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ABSTRACT:

THE ADAPTATI ONS FOR AND THE EFFECTS OF DEEP DI VI NG ON VARI QUS VERTEBRATES

Vari ous physiological and anatonical features of diving vertebrates
(rmai nly manmal s) are cited, many of which are conpared with those i n man.
The sper mwhal e can dive t 0 1134 mand renmai n submersed for up to 75 m nut es.
As in other diving vertebrates, the whal es have inportant nodifications
of their blood systens, lungs and nuscles, which enable them to stay
subnerged at depth for I ong periods of time. The advantages of an obli que
di aphragm smal |l |ung vol ume, pronounced Bohr shift, hi gh nuscl e myogl obin
content, depression of nmetabolicratewithcirculationre-routing are sone
of the aspects di scussed. The effects of high pressure are al so nenti oned.

| NTRCDUCT| ON

The aimof this paper is to bring to |light sonme of the nore i nportant physi ol ogi cal
and nor phol ogi cal features of diving fornms and howt hese feat ures cone i nto operati on
during a dive. Conparisons are made with man and other terrestrial vertebrates.

Most of the mammal di vers incl ude t he whal es, dol phi ns, seal s, dugong, nanat ee, wal rus
and sea-lions. Exanpl es of diving birds are the pengui ns, puffins, ducks, cormorants
and gannets, and of reptiles, the Gal apagos iguana, turtle and crocodile.

Apart fromthe necessary prerequisites of general body formie. the devel opnent of
a torpedo-shaped body for reducing drag forces in dol phins, and a powerful fl uke,
or tail, for propul sioninwhal es and dol phins, three features are of prineinportance
to these diving fornms. These are specialisations within the |ungs the nuscles and
t he bl ood. The cardi ovascular and closely related respiratory adjustments have in
fact extended the niches of all vertebrates, and in the case of those entering or
| eaving an aquatic environment, we find some incredible responses. Bef ore
el aboration on these responses, we should look first at just a few divers and the
depths and times observed for their dives (Table 1).

TABLE |
OBSERVED DURATI ON AND DEPTH OF DI VI NG I N SOVE VERTEBRATES

TI ME (m ns) DEPTH (m)

Enper or Penguin 18 265
G ey Seal 18 128- 146
Weddel Seal 43 (max 70) 600
Bl ue Wal e 50 500
Sper m Wal e 75 1,134
Bottl e Nose Wal e 120 300
Bottl e Nose Porpoi se 5 300
Most Men Resting 2

Active 1
Experi enced skin divers 2.5 61
Record for man 73

After Gordon, Ms, 1972
Harrison, RJ and Kooyman, G, 1971
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We can now consi der adaptations of the lungs, nuscles and blood separately. When
t hese factors have been described, estinmated dive tines can be nmade, and conpared
with the observed dive tinmes shown in Table I.

Di scussi on
1. LUNGS

One nmight well expect air breathing vertebrates to extend their dive tinmes by having
larger lung volumes per wunit body weight conmpared with their terrestrial
counterparts, so that an equivalently |arger anount of oxygen is released to the
ti ssues. This, however, is not the case - the lungs of some divers being the sane
proportional vol une as non-divers, asinseals, or beinghalf the vol une of non-di vers
as in the case of whal es. Schol ander suggests that the | ungs of whal es nay col | apse
during descent because they do not have a firmattachnment to the thoracic wall - the
air inthembeing forcedintothe dead air spaces (ie. a strengthened trachea), where
gas exchange does not take place - the advantages of this will be discussed | ater.

Al t hough the lungs are simlar in size or smaller than those of man, the tidal vol une
and the percentage utilisation of oxygen is higher. See Table II.

TABLE 1I|
LUNG VOLUME, TI DAL VOLUME AND PERCENTAGE OXYGEN UTI LI SATI ON I N SOVE DI VI NG
MAMVALS AND MAN

LUNG VOL TI DAL VOL %0,

L/ 100 Kg L/ 100 Kg UTI LI SATI ON
Seal (Phoca) 5.0 1.8 5.0-7.0
Por poi se (Phocaena) 6.6 5.9 8.0-10.0
Bottl e Nose \Wal e 2.5 2.2 8.0-10.0
Fin Wal e 2.9 2.5 8.0-10.0
Man 5.0 0.8 4.0-5.0
2. Muscl es

An inmportant feature of diving vertebrates is the large quantity of nyoglobin
contai ned within their skel etal nuscles. Conpare for instance the nmyogl obi n cont ent
of seal nuscle with that of a cow, and we find the former contai ns 7715 ng nmyogl obi n/
100 g tissue whereas the latter has only 1084 ng nyogl obin/ 100 g tissue.

Larger quantities of nyoglobin are also fouled in birds such as grouse, which fly
only short distances but do it very quick]y, the advantage as to these birds, and
to diving forns, is that the increased nyogl obin | evels provide a very imnportant
oxygen reserve within the nmuscle - as will be seen in the next section.

3. Bl ood
There is atendency for the bl ood vol une and i ts oxygen carryi ng capacity to be greater

in diving vertebrates than in nman and other terrestrial vertebrates. As shown in
Table I11.
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TABLE |11
BLOOD VOLUME AND OXYGEN CARRYI NG CAPACI TY CF THE BLOOD OF
SOVE DI VI NG AND NON DI VI NG SPECI ES

BLOCOD VOL/ % BODY Wi ght O, CARRYI NG
CAPACI TY VOL%
Pengui n 9.0 20.0
Seal (Phoca) 15.9 29.3
Por poi se (Phocaena) 15.0 20.5
Sperm Wal e - 29.1
Rabbi t 6.5 15.6
Hen 3.9 11.2
Man 6.2 - 7.0 20.0

After Gordon, MS, 1972.

This obviously results in larger quantities of oxygen being taken down during the
dive, and in a nmore rapid expul sion of COp, so that after emergence there will be
a rapid recovery and the animal is ready to dive once again.

These di ving forns al so have a nore pronounced Bohr shift. This means that t he oxygen
di ssoci ati on curve noves even further totheright thaninthe case of theterrestrial
vertebrates. The advantage of this being that with the increased | evel s of carbon
di oxi de and t he reduced pHduring a di ve, nore oxygen i s unl oaded fromt he haenogl obi n
at the sane Oy tensions. This shiftingto the right of the oxygen di ssoci ation curve
withtheresultingstraightening of the curve, means that the oxygenis nade avail abl e
to the blood at higher carbon di oxi de concentrations. |In effect, nore use can be
made of the O that is avail able.
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Adapted from Hoar WC, 1966.
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The di ssociation curve for nyogl obin, unlike the signmoid one for haenoglobin, is
hyperbolic, and well to the left of the former.
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Thi s neans t hat al t hough oxygenis rapidly taken up fromthe bl ood, it isonlyreleased
at very | owoxygen tensions, or partial pressures, sothat when the nuscl es are being
exerted, as during alongdive, thereis agoodsupply of oxygen avail abl e. Myogl obi n,
especi al |y when at the high levels found in diving forms, therefore provides a very
i mportant, and qui ck, supply of oxygen whenthereislittle available fromthe bl ood.
See Figure I|.

If we nowlook at Table IV, we find that the estinmated dive tines fall far short of
the observed tinmes, It can therefore easily be appreciated that diving nammal s and
birds can stay subnerged far longer (up to 6 tines as long in the penguin) than if
they continued to consune oxygen at their nornal pre-dive rate.

TABLE 1V
COVPARI SONS OF SOVE OBSERVED DI VE TI MES W TH ESTI MATED DI VE TI MES

OBSERVED DI VE TI ME ESTI MATED DI VE TI ME
(M ns) (M ns)
Pengui n 18 3
Seal 18 6
Bottl e Nose Porpoi se 5 3
Bottl e Nose Wal e 120 36

The anat om cal and physi ol ogi cal adaptati ons described clearly therefore do not give
the full story. What further effects has evol utionto an aquatic and di vi ng exi stence
had on these forns and how do these effects come into play?

The following will be considered:
Bradycardi a Crculation re-routing
Lactic acid tol erance H gh pressure adaptations

Bradycardi a

Non-di vi ng vert ebrates, such as man, have t he necessary “equi pnent” to show a di vi ng
response, but it is nowhere near as specialised as in the diving forns.

It is generally accepted that there is a depression of the netabolic rate during a
di ve so that oxygen is conserved. Paul Bert (after Gordon MS, 1972) nade one of the
earliest observations of bradycardia, this being the lowering of the heart rate,
during subnergence experinments w th ducks.

The Bradycardi a response was soon afterwards shown to be of vagal origin, for when
t hi s nerve supply was secti oned t he response was el im nated. Diving aninmals studied
after this, have al ways shown t he effect (Andersen, HT, 1961, 1964. Schol ander, PF,
1940).

To denonstrate how much better at bradycardi a the divers are than man we can use t he
Grey Seal as an exanple. This animal can reduce its heart beat from 130 bpmto 4
bpmafter only one m nute during adive. Man, dependi ng on such factors as age, diving
experience, tenperanent of the individual, water tenperature and so forth, can | ower
his heart rate by only a half.

Circulation re-routing

Anot her very inportant feature of the diving vertebrates mentioned, is the ability
tocirculate blood only tothose tissues that are i nportant during a di ve, and reduce
it or cut it off fromthose that are not.
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Most work on the effects of diving onthe vascul ar systemhas been done on pi nni peds
(after Harrison, RJ, and Kooynman, G., 1971), and circulation re-routing has been
denonstrated by injections of a radioactive rubidi um conpound into the bl ood.

The pectoral, gastrocnem us and neck nmuscles, as well as the skin of all the body
except the head, which nust be kept warm have the bl ood supply cut off. A cut-off
of supply to the skin is inportant for conserving heat which is nore readily | ost
towater than air, especially inthe col der depths. Thereis al so cessation of supply
to the renal and gastro-intestinal regions. Inthe case of thelatter, the oesophagus
is supplied because it nust function for the swallow ng of food.

The adrenal and thyroi d gl ands and brai n, however, have an i ncreased supply, and the
liver, heart and eye nuscles a nornmal supply.

The site of vasoconstrictionis unusual and characteristicindivingforns (eg. ducks
and seal s) for instead of the arteriolar constriction characteristic of non-divers,
itisthelarger arteries that constrict by innervation fromthe synpathetic nervous
system The advantage of this is that there can be no chance of peripheral dilation
of vessels by the over-riding effects netabolic dilators can have on the synpat hetic
nervous system (ascendi ng dil ation), because the centre of control is further back
than the site of production of the local dilator factors.

A change i n bl ood pressure, whi ch coul d be di sastrous, does not take place, as El sner
et al. (1966) have shown with the sea-lion. The central arterial pressure does not
change, because the hi gh peripheral resistance is balanced by a | owrun-off rate of
bl ood.

Lactic acid tol erance

Wor k done on the seal (Schol ander, PF, 1940. Andersen, HT, 1969) has shown that the
lactic acid | evel rises only slightly during the dive, but increases by nearly ten
times after emergence (Figurell). This is alnost certainly because the lactic acid
isstoredinthenusclesinconsequence of restrictionof bloodflow, andthenrel eased
upon returnto normal circulation. As well as tolerating|lowQ and high CO | evel s,
high lactic acid levels are also tol erated.

Clearly, oxidative netabolismislimtedinnost ti ssues because of vasoconstriction
It is also further restricted, and the vital oxygen conserved, because of the
predoni nance of anaerobic pat hways in the periphery.
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Lactic acid level in arterial blood of a seal before, during, and after a 15-m nute
dive (after Andersen, 1969).
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The Weddel seal can stay beneath the ice for well over 60 minutes. Kooynman (1969)
and Peak et al. (1970) have shown that the | actate dehydrogenase i sozynme conpl ex of
its musclesisinvolvedw ththis anaerobic tolerance. The LDH5i s ori ent ated t owar ds
pyruvate reduction, and its concentrationis 30%higher in the nuscles of the Wddel
seal than in the less efficient diving, Cape Fur seal. Consequently, the greater
anount of its present, the nore oxygen will be spared by the nuscles (the |argest
body tissue), and there will be an extended period of availability of this oxygen
for aerobic respiration el sewhere.

H gh pressure adaptations

As depth increases, the hydrostatic pressure increases at a rate of approximtely
one at nosphere for every ten netres of seawater. Wthinthe diving manmal therefore,
air spaces such as the lungs and nmiddle ear tend to collapse and there are
nodi fi cations which pernmit these internal gas spaces to remain in equilibriumwth
anmbi ent pressure. For instance, the thoracic wall is flexible and the di aphragm
oblique, thus permtting abdom nal bl ood and vi scera to di splace the di aphragminto
the thorax. Also, the linings of the nmi ddl e ear space contain sinuses, whi ch becone
engorged so reducing the volune of the space when it is under pressure.

Finally, thereis no danger of nitrogen narcosis upon the rapid deconpression during
a fast ascent, for the follow ng reasons: when the | ungs beconme conpressed, air is
forcedintonon-respiratory spaces solittle nitrogen can enter the bl ood, next there
is a low lung volune, and finally, because nitrogen is nore soluble in fatty
subst ances, it is thought that much of it enters the copious quantity of fatty tissue
found for exanple, in the bl ubber of whales.

Concl usi on

Di ving appears therefore, to be a special case in which nechanisns of w despread
occurrence have been el aborated to the extrene. Modifications of |ungs, nuscles and
bl ood, with tol erance to hi gh carbon di oxi de and | actic acid concentrations, as well

as a pronounced sl owi ng of the heart beat, are sone of the acconplishnents that have
resulted in the successful invasion, by air-breathing aninmals, of aquatic
envi ronnent s and have ext ended t he verti cal range of manmal s t o over 1000 netres bel ow
the surface of the ocean.

To quote Gordon:

“Such adapt ati ons al so nake possi bl e the rather startling observations of
SCUBA di vers on the coasts of the Gal apagos i sl ands, where they encounter
t he rat her i nprobabl e spect acl e of mari ne i guanas, happi |y grazi ng on al gae
at depths in excess of 10 netres in the conpany of a host of fishes!”

* *x * *x * * *x *

SWALK

Brigitte Bardot has presented her pet 4 nmonth old seal to the French Riviera's
Marinel and. She did this, she said, for the animal's own good. The seal was given
her by Brittany fishermen who had found the deserted pup i n Newf oundl and. But the
change to Mari nel and was fol | owed by a severe psychol ogi cal setback. Apparently the
seal had becone accustoned to a routine of bottled mlk, fish soup and ki sses from
BB. Heaven preserve us from being done good with to such a set up!

* * *x k% * * % *
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