs,
Which of these thermal strategics had
evilution choaen [or them!

Fruh o he skilled help of Guonnar
Sundnes, a phyawlosist st the
Havforskningsinstitntt in Bergen, we
el upod hest-loss experiment. First we
learned how 1o keep voung harbor poe-
poises more or less contented in capliv-
ity im o Jwrge tank. We then transferred
them for testing toow smaller Box, Alled
wilh seswaler, that served as a whaole-
ody calorimeter, The youny of the spe-
cies weigh as hittle us 15 kilograms. Al
though they are Born with Blubher that
is anly one centimeter thick, the differ
ande between their normal body femper-
ature and the wemperatore of the sue-
rounding sexwster can be as much as 25
degrees O,

The porpoise beng tested would Lie
quielly iniis box as the metabolic heal ot
was goncrating passed through its insu-
lating laver of blubber and warmed the
surreunding water. We found we could
put a thermistor i the box and with a
little amphification produce a curve plot-
Ling temperalure agamsl lme on a chart
recorder thal was sensitive o within
AR degres O Taking info accounl the
volume of water in the bex, the slope of
the lemperiatore curve provided a fun-
ning recard of how much metabolic hear
the porpots: was losing it any moment.

Chur results proved to be quite clearly
in faver of the fust of our two possible
explanations: thess small porpoises had
i metalolic rate two o three limes high-
er than the rate of ferrestrial mammals
of the same weight, This increased haat
production 15 nol achieved without cost:
the small porpeises muost ablain three

times as muoch food as a tereesteial mam-
mil of the same weight and must rize
to the surface and breathe three tmes
more aften than they would if their mt-
abolic rate were lerresirial,

On the basis of the porpoise dats we
wienl an toomake sioilar thermal caloo-
lations for larger cotacenns Lo see how
iy e easily a large mammal, with
its more favorable geomelry, could keep
wiarm an cold waler, We first consid-
cred a theoretical whale welghing 10040
times more than a harbor porpoise;
since the two sea mammals are similar
in shitpe, the whale's linear dimensions
must inerease aboul tenlceld, The theno-
retical whale therefore has 1,000 times
mong lissue o generale meliholic heat
bt the heal passes oo to the sueeouncd-
ing water through a surface aren only
[O0 times larger than the porpoiseTs.

Consider this diminished heat loss
m lerms of blubber nzulation only.
Whereas the small porpoise could bal-
ance s heat Toss with the gl of a blub-
ber laver two centimeters thick, the
Lo0Ginmes-heavier whale, given the
sime metabolic rate as the porpoise,
could make do with a blubber laver no
macere thitn two millimeters 1hck, Actu-
ally, however, swely a whale wrould have
a bBlubber layer some 20 centimefers
thck aomd even in polar seas would face o
cooling problem. Swech o lurge cotacean
appeirs e be [ mes overnmsalaied

[¥ the large cetacean™s blubber livyer is
far thicker than considerations of in-
sulation require, what other functions
docs it serve? First, the faoly lissue,
which iz low in specific gravity, provides
enough bucyancy to olfset the negative
buoyvaney of the whale's muscle and
skeleton, Second, the blubber consti-
futes o food stere large enoueh 1o ke
care of the whale's metabalic neods
an the animal's seasonal mizrations, of-
ten across theosands of miles of food-
panr wilers,

Because of the general rule that re-
lates the melnbolic rate of mammals 1o
their size, wo would expest a whale 1o
have a rate of heat production per kilo
gram of lissue considerably lower than
the rite we had cstablished experimen-
tally with harbor porpoises. We could
s ndowiy fo check this cxpectation by
direct measurement of the metabalic
rate of a iion animal, and so we wers
lelt with estimating the whale's heat pro-
duction on the basis of anatomical con
sideralions only

At Bteinshamn, a Morwegian coasial
whaling statien, we dissccted out the
lungs of & 48-foot n whale | Salae-
Hapigrs hsrains), We determined the
whale's lung velume by first inflating the
creans with compressed air and then
cmptying them through a gas meter. We
assummed that the voluwme of expelled air
was equal oo the valume of air the whale
inhalad with each breath. From obser-
wiallons B sl we were able 1o determine

Row often a lin whale breathes, The ner-
mil diving pattcrn for the species is oo
surface for fve quck breaths and then
Lo slay underwatcr for five minoies; thus
in elfect & mature in whale breathes on
the average ahout onee & mine.

From the combination of lung vol-
ums and breathing riste we could e
timate the amount of air a (n whale
breathes: 2,000 liters per minole, Now,
marnmals in general utilize about 6 per-
cent of the exygen in the air they breathe
(21 percent of the tofal atmospherie
mixture of mirogen, oxyvoen and otber
gases) Deciose cach cubic centimeter of
exyien the animal consumes will gener
e five ealories of heat, we were able 1o
eshimate, albeit crwdely, the On whale's
rate of metabolism, The fipure we zol
was, like that for the harbor porpoise,
signilicantly above the curve Tor terres-
trial mammals, On g weight-forweizh
Bigis, however, the fin whale's metabol-
ic rate is even lewer than that of sloths,
which have o rate refecting their lethar-
SH: MOoVeICnLs.

When one lakes into consideration
besth the large whales' lower absoluic
metabolic rate amd their ability o ac.
cumulate & food reserve in the form
af blubber, it bocomes evidiens thuat all
large whales are relatively independen
of local foeod supplics. They can salis-
Iv their energy needs for three 1o six
months simply by living off half of their
supply of blubber. This leaves them (e

e feed inthe fich polar seas and 1o give

Birth o their young thousands of miles
awEy inowarm wopieal wisters

In comparizon the small harbor per-
povise leads o much more restricted life
[ts higher metabaolic rate makes its need
Tor focd much more pressing and limils
the time available for migration, More-

ver, its higher rate makes it more diffi
cill Tor at fo hold iis breath: when the
porpoise dives 1o search for food, o
must depend on such oxygen as i1 can
ke along, Just how the porpoedse makes
do with what oxygen it has became the
focus of our next investigations,

e already knew that the mammals

high-enersy way of e had been
mde possible by a correspondingly
larger consumption of oxyvgen; this in
turn depended on a E"HII..I”I_". el uliaon-
ary development of respiratory and car
diovascular systems thal were more
competent than these of amphibians
and reptiles. When the terresirial mam
maals that were ancestral 1o the colaceuns
iabandened the land {with s unlimied
ReCeEE Lo oxygen) in Favor of an adgqualic
lile, o 5till further evoluionary develop-
ment favoring greafer oxypen siofage
and 1ransport was called Tor. How had
this been accomplished?

Consider the sperm whale, the cetg-
cean with one of the most impressive of
all underwater capabilities, Whercas the
porpotse can stay submerged for only 3

b



few minutes, sperm-whale dives can lag
for s long as an hour, Yot gven the
porpoises” bricler underwater perform-
amae pacs an anassistcd human diver 1o
sharme, The answer, Tor large and small
celaceans alike, is that they can Lake
more oxvgen dewn with them thisn
human diver ¢an

e Faceer in this performance 15 the
cetaceans” considerably preater volums:
of blood: up te fwo or three Limes morg
bleowl per unit of body weight than 1
the case n hoeman beings. The ceta-
ceans” Blood also has 2 somewhat great-

hemoglobin of the red blood cells) s e
speonsibale Tor the muscles” characteris-
tic durk red color, Indesd, in some cora-
cean specics there 13 enough myoglobn
in the muoscles o carey mare than half
again as much coygen as the ammals
il Blood cells do,

When a whale comes 1o the surface
after an extended dive has deplered both
these oxvgen storcs, its highly efhciem
wvascular system rapally passes the Blond
through the lungs for cxymen replensh
rment with the awd of & particularly pow-
criul hewrt and & circulalory system that

features large netwaorks of capillarees
7 murakifio, ar Cwonderful nera™)
and large sinuses in the venous sysiem.
Adthough the exact function of these wn-
|_"'\.|_|{'|.I sirpctures <an Ly I".' =HC '\-1L'|.|
at, it seems likely that they Cacilitate he

er pxygen-careyving capacity than ho-
man blood, In additon the whale car-
ries @ further store of oxyvieen inoombi
nation with myoglebin in ils muoscles
The myoplobin {i protein that s actu-
ally @ subusit of the oxygen-cirrying
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TOOTHED WIALESY HEARTEEATS WERE RECORDEL, by telemetry for battlenose
dlalphins sech a5 the e corrying on ulirascnic tronsmiller in the pholagroph of the 1op anid
direcily in the case of the remaining clecteacardieprans, These show fhe heartlseat of o 540-
Kilogram common dolphin (fefphires dolpdis) and dbat of a S00-kilogrom white whide (k-
pTaapateens el Arrons in color indicate the afarl of inhalation in coch insgnnes. The heard-
beat of all three animals accclerated as dhey Inholed, an adion fhat woukl bave aceeleraied
cavpen uplake Therenfter, whether the animals were diving, were resting on the swrface or
were ol 0F the water allapeiber, their heartheat decelerated wolil @ basal sage wos reached.
Enrlicr experiments {condwctod by the physisloplst P F Scholander with seals sl ducks in-
der poestrabinth bod shown @ rodical decrease in hearl rate Tollowing involuntory submerpence,
but the three eotaceans did not show such o decrease, The awihars” Endings sugpest thot dhe
reaction of amimals ongder restenind was one of zlarm os they were involuntarily selaverged.

e

rapid releading of the red blood cells
wilth oxygen. The fast circulation of the
blood is relected nothe Gact that while
the animal is breathing at the surfice
it has a higher heaer rare. This consti-
tutes a fundamendal respiratery diller
ence belween cetaceans and terrestrial
mammils, whose breatling s usually
repular and whose Blocd Now s rela
Hvely smodth

hMeanwhile the recharged red blood
cells convey part of their oxyveen Lol
b amy oxygen-depleted myoglebin in
the animal's muscle cells The ransic
1= easy because myoeglobin his o much
lower exyoen-loading wnsion than he-
moglobin, Myoglobin thus Rinds oxy
gen more Lghily than hemoglobin does,
inhibiting it from reenlening the cireun
Latory system. [ is Best (o think of the
myoelobin-bound exygen as a purcly
legal oxypen resource, avilable 10 the
surrounnding muscle in the course ol &
dive. Most of it les within easy diffusing
digtance of the muscle cells® mitochon
dri: the mieacellular |:l:-.|'l.'|;.'|l.":~ where
FESpHEalIen Goours

Myoglobin s present in the muscles
of terrestrial miammials too, e an mach
smaller amounts, One of its Tunclons m
terrestrial mamimals is to serve as a local
cxyvien sowrce for muscle daring con-
traciton, when inframuscular prassure
tends fo thrattle capillary Blood flow,
cutting off the noermal supply of oxyvgen
carricd by red blood cells, 1 is evident
that the muoch more abundant supply
of oxygen carricd by cofacean myo
#lohin s another cxample of a diving
adapiation that has arisen throegh the
enhancement of a |'l|':.'l.".'-.|.x|!'||'|_i! [ EER I EE
lian capability

FFhen we began owr study of ceta-
cean diving capabilities, & widely
aecepled explanation of the long dive
times chiracteristie of aquatic animals
already cxisted. [t derived [rom exper
ments done by P F Scholander of the
Scripps  Institulion ol Oocanography
demonsirating that when a restriined
animal 3 deck or a seall was forcibly
submerged, its heart rate decreased ab
ruptly and the reduced blood flow was
shunted in swech aoway as o largely shut
afl the circulation of Blood 1o the am
maed s mseles and viscera, The redoced
carding outpal wenl almest entirely oo
thi brann and the heart, organs thiat were
ronsidered 1o have a need for 2 continu-
ous supply of cxoygen, (IPor example, a
ferw seconds interrupiion in the flow of
Blood to the humen brisn causes whcon-
seicusness. b All that was wvsilihle toe the
oayzen-deprived muscles of Scholan-
der's subjects was an anacrobie cnee-
gy pathway that resalted inoan scco-
mulation of lactie acud az a metakbaolic
by -product,
This logeal sequence of cvents has
beocome the standard textbook explana-
tion of the exicnded diving capascily nn




cnly of ducks and seals but also of other
waterfow!l and of marine mammals n
general. There were, however, virtually
no physiologicil data for cetaceans. In
deed, the one lime a restraimad porpoise
wag experimentally deprived of mir in
this wiry 1t wenl inoe shock and died, we
underieok o colleet evadenc: on this hy-
pothetical diving reflex frem frec-swim-
ming celaeeans,

Acsa st step we ited porpeises with
ultrasenis triansmitters =0 that we could
menitor the antmals’ heartbeat as they
swam. We wers surprised, first of all, (o
lind mo evidence of the abrupily i
minished heartbest on diving that was
charscleristic of Torcibly  soubmerged
ducks and seals. The porpoises seemead
to mainbiain i relatively high level of pen-
eral circulation throughowt their dive,
W therefore set oul 1o lingd 3 more di-
rect mesure of how guickly the por-
piacs depleted their stere of oxyveen
while they were submerged.

Fortunately for us the TLS. Mavy an
that time was traming botlenose dal-
phuns {Farsiops funcaius) 1o act a5 mes-
sengers for deep-sea divers. One Mavy
traier, Wialliam Scronce, underiock to
trivm one el the dolphing, named Tully,
o exhale on command Into &n underwa-
ek funnel &0 that we could collect the
capired Breath [or analyzsis, An under
weiler buzzer was Tully™s signal 1o peT-
form. IT he pushed his snout against the
Buzzer and exhaled into (e Dennel, §e
received three fish as o reward, Anoth-
er buezer served as o signal for Tofly
i Begin hiz dive. By varving the inter-
val between the sounding of the “dive™
buzeer and the “collection”™ berser we
could oblain awr simples over an enlire
range of breath-holding tmes. Tully
could cazily hold bis breath Tor as long
a5 six minutes, but after a much shorter
time he grow increasingly impatien? gy
b wanted for the “collection™ bozzer to
seund; looking up through the water al
us, he would even gnash his 1eeth

Srudving the date Tulfy provided us,
we witrg surprised tosee how quiekly the
l.""?i_r_[lli'.""l concentration n the porpoise’s
lungs dropped of, For exnmple, after
r}r.l:r three minutes the gas in Tufly's
lungs had fallen feom s normal stmao-
sphrae level of 21 percent oxygen o less
than 2 percent. For the remaiming thres
riinuies 0f these “easy” dives, therefore,
he wiss virtually anacrobic. After soch
a breath-hold he would net perform
again until he had spent four or fve
minutes breathing rapidly on the sor-
lace, obviously repaying the oxygen
dabt hie had just incuered. Afer dives of
two minules of less, however, he would
readily dive again following only a brief
breathing interval at the surlace,

We conld now understand why we
haed Cailed to observe an abrapely dinn
ished heart rate when our ultrasonically
cauipped porpoises dived. Like Tufy,
they had made only a partial effor, of

MAYY-TIRAINED IDGLPHIN TUFEY was faughl as is slwn here Le submerge when ane
buzzer () sownded ancd to sty underwnier wilil o seooml eer (20 sounded. Tully then swam
1o The secomd buzeer, fowched i with his sasid aml exhaled inte o fonnel. Afies he vxbaleal ke
receivel o reward of three fish, The stoly shovwed that Tuwlfy enuld rensin vl eroaster com-
Turtably for six mimetes had bad exhapsted almest 2l his oxygen supply within three mioste.
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DEEP-DIYING ABILITY OF THE DOLPEIN was tested in @ secomd experiment. First a
Bocewer and o switch (a) svere lowersd 1o o dopth of 150 meders, Turning the Wizesr on was
Twify®s signnl to dive amd swifch it off, The dolphin then returmed to the dinghy, (o ouch i

secol buzzer L0 and elain his reward. TwiEy kad oo dilicaly svith 150-meter dives bot need-

vl timee b the surface 1o recover alter turming off the “dive’ buzeer ot 0 depth of 300 meters,

T



GAS-SAMFLING
HEEDLE
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THIRD EXPERIMENT was aimed ot discovering whedher a belilenvse dolphin is suseeplilile
to e bends™ (the poinful syneptoms that can eisalt From the atserption of stnospheric nilre
pen by the Bleod in the cowrse of 2 long divel On sigoal the dolphin dived repeated 1y 1o a depth
nf 100 meders, spemding peoee thaie 240 miivides o of nm hour at on averape depth af S0omeiers
Tl anirnal ther swam onlo a Heating couch next 10 a bl contasning o mass specromeler;
the experimenicrs pushed a gas-sompling needle throogh its Wobber lyer and it its nausele.
The delphin's nuuscle proved 10 be sailueated wilh nitrogen 10 an exlent duongerous b i human
diver, The awthors atiribute the delphin's freedom frem the Bewls 1o o divieg ndoptadiom.

any il all, 1o conserve their initial store
of axvieen, Thal store was quickly con-
sumed; thereafter an oxvgen deba de
veloped nall their tissucs, including
the brain, We loeund that all the aquatic
air breathers we observed (diving birds,
seals and manatees n addition o cur
ceraceans) ried toowveid such an Gxygen
debt by hemiting their dives to short peri-
ods in order not 1o exhaust their supply
ol oxyvzgen. For cxample, when Tully
and his daol |'|3:|i|'| |:r‘|:r||'l::|:|i-:‘:l|'|:=\. swam with-
Gul inatructions o the contrary, dives
lasting For more than 2.5 minutes werg
the exception rither than the rele. Sub
merging (o shorier intervals, howew-
cr, the delphins might continue diving
for hiours.

hen & human diver has spent

anoiggh time underwater for @
substantial amount of mirogen 10 go
inter soduetion in his blood and then
b comes wp oo rapidly, the nitrogen
Forms tiny bubbles thal can cawse pain-
ful symptoms {“the bends™) and even
desth, How did our porpoises, et alone
the large whales that muay dive deeper
than @t kiloameter Far maore than an howr,
avoid the bends? With this guestion and
rilated ones i mind we arranged some
deep-diving experiments for our trained
bBottlenose delphin,

One burrer, controlled rom the sur-
face. we lowered on @ ling 10 One o
another of a variety of chosen deplhs,
Tuflv wits trained 1o swim down 1o the
Bugzer when we sounded it and furn 1
off by pushing & switeh with his sncur
When the animal turned off this “dive”

Buzeer, Seronce imunediately sounded
the “collection™ buzzer at the surface.
Tufly then guickly swarm up from b
dive 1 the “collection™ buzzer and ex-
haled into the cellection [unnel

The scientific Ntcraturs on porpoises
sugpests they do ner dive very decp.
When we began our experimenls, we
levwieret the “dive™ buzzer toa depth of
130 meters, Tulfy easily managed nps
i this depth, came up 1o give us his gas
sample somelmes demanded all
three of his reward fish belore even
hothering te mbale; he was clearly far
from his depth limit, When we lowerad
the “dive” buzzer o 300 meters, we
found that Tulfy nesded o much longer
recovery thme. He was cbhviously ap-
prowching his bt {Mavy trainers in
Hawaii have since trained a related spe
cigs 1o descend 1o ncarly H00 meters.)

Tuily seemed 1o be untrmebled by the
MCreqsing  walcr pressurc b greiler
depths (35 much as 30 aimospheres, or
A40 pounds per square inch, at a depth
of 300 merers). We expected that at such
a high external pressure the andmals
lungs would B oalmest completely col
lapsed, By rigging the “dive” buzeer
with a fash camers we were able 10 re-
cord Tulfy's appearance as he turned
off the bwezeer 300 meers below the
surface. We found that his rib cage was
indecd much deformed by the hydro-
static prossure pushing om s lengs.

W next tried 1o give ancther trisined
dolphin the bends by directing it 1o
dive repeatedly. As soon s its surface
breathing imdiced s recovery from
the previows dive we would send 1 e

again, until in the course of an houwr
i had remained below 30 meters Too
maore thin 20 minotes, The dolphin sl
shoswed o apparent sign of distress.
Then, with the help of Robert 5, (7 Red™')
Heward of the Scripps Institution, we
mgasuredd 1he zciual amownt of nitrogen
accumuolited in the ammal’s muescles
as the result of these many consecutive
submargences. 11 was no eaxy Gask. Frsl
the daolphin was irained after such a se-
cuenes of dives teoswim onte a doating
couch alongside our boat, That enabled
s o nsert & simall gag-sampling aecdle
through s blubber aver into the under
lyving muscle. A tube led from the needle
1 ie rmass speciramelar {aboard 2 second
beaty that could direstly measore the
concentralion of nitrogen dissolved in
the muscle, Doang all ths whitle sl sen in
smrall boris makes a substantial demand
an Lhe experumenter’s paticnoe.

Again we ool a surprise. The cencen
tration of dissolved nitrogen in the dol-
phin's muscle fssne was mnchicatve ol a
deprec of supersaturation that in a hu-
mian diver would have been dangerous.
We gould only concluds cefacenns can
telerate nitropgen  concentrations  thal
winplel gaive @ huoman dwver 1he bends.
How they do so we cannot et sy, bul
the capabaliy 14, of cowrse, what one
should probably expect of o well-adapl-
ed order of decp-diving mammals

hat has the evalution of this supe-
rior diving capacity meant 1o the
coology of the world's oceans? Some
aquane mammals, for example the sca
olter and the manales, have evalved 1o
maore or [ess nibble an the edpes of the
oceame food chain, Others, such as
the carnivorous suborder of pinnipeds
iscals, sea lions and walrusesh, are moere
at home mothe open ecean b sl need
1o go ashore [or mating and reproduo-
1. i]|:|:.' celaceans have evalved 1o
deal with o fully ocsanic wiy of hife
What they gained therchy is a vast [ood
supply in the form ol orher marize ani
mal life. The whales and porpoises huve
autablishad 1hemselves ag harvesters arc
the wery top of the marine food chain,
e success of these physiologically
adept marine predalors may lni juﬂg-‘:d
b their numbers, Many species of ceta-
ciepng are commonly thought o be in
immminent danger of extinciion; this con
clision s based largely on a misper-
cephion ol therr current population lev-
cls. For example, the total number of
hlws whales 15 greater by ar least cne or-
der of magnitude than the wotal oo ber
of such endangered terrestriael species
s the grangutan or the gian panda. In
fact, mest cetacean species exisl in sukb
stantial numbers, and some populations
iwre even reaching the level where they
serve as entertainment, Whale watching
1 growiang winler sport on the Calilor-
nia coast, and in the Addanie excursion
boats puiting out from the Boston arcw



assure ourists of frequent whale sighi-
ings after a wrip of only an hour or two.

Sperm owhales were probably wice
a5 mumerons in the generations before
medern whaling began than they are 1.
duv, but even o their modern number
is far from Jow, The Rritish cetologist
Malcolm B, Clarke reckons the pressm
population of sperm whales st about
millicn cothers say 1.5 million and esti
miates that they annually consume some
100 million tons of deepsen squid,
A GUenic resource il is otherwise
scareely touched. It is instractive o
compare the predation of this single ce-
lacean species with the tetal of 1he
worlds annual fishery yvields: 60 1o 70
mullvon tons,

A -clli.l'lllill I.";.'II'IHI'.m_r"l,:_"I,'Iﬂ l'_'ﬁl:_'rﬂ'rlll;j |.{'||'
e next-ranking aquatc mammals, the
pinnipeds, has bean made by Bichael 15,
G Pilson of the University of Rhode
Izland, Pilson's estimate has the advan
Lage of better-koown population sum-
bers, since pinnipeds must come ashore
for breeding and can be more accurarely
counted than the 70 celacean spocies
Lensuses hivve been taken at most pinai-
pad Breeding areas, and their annual
food needs are known from the f-.:|_':_11n_;:
of caplive specics. Pilson estimates that
the scals, sca hons and walruses con-
sume Hb mallion fons of fish per vear, or
approsimately the amount harvesied by
mun. Extrapolating from the namber of
porpmses Killed annually by the opera-
tiens of the tuna fishery in the eastern
Pacific, the worldwile stock of por
poiscs and dolphins may approach 100
muliion, Even il the population is only
half this size, ws annual food consump-
Lbon must telal some 130 million tons,

auch large nurmbers may come as a
surprise, and we hasten to add that they
musl he considercd tentative, Indeed,
unless oceanic ammals wre harvested by
man either accidentally or deliberately,
the size of their populations is not like-
Iy bo b well known, Two examples will
sullice, Until recently Fraser's dolphin
was known only (rom a single sheleon
collected i 1934, Mow that people are
aware of the species, Fraser's dolphins
have been sighted in schools namber-
g in the hundreds in Philippine waters,
and the animals appesr to be widely dis
aributed in the tropical 2oenes of the Pa-
cihic and Indian oceans. The Norih
Pacific population of Dall's porpoise
wak eshmated at only a few tens of
thowsands, Since 1 became known thal
Tapanese lishermen kill as many as 10,
QUi Dall's porpoiaes every year, new
surveys have rased the population esn
male [ it million or mare.

Thus it is evident that the coraceans
rele in marine food chains is far greater
thean man's. This docs not mean that
min's overfisling has nol heavily de-
pleted local hsh stocks, as 11 has the
stocks of some whale species, particu
larly in the Antarctic. [t dees ndicale,

however, that human harvesting, being
largely confined 1o a few highly produ:
tive arcas, has probably not seriously a0
Tected the gross nutrient dynamics of
mast OLCEN ATCEs.

One feature of gross autrien! dynanm-
ws s upwelling: the liMing of nutrienes
from decp waters such as that accom-
plished by the rising currents off south-
ern Africa in the Atllantic and o South
America in the Pacific. Celacesns play
ananalogous rele ona surprisingly large
seitle. adl other hife in the sea tends 1o
move nulrients dowenward, Tied ta the
surlace By thew ar-breathing, marne
mammali end 1o move nualrienls -
warid. Even the whales™ Tecal outpu
docs not move downward: because 11 is

lgquid, it tends oo disperse rather than
sink when 1 s released.

Tor those of us who are inlerested in
the: whales™ well-being ler emotional as
well as belogical reasons there is now
cituse for hope, Huenting these animals
in distant seas 3% an encrgv-inlensive
activity. As the commercially desirable
Baleen whales have bBocoms harder 1o
find, the harvesters' costs, largely in Mgl
consumed, have fiien 1o poind where
coonomics will increasingly discourage
the activity, Ironically the Organizi-
tion of Peirolewm Exporting Countrics
{OFEC) may in the end do more than
comservalionista can 1o relieve honting
preasurc on these remarkable maringe
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FERCENT OF BODY WEIGHT

MEFERING PROMIETIONS OF TOTAL BBy WEMT deveied to varlis compus
nenty are shawn in this gragl. A amall edonioceie, the borlaor o poise, s cempared with a
Inrge myaticete, dhe fin whale of el rokar waters, Oaly alsoat 3 foorth of ihe purpmises weight
cansisls of nssscle, whercas nearly lalf of it weipht comsists of klabber, The geometry of sur-
Face-la-valume ratios provide the fin whale with o thick hinbber sheail acesnniing for anly
n Foerth of s daral sveighd, swhereas mearly half of the tatil consists of il muscle Fisanns,
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FOCOD COMNSUMPTION PER YEAR IMILLICHNS OF ToNS

ELCOLOGICAL ROLE OF MARINE MAMMALS nppears ia be al least % Abgmilicant as dhad
uf the lnnd mammals The praph cempares the marine wanpmpls” estlniatel “harvesl™ of othies
nenrine arganisms with dhe tal recorded internadional eateh of Gish. A million spere whales
camome some 100 million tons of squil @ach yeur (mors il sperm whnles are arlually more
numeraesl. The 50 to M) millicn porpsises and ofher small odontoceies consume hetween
M 300 naillinn fons of fish, Extinantes of consumption by whales ofker than 1he LT T
lexs rellabele, bt seabs, sea lons aml walruses consisme 60 million tons of lsh annually. The
tdal cafels by marine ishermen warldwide |s arcnuew bere bedween SiFand Tomillion tons Livafive |,
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