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ABSTRACT
Adaptations that influence duration of diving in the ringed seal,

Phoca (Pusa) hispida were examined. Mean blood volume was 234 ml/kg
lean body mass (LBM) and oxygen capacity was 30.7 ml 02/100 ml of whole
blood, yielding a total blood oxygen capacity of 70 ml Oz/kg LBM.
Abrupt and prolonged bradycardia occurred upon submersion. Experimental
dives indicated submersion durations of up to 18 minutes before the on-
set of physiological dysfunction. The percentage of LBM represented by
the brain is least in the relatively large Weddell seal (0.2%), greater
in the harbor seal (0.7%) (the compared species) and greatest in the
ringed seal (1.4%Z); this sets the requirement for minimum obligatory
oxygen consumption. The differences observed in diving durations
between the three species is considered to be mainly the consequence of

brain/body size relationship.
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INTRODUCTION

Present and Historical Developments

Adequate oxygenation of tissues is necessary to sustain physiolo-
gical functions. Tissues with high rates of metabolism and little
capacity for anaerobic conversion of energy are particularly suscep-
tible to dysfunction upon reduced oxygen supply. The vertebrate brain
is highly dependent on oxidative metabolism to provide energy at a rate
sufficient to sustain its active state. Air breathing has assured
adequate oxygen intake to meet these demands. However, mammals are
frequently exposed to episodes of reduced oxygen supply. Disorders
such as suffocation and near drowning are occurrences reducing the
ability to oxygenate the blood. Arterial blockage in coronary occlu-
sion and strokes, as well as reduced blood flow during shock and
hemorrhage, may lower or terminate the flow of oxygenated blood to loca-
lized tissues; thence, physiological dysfunction and cellular deteriora-
tion may commence.

Various animals experience common and quite natural (i.e., non-
pathological) episodes of reduced oxygenation of the blood and other
tissues. This is manifest in birth asphyxia, high altitude breathing
and hibernation. Diving mammals, when submersed in water, cannot oxy-
genate their blood. Under these conditions, physiological and morpho-
logical adaptations increase the total oxygen supply, reduce blood flow
to tissues capable of anaerobic maintenance, and maintain blood flow to

vital tissues and organs requiring oxygen.




Diving mammals are subjects for investigating these adaptations
and have been discussed in review articles (Andersen, 1966; Elsner,
1969). In these subjects not only do we find the highly evolved mam-
malian brain, which is metabolically dependent on oxygen, but we also
have subjects that restrict themselves from continual respiration by
submergence. For example, the beaver can dive for 15 min (Irving and
Orr, 1935). Many marine mammals can submerge for long periods of time.
Some seals are capable of submergence for more than 15 min and in some
species dives_of 30 to 60 min have been observed.

Adaptations to accommodate seals in water are morphological fea-
tures to assist their swimming, such as flippers and elongated, fusi-
form bodv. Thick pelage and/or subcutaneous fat provide insulation for
thermoregulation. What is not so obvious however is how the animals
avoid asphyxiation when submerged for extended intervals. Many terres-
trial animals, man included, can endure submergence for only 2 to 4 min
before stress of asphyxiation. During this period, the animal begins
to suffocate due to termination of gas exchange, and experiences hypoxia
(low oxygen) and hypercapnia (high C02). Eventual anoxia (complete lack
of oxygen) results in death. How then have divers evolved to protect
themselves against asphyxiation?

Irving (1939) speculated that, although diving animals have in-
creased oxXygen storage capacity, it is inadequate for aerobic metabo-
lism of the entire body during sustained diving. If however, selective
distribution of the blood oxygen is realized, then the oxygen stores

available may well supply the brain and heart for extended intervals




while removing from continued perfusion those tissues capable of pro-
longed anaerobic metabolism.

Defenses against asphyxiation are qualitatively common in many
animal species. Large blood volumes, elevated hemoglobin and myoglobin
concentrations, high oxygen capacity and high packed cell volume are
characteristic of diving birds and mammals capable of defending against
asphyxia during submersion by providing increased oxygen stores for con-
sumption while gas exchange is interrupted. These stores are several
fold greater than the oxygen stores found in man. Yet, the duration of
submersion which many of these animals can experience without stress,
for instance the phocid seals, may be five to ten times greater than
that extrapolated from the oxygen stores alone.

Early investigations (Irving, 1938; Irving, 1939; Scholander,
1940; Grinnell et agl., 1941; Irving et al., 1942; Scholander et al.,
1942) demonstrated cardiovascular responses to submersion and other
induced states of asphyxia such as tracheal clamping. The responses
observed included decreased heart rate, selective ischemia of peri-
pheral tissues and organs and maintenance of central arterial blood
pressure. They showed that the interaction of these functions conserves
the oxygen stores by reducing the availability of oxygen to tissues
capable of anaerobic metabolism while, at the same time, continuing to
supply oxygen to the organs most sensitive to hypoxia. Not only is
oxygen conserved for vital function, but it is also delivered via a
circulatory system at maintained blood pressure, although a profound

decrease in heart rate is experienced.



In some species of marine mammals these adaptations are most
dramatic. Some exemplary blood volumes, oxygen capacities, hemoglobin
concentrations and packed cell volumes (PCV) are presented in Tables 1
through 3. The high degree to which these variables have evolved in
seals is evident. Comparisons of diving durations further exemplify
the profound nature of these adaptations in seals (Table 4).

The understanding of the physiological adaptations of animals to
defend against submersion asphyxia has advanced considerably during the
past fifty years. Investigators have demonstrated the importance of
selective ischemia and elevated oxygen stores as defenses against as-
phyxia (Irving, 1939; Scholander, 1940; Elsner et al., 1966; Elsner et
al., 1970c). More recent studies have investigated organ function capa-
bility during asphyxia, particularly of the kidney (Murdaugh et al.,
196la; Halasz et al., 1974), the brain (Elsner et al., 1970b; Kerem and
Elsner, 1973a; Kerem and Elsner, 1973b), and the heart (Blix et al.,
1975b). Relative to organ function, adaptations are being investigated
to examine the processes at molecular levels which facilitate mainte-
nance of homeostasis during asphyxic episodes (Reichelt, 1968; Robin
and Murdaugh, 1967; Shoubridge et al., 1976; Kerem and Elsner, 1973a,b).

Mechanisms of cardiovascular control have been investigated
(Angell-James and Daly, 1972), as well as the reflex mechanisms and
neural pathways responsible for elicitation of the cardiovascular re-
sponses (Anderson, 1963a).

These research achievements have been powerful in developing the

concepts of mechanisms defending against asphyxia. The results and




Table 1. Comparative blood volume data for some

No. of *BV/TBM

Species specimens (ml/kg)
Man (lean)
Dog 8 92.0
llarbor seal

Phoca vitulina

(4 determinations total) 2 150
Elephant seal

Mirounga angustirostris 7 216
Weddell seal

Leptonychotes weddelli 2 148

#BV/TBM = blood volume/total body mass; BV/LBM =
% BV/LBM = % blood volume/lean body mass.



terrestrial

and marine manmals.

*BV/LBM *BV/LBM
(ml/kg) % Methods Reference
79 "9 p Guyton (1971)
325 Reeve el al.
T-1824 (1953)
213 2143 1317 Ferren
H30 (this paper)
Simpson, et al.
(1970)
39T L% Lenfant et al.

blood volume/lean body mass;

(1969)



Table 2. Comparative oxygen capacity data for some terrestrial and marine mammals.

0, capacity *0,
No. of PCV HB ml 0,/100 ml combining fDerived 0,
Species specimens (%) (gm%) (blood) capacity capacity Reference
Man 20.7 ' © Bock et al. (1924)
Dog 21.8 Dill et al. (1932)
Harbor seal 8 16.5 29.30 1.78 22.8 Trelng et al. (1935)
Phoea vitulina 5 20.0 26.43 1.3 Y27.6  Lenfant (1969)
Elephant seal 4 20.7 32.0 Flsner (1969)
Mirounga
angustirostris
Weddell seal 16 35.50 Kdoymun (1967)
Leptonychotes
weddelli i} 615 23.7 31.60 Lenfant et al. (1970)

* 0, combining capacity = 0, capacity/[Hb]

T Derived 0, capacity = {llb] x 1.34 (where 1.34 ml 0, combines with 1 gm Hb, Torrance and Lenfant,
1969; Guyton, 1971)

i Values calculated by authors using [Hb] x 1.38




Table 3. Comparative packed cell volume (PCV) and hemoglobin concentration [Hb] for some
terrestrial and marine mammals.

No. of
Species specimens PCV (%) Hb (gm %) Reference
Man 45.0 15.0 Lenfant et al. (1970)
Dog 45,0 15.0 Schalm et al. (1975)
Harbor seal 51.0 20.2 Lenfant et al. (1970)
Phoca vitulina 5 (captive) 53.0 20.3 Ferren (unpubl.)
Elephant seal 7 63.5 Simpson ¢t al. (1970)
Mirounga angustirostris
Weddell seal 4 61.0 23.7 Lenfant et gl. (1969)

Leptony chotes weddelli




Table 4. Comparative dive durations for some terrestrial and marine mammals.

Species Maximum Submersion (minutes) Reference
i 1 (average swimmer) Irving (1939)
s 2 (maximum) Cradg (1938)
Dog 4.5 (forced submersion) Bert (1870)
Ringed Seal 21 Freuchen (1935)
o i 21 Parsons (1977)
Phoca hispida 23 Burns (personal
communication)
llarbor seal 28 Harrison and Tomlin-
D) . T son (1960)
Phoca vitulina 23 Kerem and Elsner
(1973b)
Elephant seal 40 Van Citters et al.
Mirounga angustirostris sl
Weddell seal 55 Lenfant ¢t al. (1969)
45 Kooyman (196b6a)
Leptonychotes weddellt 60 Elsner ¢t al. (1970a)




conclusions have substantiated the original paramount investigations
and speculations published by Irving (1939) and Scholander (1940). As
a consequence of these insights and the present state of knowledge, it
is possible not only to investigate diving animals for adaptations to
defend against submersion asphyxia but also to apply the knowledge of
diving adaptations to examination of an animal in order to speculate

on its possible capability for diving.

The Consequence of Oxygen Depletion

Oxygen is needed to sustain life in animals whose metabolism is
dependent on aerobic energy conversion. Maintenance of cellular integ-
rity, both structural and functional, is based on availability of energy
for the numerous vital molecular reactions. Although anaerobic energy
conversion does occur within various tissues (and extensively within
red blood corpuscles and active muscle tissue), the primary avenue of
energy conversion within organisms is substrate oxidation with molecular
oxygen serving as the terminal electron acceptor. Reduction of avail-
able oxygen leads to impairment of energy release and in severe oxygen
depletion to death. In the brain, available bond energy is primarily
in the form of ATP (adenosine triphosphate) and creatine phosphate.
Nerve tissue has a high energy demand, for example, while the brain
comprises a small percentage of the body weight, in humans it utilizes
approximately 20 to 257 of the resting oxygen requirement (Best and
Taylor, 1961). Nerve tissue depends on oxygen consumption because the

anaerobic formation of energy-rich intermediates is insufficient for

















































































































































































