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Respiration and Deep Diving in the Bottlenose Porpoise

Abstract. A Porilenese porpoise war frmined o dive wntethered in e open
acenn grd o echale intg or podervater r.'-:.ll'.i'c'f.'e.;r:g _."n:r.'.-run! Belore surfacing frenest
preseribed depihis down fo JO0 merers. The animal wos alse terghy fo lald s
breafh for periods np b 4 minaies of e rurfoce and then Blow in ke l|'|:-|."rrer:'.f.
Alveolar collapre ix probably complefe ar aropnd FO0 meters, gud Nirle pulmonary
Feiptratary exchange accurs below that depmh, Thoraeic collnpre was abrerved
wiserally ar JO o 50 merers and by pndeewater television to 300 meters.

sperm whales appear (o be able tn
dive to at least 1500 m (1), and Wed-
dell seals are known to reach 800 m
(2% In spite of heing air breathers,
these rue marine mammals have con-
siderable three-dimensional freedom in
the sen, To make such dives, they must
e able o tolernte the pressurcs of these
depths (60 to 150 atm), and they muost
alsa be able to hold their breath much
longer than land mammals, We have
studied these problems with a trained
porpoise in the open sea,

Seholander (3) proposed that alveolar
collapse would oecur in diving mam-
mals at a depth af aboog 100 m. Soch
collapse prohibits paseous exchangie dur-
ing deep dives and possibly protects the

amimal  from  decompression  sickness
and nitfogen narcosis,
Fiehiger  [4)  suggested  thal  the

unpigue, smeoth muscular sphincters of
cetacean bronchioles functioned to en-
trap air in ke alveoli, This air would
remain in contact with respiratory epi-
thelivim during deep dives, We tested
both hypothesee in a species that hag
these sphinclers (3) and provided fur-
ther information on diving depihs of
porpoises, o point of contention (45, 7
The cxperiments were carfied ool
with 2 mzle Bolllenose |_'_|u:|'[:|:_:-i5|:. Tair-

— y E 3
et ! |
— ook emire—l | i
g PN = |
(K
et Sl e
et =i 1
. = Hs
P =5
e J |
¥ I .:'.
dl B P LR
._'_ foo _.-"".
i f s
f &
f ¥

Fig. I. The experimental selup for deep-
diving experiments in the open ooean. The
porpaise dives down when 1he go signal is
turned on. He pushes the plonger on she
end af the diving test switch, turning the
o sigeal off, and then refurns to exhals
inig the funnel before surfacing.

siops frencaeies, 223 m long and weigh-
ing 138 kg, This animal (“Tully") lhas
-p:,:tj.:_ip;.;.;ﬂ in nomerous  atodies, in=
clucting  the M™avy Sealab 1T experi-
ment (8, 9, and bas been employed 1o
find amd mark underwater cguipment
containing acoustic beacons, For this
stucly two fasks were taught. The first
required fhe porpoise to dive on acous-
tic command o a switch located ot the
cnd of a cable, Tully was required to
press the switch turning the sound off
and to refurn to the surlace and exhale
into am inverled water-filled funnel with
the large opening about 50 cm below
the surface (Fig. 1), He was alse taught
to breath hold just under the susface,
again in fesponse to A sound, amd Lo
crhale into the fumnel on command.
Thus expired air could be collecied
from amy depth or duration of dive that
tle porpoiss was willing to make,

Tuffy was brained  to work  with
divers an the ocean bottom, and we took
ﬂqlv;lnrllﬂc af this to have him swim
rapidly bhack and forth bhelwesn 1w
divers at 20 m deptl 40 that cxpired ar
could be collected nfler exercise at
that depth, He could alse be come-
manded 10 come to, and exhale into,
the funmel on any breath after a desp
dive or after a sorface breath hold,
Thus we collected air samples of breaths
from the 3rd to the 15th after a dive,
fromm the 3rd 1o the 15th after a surface
hreath hold, amd froan randoem breaths
during sormal leisurely swimming. We
also inferrapded ['l:,lpu'r'».'l:l:.[ﬂ:’ﬂil:ln. which
cecurred in anticipation of deep dives,
to colleet expired air samples.

For deep-diving esperiments  Tufly
was released Irom his pen 1o swim s
side @ small outhoard-powered boat to
a civing site up fo & km oflshore. The
porpoise usually teok uwp a position in
the Boal’s sterm wisve and thus actually
“surfed” for mest of the trip.

The deep-diving device consisted of
an acoustic beacon, off switch, tempera-
fure sensor, and pressure fransdecer o
a housing at the end of 308 m of five-
ware minrime cable. A confrol box m the
boat which reistered depth and temn-
pecature had a awitch for the dive
signal, and pavges. A bydrophons

permitted us to monitor the acoustic
signial Irom the -:I::::n-l.liw..- clevice,

When the porpoise returned to the
surface amd  exhaled, {he respiratory
gas displaced the water in the funnel
(Fig. 2); a stopeock wias then opensd,
and water pressure foreed the pas
through  polyethyleng  toubing into a
lubricated [00-ml glass syringe. The
first 100 ml was disposed of through a
three=-way stopoock, amd the second
100 ml was collected for analysis
Duoplicate samples were taken on each
funnel full of air.

Initial analyses were done on @
Scholander analyzer (91, With this ox-
perience we felf secure in using o less
laborious methoed, This involved an in-
frared lf.'[_}-_. anmalyzer (Cioxdnrt CHpnn-
graph) in scrics with a nitrogen analyzer
(%), The oxygen content was determinsd
by subtracting the sum of (he C0s and
Ma values from %9 percent (100 minus |
percent mnert pas), The instruments wers
calibrated before and after cach day's
analyses with gos that had been analyzed
on a Haldans apparatus.

The animal made 370 deep dives,
aver 120 breath holds at the surface,
and four dives in which he swam hack
amd forth between two divers on the
bottom at 20 m. The pulmonary oxyveen
wias much greater alter dives (o depth
than after the surface breath holds of
wdentical pertods of time (Fig, 3). Aller
rapid swimming at a depth of 20 m, the
exhaled oxyeen was considerably less
than after a dive to 200 m regquiring a
samialar amount of time and at least as
much exercise. Carbon dicxide values
For dives of 100 1o 300 m were aloost
identical. Values of carbon dioxide for
all dives were much lower than for
surface breath holds,

Increasing  depth with  its  greater
pressure should be forcing more of the
oxygen into the bleod, vet less is used.
This indicates that soeme of the gas in
the lungs is dsolated feom the alveoli
The animal expires explosively, and
much of the gas 14 not caught in the
funnel. In spite of this we  usually

Talls 1. Percentage of oxypen aml carfon
dioxide im e porpoise’s expired breath after
dives to 200 m. Each ling mepresents o figers
lecom a different dive. On one clivie e
breath was collected oa the first exhalation,
on the mext the ninth, followsd by the shird,
and wa on paodemly,
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Fip, 3 Porpoise exhales into the lonee
just bBelow the surfoe,

caughl il least 3 liters, There clearly had
been o preat absorplion of pitrogen,
It is obvious from close observation
of the 370 dives and From the Fact that
Tully returns from depth and exhales
sevieral liters of air that he dives on
mspired  pir,. Mumerous aothors  have
suggested  that  all marine  mammals
dive on expiration (%), Thiz appears
to be tree for Weddell, elephant, and
hiarbor seals but not for porpoiscs.
Tuffy's tidal air, measured by having
him exhale inte a large calibrated can-
isler, ranged from 5 fo 6 liters, 1 we
assume that fidal air & 80 percent of
pespiealary volume, then his volume is
about 7 liters. Ac 300 m all of the air
in Tulf¥s lungs must be compressed
into & wvolurme of 200 1o 260 ml. This
volwme 1% smaller than that of the
trachen and bronchi. 1o say nothing of
the mares and nasal sics, When a large
porpoise (200 kg dicd at ownre Cacility,
wie nserted an endotracheal fube in an
attempt to revive him, When this failed,
we  mesured  respiratory  volume by
first inflating the animal and then deflal-
ing a5 much ns possible. The measured
respiratory volunee wias 11 liters. The
body with deflated lunpgs weighed 10
kg umder water. On full anllation the
body wos just about newtral or very
slightly buoyant, Pressure chamber lests
an the fully inflated, freshly cxcised
porpeise loags indicated that the bromchi
amd trachea alse collapse at depih.
The interlocking  cartilages of  the
trachen  are heavy and strong, o
structured in such a way a5 o moke the
trachea resilient rather than rigid (/).
The bony nares seem to be the only
structure of the respiratory system not
callapsible, and their volume is no
more than 50 ml. The air sinuses of the
head contain vascular plexi that prokb-
ahly expand at depth in il same man-
ner as proposed for =eals and sea lions
(2} Man is limited in the depth of his
breath-hodd dives by his al;ljl_ii':,r to make

sech pulmonary and circolatory adjust-
ments (3]

Axg the porpoise dives, the thorax
starts to collapse. Divers have olbscreed
this ar only 10 m, and by @0 m thorwic
collapse is quite apparcnt. We have also
ohserved this with underwaier televi-
sion, The lungs have a great deal of
clagtic tissue, and the Aexible rib cope
gives the porpoise a resilient thorax
that continuously chanmes shaps Fig
4,

From the porpoise’s behavior and his
echilocption clicks (/4. it appearcd
that he knew approximately where the
dive switch was by echolocating on it
as it was lowered into the ocgan and by
“HI‘I,‘:I:liI:lg e ils peousiic beacon when
the oo™ signal was activated. Prior to
dhives of more than 150 m the porpoiss
always hyperventilated by taking throe
[ 1en breaths in rapad socoession siter
the o signal was given. It appearcd
that he always achieved a cerlain mini-
mum  siate of ventilation  before he
dived. This was not the case with surface

breath holds on which he rarely hyper-
ventilated. Duwring the surface breath
holds the porpoise had no way of know-
ing how long a breath hold would be
required. To be rewarded he had to
hold his breath until the breath hold
commaand was furned off and the come-
mand to blow in the funnel was {urned
on. For deeper dives the porpome hy-
perventilated even when the first dive
of the day was to a depth of 250 or 300
r. Thus the hyperventilation cannat be
acoounted for by the animal's tiring
after several successive dives or by his
anticipation of deeper dives due o hav-
ing made a scrics of dives that contin-
ued i increase in depth,

In onc M-minute session the por-
poise made ten dives fe 200 m. Twelve
minwtes and 52 seconds were spent at
depths in excess of 100 m. In another
such session 12 dives were made in 558
rmanutes and  aboot 13 minutes  were

spent below 100 m. Betwesn divis the
porposse would blow 8 o 15 dimes in |
agiin.

minuwte and dive Random ex-
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Fig. 3. Oxygen and corbon dioxide in parpoise hrenth afier decp dives, afler bremib
holding just uncer the surface, and after swimming al a depth of 20 o, Each peinl nepre-
senls T oto 20 dives ar surface breath holds The arrews indicate the average fimes wml
points on gach graph that represent or cosresponcd o dives of 100, 200, apd 300 .



pired air samples were gollegted (Table
13, Analvsis  on subszeguent kreaths
after such dives gave walues ol aboul
13 percent oxypen bl 7.5y percent
carbon dioxide for the first few breaths
after the dive., By the eiphth o tenth
breath after the dive, the content (O, 4+
COy) of exhaled air wos wsoally back
to normal and the porpoise was willing
to dive again. This unloading of €O,
1% compatible with measurements mads
on restrained porpoises (2),

The p-:_:-rpuis.-: s nod consderes] Lo G2
a good diver, The maximum woluntary
breath hold that we have recorded was
T minutes 15 seconds for a female in
n pressure chamber, and & minotes for
another female ol the surface (6], ]_r'.-i:ng
ef ol (15) and Elsner et al (16) ob-
served  maximum fimes of & minoates
and’ 4 minutes 42 seconds,  respes-
tively, Tully has woluntarily held  his
breath on numerous cocastons for over
4 minntes. His maximum  effort has
been 4 mimoics 45 seconds,

The eilremely nonlinenr decrease in
partial pressure of oxvgen in the lung
with time indicates a nonlinear rate
of oxvgen supply. After 2 minutes the
Pl of the expired s 15 less than (L0O5
atm. The oxypen-loading curve of the
blood (57 implies wvery little oxygen
cagacily at these low values. Thus, dur-
tng the final 2 minutes of a dive or a
aurface breath hold, the animal's cardio-
vascular system is Iunctioning poorly
A% an OXYECn-transport systom.

Flz, 4. The porpeise pushing the plungs
er ol the divimge fest switeh ot o depsh of

0 m. Thoracic oollapse 0% apparcent
espectally in the arga behind the left Aip-
per. The piclure was taker with an under-
water ¢amera thal was  tripgered when
Tully pushed the plumger.

COvVER

Morthern elephant seal bull emitiing
the stereotyped  wocalization  which
functions 25 a threat to oiher males.
Sec page 1634, [A. L. Lowry, Univer-
silty of California, Snnta Cruz)

flow of oxypgen to the animal during
this pericd, It amounts to (b6 percent
of lung volume per minule.

Swimming ot  the surface, Tuffy

In the expired breath 2 percent oxy-
gen maans an even lower concentration
in the alveoli, for breath from the en-
tire respiratory system s pooled, All the
possible errors in our handiing  also
appear 0 be in the direction of increas-
ing the oxygen in the samples. We must
conclude that the porpodse can tolerate
very low concentrations of oxyipen (3
percent or less) for 1o 2 monustes.

Our data can be used quantititively
to estimate the extent of the decreased
oxvgen supply, The animal regquired
ghout %0 scconds more Lo make a
round trip to 300 m over the time it
foenk do dive 200 m, In this time the
oxygen content fell from 5.4 to 4,5 per-
cent, We can assume this wis the ﬂ'l-:'ljl:lr
breathes three tfimes per minute. The
axyEen content ineach breath 1s reduced
by & percent (21 to 12 percent). There-
fore, he consumes ahoul 24 pErCEnL of
tidal wolume per minute (roaghly 1340
mlSmin}, During the desper parl of n
dive, oxygen s supplicd to him 40
fimes more  slowly  than il is at the
surface. Fipures for surface  breath
holding wre even  lower for fhe fnal
H0 seconds. The porpoise can withstand
an alvealar oxvgen supply 25 percent
of normal fer this much fime,

We gannol completely discount the
possibility  of the porpoise  drawing
on an addittonal store of oxygen such

as an i=olated pool of oxygenatoed
blomd, It seems mofe likely that o
rearly  complete  anaerchisity  exists

throughout the animal, incloding, at
lenst partinlly, the bram. Tha armall
supply of oxygen indicated by our datn
should be barely encugh [or the heart,
The imitixl sdaplaion of Tursiops, and
most likely other marine mammals, s
hean fo telerate a much preater degrae
of temporary deprivation of oxygen in
thie tissues then ferrestrial species con,
Prolonged breath holding is neccssary
for staving heneath the surface for
cxtended pericds. It alone  does ot
pllow the animal to pgo deep, This
comes from  adapiafions in structure
that provide flexibility so that air is
compresied away from the alvesli dur-
ing the period of increasing pressure
of g dive, Mitropen is prevented [rom

poing into solution in sigmficant quanti-
ties, and the animal aveids any problam
of the bemds, Our data substantiate
this earlier hypothesis,
Sart H. Rinpgway
B. L. ScroNCE
Maval Dndersea Research and
Develapnient Cenidr,
der [Mego, Celiforniia 92132
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