SEA SNAKES, A CONTRAST TO OTHER VERTEBRATE DI VERS
Har ol d Heat wol e

Sea snakes have a nmaxi mum capacity of diving to 100 netres depth and renmi ning
subrerged for two hours, after which they canriserapidly tothe surface, take only
1-3 breaths and then return to the bottom Despite the depth and duration of
subrer gence, they do not become anoxic, contract an oxygen debt or suffer the bends
(Heatwol e and Seynour, 1975 a ,b, 1976, Seynour 1974, Seynour and Webster, 1975,
Heatwol e et al ., 1977). The neans whereby such diving feats are possi bl e woul d seem
to be of interest to specialists in diving nmedicine and consequently are outlined
in the present paper.

Al t hough there are special adaptations involved in the diving physiology of sea
snakes, there are certain characteristics of the general reptilian node of Iife which
differ fromthat of nmammal s i n ways conduci ve to | ong peri ods under water. The chi ef
of these is ectothernmy.

Reptiles rely primarily upon external sources for body heat. Their body tenperature
may nmerely approach that of the external environment and fluctuate withit, but nore
often there are behavioural neans (such as basking, shade seeking, etc.) of
maintaining it within a certain range (Heatwole 1976). Al though a variety of
physi ol ogi cal , especially cardiovascul ar, adjustnents aid in maintenance of body
tenperature (Wite 1976), endogenous production of heat is not a very inportant
factor. Mich of the food energy consunmed by endot herms (namal s and bi rds) goes into
chemi cal thernopgenesis and the mai ntenance of a relatively high body tenperature.
Consequently, they have a high netabolic rates in conparison to reptiles which do
not have such an energy requirenment. It isfor thisreasonthat reptiles can go weeks,

or even nonths, wi thout food and not suffer nutritional problems. |In general, the
resting netabolicrate (and the resting oxygen consunption) of reptilesis only about
14-29%t hat of a mammual of conparabl e size (Figure 1: Bennett and Dawson 1976). In

diving terns, this nmeans that a reptile could be expected to renai n subnmerged 3-7
times as long as a simlar sized mamral on an equi val ent anmount of air before becom ng
anoxi ¢, or requiring special mechani sms such as anaerobic glycolysis. This effect
i s further enhanced by the fact that reptil es have | arger | ung vol unes t han do namal s
of equival ent size (Figure 2. Wod and Lenfant 1976). Conbining the effect of |ow
nmet abolic rate and | arge | ung vol une, the advantage a reptil e woul d have over namal s
in terns of aerobic diving time would be many fold, even w thout any social

physi ol ogi cal adaptations. It would appear that even nost |and reptiles could be
acconpl i shed divers if they chose to do so. Indeed, a variety of species that are
otherwi se terrestrial or arboreal will junp into water and subnerge for | ong peri ods
as a neans of escaping predators or nman (see Heatwol e 1975). |n nany aspects, sea

snakes do not show any nodification of the general reptilian plan. For exanple, the
net abol i c rate of sea snakes is not | ower than that of an equival ent sized | and snake
at the sanme body tenperature (Heatwole, in press). Simlarly, the haenopgl obin
content, bl ood oxygen capacity, oxygen dissociation curve, degree of Bohr shift and
ot her bl ood characteristics of potential inportanceto divers does not seemto differ
mar kedl y anong sea snakes and | and snakes (Heatwol e and Seynour 1976, Heatwole in
press).l

There are several ways, however, in which sea snakes differ fromland snakes that
woul d seemt o be of advantage to the diver. The lung of nost snakes is a sinpl e tube.
The anterior region (really an expanded trachea known as the “tracheal |ung”) and
m ddl e portion (bronchial 1ung) are highly vascul ari zed and are i nvol ved i n exchange
of respiratory gases. The posterior portion (Saccular lung) is nmenbranous and
receives only nutritive blood vessels. Consequently, it is not involved in
respi ratory gas exchange. Surgical ligating and deflating of this portion decreased
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the voluntary submergence tines in sea kraits whereas it had little affect on
| oconotion or ability to nove upward or downward i n t he wat er (Seynour and Heat wol e,
in press) suggesting that its prine function is respiratory (perhaps air storage)
rather than buoyancy control. Land snakes have respiratory problens (during
prol onged swall owing of large prey, or when buried in sand) and the above |ung
structure is not unique to sea snakes. However, |ung volune seens to be larger in
sea snakes than in terrestrial species; often the |ung extends fromthe neck to the
posterior part of the body cavity.

The mai n physiol ogi cal diving adaptation that sea snakes have is the degree of
cutaneous respiration.?2 Land snakes have a very low rate of cutaneous gaseous
exchange, and only a small proportion of their respiratory requirenments are nmet in
this way. |In contrast, in sea snakes as nuch as one fifth or in some individuals
one third of the resting oxygen requirenents can be net by uptake through the skin
and nost if not all of the CO; can be elinm nated viathis route (Gaham1974, Heatwol e
and Seynour 1975; a, b, 1976).

Because of the conbination of cutaneous respiration, large lung volune and | ow
net abol i c rate, sea snakes can renai n aerobic under water for |ong periods of tinme.
Seymour and Webster (1975) have shown that during extended voluntary dives snakes
remai n aerobi ¢ and do not produce nmuch lactate. Indeed, sea snakes are just as
sensitive to anoxia as are | and snakes and | i zards and are nmuch nore sensitive then
are freshwater turtles (Heatwole, in press). Only in energencies (ie. when forced
to remai n under wat er | onger than t he vol untary subnergence ti ne) do sea snakes resort
t o anaer obi osi s.

Cut aneous gas exchange is not only inportant directly in respiration, but has
i mplications for a nunber of other aspects of diving. For exanple, |oss of CO via
the skin nmeans that it fails to replace the gas volune | ost through utilization of
| ung oxygen and thus snakes decrease in buoyancy with increased subnergence tine.
Simlarly, one of the major influences preventing the bends is probably the | oss of
bl ood nitrogen directly to the water via the skin.

One of the nobst inportant effects of cutaneous respiration is that it alters the
significance of the circulatory systemin diving. In order to understand this
relationship it is necessary to contrast two nmaj or nodes of circul atory adaptation
to underwater life.

Most vertebrate divers (including manmal s, birds and perhaps sone reptiles) respond
to subnmergence or apnea by (1) vasoconstriction of the peripheral and spl anchnic
vessel s, resulting in (2) anaerobic glycolysis during which accurmul ation of lactic
aci d occurs, and an oxygen debt is incurred which nust be pai d back during breat hi ng
at the surface. Acconpanying this is (3) bradycardia with the blood-flow circuit
reduced to serving vital areas such as the heart and brain (Andersen 1966).

As indicated above, the last is characteristic of sea snakes only in energencies;
usual Iy they produce very little lactic acid, remai n aerobic throughout their dive,
and do not breathe at the surface | ong enough to di ssi pate an oxygen debt. Al though
there are heart rate changes during the diving cycle. Heatwole (1977) has pointed
out that they are not associated with the rest of the above syndrone and consequently
they cannot be considered as diving bradycardi a. Rat her, they represent brief
el evations of heart rate just prior to and during breathing (breathing tachycardi a)
which results in rapid lung perfusion and gaseous exchange during ventilation

Cut aneous gaseous exchange would seemto be inconpatible with the above syndrone
because of the opposing denands for perfusion of peripheral tissues.
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For cutaneous respiration to be effective, the skin nmust be perfused and peri phera
vasoconstriction woul d be a di sadvantage. For peripheral anaerobic glycolysis and
husbandi ng of |ung oxygen for vital centres, vasoconstriction is essential. Mst
vertebrate divers seemto respondinthe latter way whereas the sea snakes have opt ed
for the former strategy.

The circul atory systemof reptil es al so plays another role indiving. Thereptilian
heart is unique in vertebrates in that (1) there are two separate systenic arches
| eading from the ventricle, and that (2) the ventricle is divided into severa
subchanber s whi ch can conmmuni cate with each other at | east under certain conditions
and at certain points of the heart beat cycle. Alteration of intracardiac pressure
relationsresult i nsone of the systenic venous return bypassingthe pul nonary circuit
and leaving the heart via the left systemic arch (right-to-left) shunt).3 Thus a
reptilian heart permits aflexibility of function |lacking in the manmalian heart in
whi ch t he system ¢ and pul nonary venous returns are nandatorily conpl etely separate.

Interns of diving4, the significance of such shuntingis probably that | owperfusion
of the lung, when subnerged, results in a gradual uptake of |ung oxygen over a | ong
time without a large elevation in blood oxygen |l evels. The | ower the bl ood oxygen
| evel , the greater woul d be t he oxygen gradi ent across the skinandthe nore effective
woul d be cut aneous oxygen uptake, and the greater the proportion of the total oxygen
requi renents that woul d be obtai ned via the skin. Also, alowperfusion rate of the
lung woul d result inareducedrate of nitrogen uptake fromlung air and woul d decr ease
the risk of bends.

Insunmmary, thereptilian node of lifewithits associated ectotherny, | ownetabolic
rates, large lung volune, and functionally flexible heart has in a real sense been
a pre-adaptation for a diving existence not enjoyed by manmals. | n sea snhakes,
devel opnment of cutaneous respirationhas servedto enhancethose basic characteristics
and has resultedinadifferent type of circul atory response to di ving than that found
in nmost divers; cutaneous respiration is also related to buoyancy control and
prevention of the bends.

Foot not es:

1 By contrast there are sone aquatic snakes of the fam |y Acrochordi dae that do
have a greater Bohr shift and a | ower metabolic rate than do | and snakes or sea
snakes.

2 There are al so avari ety of nor phol ogi cal adapt ati ons such as paddl e-shapedtail,

nostril val ves, and val ves formng a tight seal when the nouth is closed. Al so,
a najor adaptation to the salinity conditions of the sea is a salt excreting
gl and under the tongue which aids in osnoregul ation (Dunson 1976).

3 The right systenic arch carries blood to the head as wel |l as the body and tends
to receive primarily oxygenated blood at all tines. The left systemic arch
suppl i es the posterior body and when oxygenat ed and unoxygenat ed bl ood i s m xed
it tends to exit fromthe heart via the left rather than the right arch (see
Webb et al. 1971 and White 1976 for a detail ed discussion of the anatony and
bl ood flow pattern of reptile hearts). During ventilation, perfusion is
soneti nes enhanced by a left-to-right shunt.

4 The significance of such shunting also lies in the ability to alter the heat
transport function of the blood during basking and other thernoregul atory
behavi our and still maintain oxygen transport capabilities (see Wite 1976).
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