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Conpar ative Respiratory Physiology of Diving in Man and Dol phin
Denei ce L Van Hook (NAU 4602, Al abanm)

Thi s paper is reprinted fromNAU News August 1978 by ki nd perm ssion of NAUI, with
whom copyri ght remains. (The term ‘dolphin’ is used to refer to the Atlantic
Bott | enosed Dol phin, Tursiops truncatus, unless otherw se specified).

Mari ne mammal s i n general , but specifically the dol phin, because of hisintelligence
and his friendship with man, have al ways spurred an interest, if not a fascination,
with their freedomand their obvi ous enjoynent of their marine habitat. Perhaps it
was this fascination that first led nman to try entering the ocean and swinming in
its depths. It did not take long for mantorealize his limtations as a diver, and
to see the effects of pressure on his body, a body that is adapted to a terresti al
exi st ence.

Wiat is it that allows the dol phin, a warm bl ooded, air breathing mamual, |ike
oursel ves, to dive to depths of 300 neters, or to stay subnerged for fifteen nmi nutes,
whil e nost of us, as breath-holding divers, are limted to a maxi nrumof 30 netres
for a few brief nonments?

Ever since the dol phin returned to the sea, time and nature have worked to provide
hi mwi t h several anat om cal and physi ol ogi cal adaptationstofacilitate his existence
i n his marine environnent. Many changes have been nade but we wi Il concern oursel ves
here with only those changes whi ch have hel ped t he dol phin to becone a better diver.

Dol phin Respiration

Let’'s begin by | ooking at the way in which the dol phin breathes. Breathing is done
t hrough the nose as in man, but the external nares or nostrils of the dol phin have
mgrated to the top of the head, to a position directly above the internal nares,
thus he has a built in snorkel, known as the bl owhole. The blowhole is closed by
a dense fibrous mass called the plug, with a rel axation of surroundi ng nmuscul at ure.
During normal swi nmming, the dol phin surfaces about two to three tinmes every mnute
to “blow’. The bl ow consists of a conpl ete exhal ati on and i nhal ati on taki ng about
0.3 seconds. During this time, the dol phin exchanges about 80% of his air vol unme
at aflowrate of 30to 70 litres per second. This is conpared wi th man who exchanges
only about 20% of his air volume on the average of fifteen times a minute. Thus,
t hough the pul nonary capacity of man and dol phin are not appreciatively different,
t he dol phin has a much greater tidal volunme. Between each blowis a 20 to 30 second
apneustic plateau where the breath is held.

Breat hi ng i s not an unconsci ous activity inthe dolphin, asit isinman, but infact,
when anaest heti zed, the breathingreflex isoneof thefirst to disappear, even before
adequat e surgical anaesthesia is reached. Respiration nust be assisted in the
anaesthetized animal or death will result.

I nhal ation is an active process whil e exhalationis a passive one; that is, it takes
an expenditure of energy to inhale but exhalationrequires little or none. This is
due to a |l arge anmount of elastic tissue present in the |ungs and di aphragm giving
theman el astic recoil when inflated, much like that of a stretched rubber band. The
dol phin is however capable of forced expiration.

Thi s styl e of breathing acconpli shes several things. Wth the greater vol une of air

exchanged, nore oxygen is obtained nore rapidly. Al so, water and body heat which
are lost through respiration are conserved by the fewer nunber of exchanges per
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mnute. In fact, heat |lost through respiration, is cut to 10 to 30%that |ost in
terrestial aninals.

Di ver Respiration Problens

These are several problens which confront us as breath-hol di ng divers, which do not
appear to affect the dol phin. These include thoracic, m ddl e ear, and si hus squeeze,
as wel | as anoxi a seen with prol onged subnersion, and the possibility of the bends
with repeated deep breath-hold diving. Let's |look at each one of these probl ens
i ndi vidual | y and see what happens in nman, and then howit is that the dol phinis not
simlarly affected.

First, the squeezes. According to Boyle's Law, as we descend, pressure increases
and vol unme decreases proportionately. Since fluid portions of our bodies are
relativelyinconpressibleit isminlytheair spaces with whichwe nust be concerned.
These include the lungs, sinuses and niddle ear prinarily. At depths of around 30

meters, the air volune in our |lungs, assuming a full inspiration before descent, is
usual ly equal to the residual volune, or that point at which no nore air can be
consciously forced out of the lungs. The remaining air is just enough to fill up

t he dead ai r space. Descent beyond this point means that with the increasing pressure
the air vol ume, and t he remnai ni ng space nust be filledw th something. This sonething
usual ly begins in the form of engorgenent of thoracic blood vessels as nuch as
possi bl e, and i s continued by a | eakage of fluid and bl ood fromthe vessels into the
al veoli of thelungs. This fluidinthe alveol ar spaces is call ed pul nonary oedens,
and reduces the efficiency of thelungs by decreasing the functional area. |If severe,
this canresult in dyspnoea, or difficult breathing, and eveninrespiratory failure
due to anoxi a.

Why i s it that the dol phinis not bothered by thoraci c squeeze during di ves to depths
of 300 metres, when his lung capacity is not significantly larger than that of
terrestial manmmal s. In fact, it has been shown that the volume of air in his
respiratory passages at 300 netres is only about 200 to 300 m, nuch I ess than his
cal cul at ed resi dual volume. Actually, several factors contribute tothis ability.
The t horaci c structure of the dol phin allows for much greater pul nonary col | apse t han
that of man. The dol phin has four pair of floating ribs where nan has only two pair.
These ribs are not attached to the sternum and so allow for greater thoracic
flexibility. The trachea and bronchi of the dol phin are equi pped with an extensive
system of cartil agi nous support, but they are arranged to allow for flexibility.

BLAST THAT FI SH!

Al f Leggatt, who was awarded the NBE for his services to fishing, asked the arnmy to
bl owa perch out of his pond because i had eat en 2000 gol dfi sh there. The arny obli ged
and expl oded two charges. But the perch stayed put. Ni cknaned “Jaws” to comenorate
hi s appetite, he remai ned an unwel cone victor. Hisreignonly closedwhenthe Sout hern
El ectricity Board sent two men to shock him They used an electrified fishnet, 20
m nut es and 240 volts to conpl ete the assignnent. As Al f said when his eneny fl oated
stunned to the surface, “I knewl’'d get himinthe end - | wouldn’t let athing like
this beat ne. But | nust adnit |’'ve devel oped a grudgi ng respect for hinf. So he
put Jaws, all of 31 cns long, into a separate pondinfront of his house. Jaws quickly
recovered and swam strongly round the pond.

“He | ooks hungry,” said Al.
(UK News reprint)
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The trachea has been shown to be capabl e of dorso-ventral coll apse when exposed to
i ncreasing pressure. The diaphragmis also well devel oped and capabl e of a great
deal of flexibility. The lungs contain alarge anount of elastic tissue which allows
extrenme col | apse wi thout trauma. The lungs are actually capabl e of al nost conplete
atel ectasis, or collapse, without being torn away fromthe thoracic wall. Wth
col | apse of the trachea, bronchi, and other respiratory passages to the full possible
extent, only the bony portions of the nasal passages renmain fully inflated, with a
vol unme of 50m , nuch less than the 200 to 300 required for the 300 netre dive.

The lungs are provided with a rich supply of | arge di stensible veins which are seen
to engorge with i ncreased pressure of diving, and thus assist infilling sone of the
dead air space. Extensive thoracic and vertebral vascul ar networks called retia are
present and capabl e of engorgenent to prevent conplete collapse of the trachea.

M ddl e ear squeeze in man i s seen on descent when, again according to Boyle's Law,
t he vol une of air inthe niddl e ear i s reduced and the remaini ng spacerequiresfilling
upwithsonething. Inthis case, the space nay befilledw thwater, whenthe flexible
tynpani ¢ menbrane i s stretched beyondits limt andit ruptures. M ddl e ear squeeze
and rupture of the tynpanic nenbrane is prevented in man by allowing air to pass up
t he Eustachi an tube to equal i ze the pressure on both sides of the tynpani c nenbrane,
i n the dol phin, Eustachian tubes exist for this purpose and it is believed that he
uses a nodi fi ed Val sava t echni que for equal i zing his ears on descent. Numerous venous
pl exuses al so exi st in both the m ddle ear and the air sinuses of the head whi ch can
engorge to prevent ear and sinus squeeze.

Anoxia, or lack of sufficient oxygen to nmmintain consciousness, is a problem
encountered as nman attenpts to stay underwater for any extended anobunt of tinme on
one breath of air. Anything in excess of a few m nutes, and nost individuals wll
becone unconsci ous. The dol phin, on the other hand, nmakes routine dives for five
m nutes at a time and can stay under for fifteen mnutes and soneti nes nore wi t hout
sufferingany ill effects. How? It’s not asinple matter of, “He can hold his breath
| onger”, or “He doesn’'t need as nmuch oxygen,” but is instead, a conplicated nixture
of anatoni cal and physi ol ogi cal adaptations of the cardiovascul ar and respiratory
syst ens.

Cardi ovascul ar adaptations are nunmerous. The blood itself has undergone certain
changes. The vol ume of bl ood has i ncreased, as wel | as t he haenogl obi n concentrati on,
and t he packed cell vol une, or percentage of red blood cells to serum This allows
for a greater oxygen carrying capacity of the blood. The mean corpuscul ar vol une
has al so been increased, thus the surface area of the red cells has been increased
1.5to2tinesthat interrestial manmals. This permits rapid absorption and rel ease
of oxygen, allow ngfor rapi doxygentransport tothetissues. Another cardiovascul ar
adj ustnent invol ves a w despread peripheral vasoconstriction which is seen during
di vi ng. This vasoconstriction is not confined to the capillaries alone, but
effectively results in a shunting of bl ood away fromthe peripheral circulation and
to the nore vital organs of the heart, liver, and brain. Thus oxygen is conserved
for essential |ife-preserving processes. Shunting of blood away fromthe outside
of the body and appendages al so assists in the preservati on of body heat, a constant
struggl e for the warm bl ooded dol phi n.

A diving bradycardia, or slowing of the heart rate is seen in the dol phin as well
as ot her diving manmal s. Man, and even non-di vi ng mamal s show a simi | ar bradycardi a
upon subnersion. The slowed rate is nore evident in the deeper diving mamual s such
as t he seal s, and deep di vi ng whal es. The exact nmechani smwhichinitiates this reflex
is not knowmn. It isprinmarily the result of an extension of diastole, or the resting
phase of the cardi ac cycle. Though the heart rate sl ows, the bl ood pressure remai ns
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about the same. Asinilar bradycardi a can be seenin the anaesthetized dol phi n which
is suffering fromanoxia, but is not seen if the animal is properly ventilated. A
normal respiratory arrhythni a has been noted, with the heart rate increasing to 70
to 120 just after inspiration and droppingto 30 - 60 qui ckly thereafter; maintaining
that rate until the next breath is taken.

A so cal l ed “natural aneurisni or bul bous dilatation of the ascendi ng aorta has been
noted just distal totheleft ventricle. It has been postul ated that this dilatation,
with its extensive supply of elastic fibres, nmay serve as an assi st to the coronary
bl ood fl ow and mai nt enance of arterial pressure during the long diastole seen with
di vi ng bradycardi a.

The val ue of the lung air as far as increasi ng bl ood oxygen | evel s during diving is,
at best, of little value, in fact, in deeper dives, alveolar coll apse precl udes any
pul nonary gas exchange. What this neans is that reserves nust exist el sewhere, or
t hat anaerobic respiration nust take place, especially in those tissues which are
essentiallycut off fromthenaincircul atory systemby the w despread vasoconstriction
seen with diving. As it turns out, the dol phin can store a great deal of oxygen in
t he nuscl e ti ssue bound to the nuscl e f ormof haenogl obi n., or nyogl obin. Myogl obin
can be responsi ble for up to 50%of the total oxygen stores. In addition, the nuscle
ti ssue can function anaerobically, whenits oxygen stores are exhausted. This builds
up a so call ed oxygen debt which nust be repai d upon surfacing. After a period of
prol onged subnersi on, the dol phin nust surface and by neans of several exchanges of
air, repay any oxygen debt he has accunul ated. The vasoconstrictionis relieved on
surfacing and the oxygen rich blood is carried to the nuscle tissue to conplete the
requi red aerobic portion of sue respiration.

In addition to these cardi ovascul ar changes, several respiratory adaptations have
been nmade. The dol phi n has hi gher tol erances for both oxygen debt and carbon di oxi de
excess. Inman, one of the nore sensitive signallingdevices of thebraintoinitiate
breathingis anincreaseinthe partial pressure of carbon di oxideinthe bl ood. This
ef fect can be | essened sonewhat by hyperventilation, where carbon di oxi de i s bl own
off to such a low |l evel that the decreased | evel of oxygen in the bl ood takes over
as a secondary signalling device. Hyperventilation has also been noted in the
dol phin, but is not the sol e nethod for suppressingthe carbon di oxi de signal. There
is actually a natural |y decreased sensitivity of the brain to carbon dioxide, sothe
urge to breathe i s not as strong, and in fact the need to breathe is not as i nmedi ate
as in man with simlar blood carbon dioxide |evels.

Dol phi ns and Bends

Why don’t dol phi ns get t he bends? The bends, or deconpressi on si ckness, isin general
t hought to be associated with conpressed air or SCUBA di ving, but it has been shown
to occasionally result fromrepeated, deep, breath holding dives. |In this case,
continued repeated conpression of the alveolar air with resulting high partial
pressure of nitrogen in the blood. Upon ascent this nitrogen in solution comes out
of solution and bubbles into the tissues, especially the joints, causing pain and
ot her associ at ed signs of the bends. This disease has not been reported in dol phins
even following as many as ten dives to 260 feet within a one hour period.

The reason why dol phins don't suffer fromthe bends is related to the anatomny of the
lungs. Fromeight to ten discrete circular nyoelastic bundles are present in the
term nal bronchioles, or thesnall air passages | eadingintothe al veol ar sacs. These
act as sphincters to conpartnentalise the bronchiole. They serve as val ves bet ween
the high pressure air inthe trachea and the | ow pressure naintained in the al veoli
during diving. They break up this large pressure differential into several snall
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pressure differentials. These sphincters donot trapair inthealveolus, but instead
actually trap air away fromthe al veol us, and thi s away fromt he area of gas exchange.
By maintaining low air pressure in the alveolus, the partial pressure of nitrogen
is not driveninto solutionin the blood in significant quantities toresult inthe
bends.

Thus we can see t hat nature has provi ded t he dol phin wi th nmany and vari ed adapt ati ons
tofacilitate his marine exi stence, just afewof whicharenentionedinthisarticle.

Summary

Nat ure has marvel | ously adapted the dol phin to his environnment. These adaptations
i nclude many anatom cal and physi ol ogi cal changes. The thoracic structure can
col | apse wi t hout per nanent danage, al nost to the point of conplete atel ectasis. This
isduetoalarge supply of distensibleveins, elastic pul nonary tissue, and fl exi bl e
bronchi, trachea and ri b cage. The bl ood has a greater oxygen carrying capacity than
that foundin|land manmal s. The nmuscl es are capabl e of storing upto 50%of the oxygen
in the body, to nake possible continued nmuscular activity in spite of w despread
peri pheral vasoconstriction and a reflex bradycardia. The muscle tissue is also
capabl e of functioning anaerobically and accunul ating a | arge oxygen debt wi t hout
ti ssue danmage. The brain has a higher tolerance to carbon dioxide and is |ess
sensitive toits signal toinitiate breathing. A series of nmuscular sphincters in
t he bronchi ol es permits alowair pressureinthe al veol us even whil e diving to great
depths, and thus a |l ow partial pressure of nitrogen exists. This prevents adequate
anounts of nitrogen to be dissolved in the blood to result in the bends. Al this
has been done for the dol phi n whil e man has been adapt ed f or an exi stence on dry | and.
Thus what is natural for the dol phin, we nust suppl enment our bodies with nachinery
todo. Sothe fascinationremins wththe beautiful, graceful, diving dolphin.....

PREGNANT DI VER UPDATE continued from page 87

What about the deliveries? What about the babies? These are the questions we all
ask. Al the babies were “normal” according to their nmothers. Only one baby was
under weight, at birth. The nal e babi es outnunbered the females 61%to 39% The
conpl i cati ons that occurred during pregnancy i ncl uded one premature birth, one septic
abortion, and two niscarriages. (One of the women had two miscarriages before
| earning to dive and two nore since diving). The normal rate of spontaneous abortions
is 20% for the general public, the rate anong t he respondees was | ess than 3% There
wer e seven Caesarean sections (12% . This procedureis becom ngincreasingly popul ar
and the average rate is between 10-15%for the general public. Al but one wonan
continued to dive after delivery.

Fromthis survey, it seens that many wonen di sconti nued di ving as soon as pregnancy
was established, and the reason given was the | ack of information on the safety or
danger to the foetes. However, nost wonen dived at | east during the first trimester,
at a tinme when the foetus is very vul nerable. Those who continued to dive as |ong
as possible did not run into any apparent problens. Even the wonen who nade deep
di ves reported no mshaps. | believe in good prenatal care and | reconmend t hat
pregnant divers limt their maxi numdepth to 33 feet, take it easy (make the easy
di ves), avoid overextendi ng oneself, and use commobn sense.
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