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SUMMARY

This chapter reviews those features of the human respiratory system that might represent
adaptations beneficial for hominids spending appreciable periods of their lives in shallow
water. Large static lung volumes provide buoyancy, but the ability to increase mean lung
volume by voluntary breathing control (together with the relatively high body fat
content) seems much more valuable in this regard. Several reflexes help to keep water out
of the airway by causing broncho-constriction or by reducing ventilatory drive, but these
are rather weak in Homo sapiens. The pattern of breathing utilised for human speech is
also the pattern that provides the greatest mean buoyancy and the least chance of inhaling
water. The ability to switch to this pattern has required the development of voluntary
breathing-control. No conclusive evidence is available to link the respiratory
characteristics of modern Homo with those that might have provided selective advantages
to earlier hominids living in an aquatic habitat. However, the ability to control breathing
from the cerebral cortex rather than from the brain stem could be regarded as a
respiratory adaptation suiting hominids to life in shallow water.

INTRODUCTION

In the three published reviews of the Aquatic Ape Theory (Hardy, 1960;
Morgan, 1982; Verhaegen, 1985), it has been suggested that there are
several adaptations in the respiratory system that contribute to the ability
of humans to survive in water. These are:

(2) the respiratory and metabolic components of the so-called ‘diving
reflex’ (cf. Scholander, 1966);

(b) the anatomical and physiological features of the nose and
nasopharynx (Morgan, 1982; Verhaegen, 1985); and above all:

(c) the ability to switch the control of breathing from an automatic to
a voluntary mechanism (cf. Phillipson ef al., 1978). Morgan has also
drawn a striking evolutionary parallel between this voluntary type
of breathing control, which is required for living in water, and the
breathing control required for the production of speech.

Although these respiratory adaptations have not !)een emphasised, they
would have been of vital importance for an aquatic ape, be_cause per;ods
of submergence inevitably occur during wading, paddl}ng, float.mg,
swimming or diving; and even the shortest submersion ecntails a
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disturbance of normal respiratory functign. Sp these ani other. posmbl.e
respiratory adaptations demand specific discussion when tde merits of this
controversial evolutionary hypothesis are being cons'ldere. * ‘

We shall not need to concern ourselves here with diving physiology
proper, nor consider the acute effects on the human body of the
hydrostatic pressure of great depths. At 100 m the total pressure is 11
atmospheres, and the chest is squeezed to 10 per cent of its vol_ume on
the surface. Nevertheless, unassisted ‘free’ or ‘skin’ dives to this depth
have been recorded: the breath can be held for about 5 minutes on
submergence during a deep dive; and commercial diving to a depth of
25 m is common in the Yellow Sea off Korea and Japan. However, the
evolutionary selection pressures that we need to consider are those
promoting the ability to work and play in relatively shallow water, and
certainly not far below the surface. So the term ‘dive’ in this chapter is
simply synonymous with ‘going under water’.

We can confine our discussion, therefore, to those features of the
human respiratory system that (1) provide buoyancy, (2) keep water out
of the airway, and (3) allow short periods of submergence. The first two
are straightforward: any small variation that tends to keep the airway
opening up out of the water or tends to prevent water from entering the
airway would seem to offer a selective advantage in an aquatic
environment. However, the evolution of the ability to ‘dive’ demands a
compromise between conflicting requirements. On the one hand, safety
requires not only a clear physiological signalling to the diver of the
developing asphyxia but also a quick recovery on resurfacing. On the
other hand, productivity while hunting for food or treasure below the
su_rfa_cc d.cpcnds upon the ability to prolong the dive. The former
criterion is met by brisk responses to hypoxia and hypercapnia, and the
latter by blunted ones. Arguments for or against adaptation to an aquatic

environment that are based on breath-holding ability may therefore be
two-edged.

LUNG SIZE AND BUOYANCY

During the evolution of aerial respiration in aquatic vertebrates, the
buoyancy provided by the air in the lungs would have been ju’ﬁt as
important as the facility for gas exchange, because it would have hc.l ed
to keep the gnimalaon the surface (Wind, 1976). Much morte rccenptly
the readaptation of primates to an aqueous environment would a ﬂit;
have been facilitated by having a buoyant body mass. Buoyanc \\":illd
have been advantageous for life in shallow w1t‘c‘r. 10n y‘b ‘f}(,)rc an

adnptnt.ions that permit ‘diving’ would have hr;d a clngchto Ar;w)c,
beneficial. To stay on the surface, the density of the ‘l)od‘ has to l?c less
than that of the water we float in, and the difference 1)1,1s.£0 be 'rt“«‘\E
cnough to keep not just the top of the head but the nirw."ny‘ 6pcning i;‘tsclf
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above the surface. The colder and saltier the water is, the more dense it
is, and therefore the easier it is for a given object to float. So if ancestral
hominids went through an aquatic phase in tropical fresh waters, they
would have required considerable buoyancy aids; less so if they were
living in tropical seas, but still more than we need now when we bathe
in the North Atlantic.

There are no systematic studies of the factors contributing to primate
buoyancy (see Wind, 1976), but my impression is that lung volume is a
less important contributory factor than body fat. For example, in a warm
freshwater swimming-pool, I float head-up with my mouth and nose
well above the surface when I hold my breath with my lungs fully
inflated. But when my sons do the same, they sink to the bottom. They
are as tall and as large-lunged as I am, but they are not so fat; and I only
have to exhale about half my vital capacity before my body density rises
to unity and my mouth and nose sink irretrievably below the surface.
Tenney and Remmers (1963) compared lung sizes among species across a
wide range of sizes, and showed that some but not all marine species
have a slightly greater lung volume than terrestrial species with the same
body mass (Kooyman, 1973). Nevertheless, men have larger lung
volumes than women (after allowing for body size), and it 1s possible that
this sex difference may have evolved during an aquatic phase as an
adaptive compensation for men’s relative deficiency of fat deposits. In
addition, the study by Lane and Mitchem (1963) suggested an ethnic
factor in buoyancy: 10 per cent of their white subjects, but 70 per cent of
their black subjects, sank when they assumed a curled posture in water
after a full inspiration. Ghesquiere and Bunkens (this volume, chapter
16), show theoretically that black subjects might be less buoyant than
whites. This needs direct confirmation, because there are ethnic
differences in lung size at a given stature, with blacks having the smaller
lungs (Patrick, 1988).

Dobeln and Holmer (1974) showed that the measured sinking force
was proportional to the body weight in water, and was positive even for
the lightest of their fifteen white subjects; that is, they all tended to sink
and therefore submerge the airway opening. So they had to expend
cnergy in treading water, in order to keep the airway clear of the surface.
However, the body’s weight in water was reduced by 8.2 N for every
extra litre of air inspired, and this made a substantial contribution to the
energy saving. The greater the average lung volume (or respiratory mean
level) over a period encompassing several breaths, the greater was the
Saving of energy. So the best strategy for fat and thin persons alike, black
and white, male and female, irrespective of the initial lung volume, is to
breathe high up in the chest and to have fast then prolonged inspirations
(Kooyman, 1973). This can be achieved by voluntary control of

reathing, and we shall return to this important topic later.
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KEEPING WATER OUT OF
a1 second requirement for survival in an aquatic
he ability to prevent water from splashing or

For example, the nostrils of seals and other

diving mammals are normally closed off, and require muscular action to
opex{ them again on emergence from water. .The hur_n'fm nasal
musculature cannot close the nostrils, and.lts‘evolutl.onary ongins cou_ld
equally well have been the result of selectloq favouring a range of fagal
s. The oral breathing-route, which can be closed off, is a
secondary one which comes into use during and after infancy. To be
sure, the soft palate can be lifted to occlude thf: nago-pharyng and' t.hus
prevent the influx of water, but this mc-:chanlsm is primarily utilised
during swallowing, to allow food and liquid from the moth to cross the
airway into the oesophagus, and it has apparently evolved independently
of any aquatic phase.

It has been argued by Morgan (1982) that the downward-pointing
shape of the human nose might have evolved for the same reason that
children hold their noses when jumping head-first into water: to prevent
the penetration of water into the sinuses during diving. Certainly it is
easier to submerge with the nose pinched off, but an equally plausible
terrestrial explanation is that this shape is to direct the circulation of
inspired air to the olfactory mucosa, which lies superiorly, to promote
the sense of smell; and also to prevent cold, unhumidified and unfiltered
air from reaching the openings into the sinuses (Proetz, 1953).

It has also been suggested (Verhaegen, 1985) that an equivalent in
humans to the nose-closing of seals is the cyclical or externally triggered
nasal obstruction effected by swelling of the nasal mucosa. Verhaegen
stated that the nasal resistance oscillates with a period of about 90
seconds, pointing out that this corresponds with the interval between
dives in the Ama of Korea and Japan. There are at least two problems
with this hypothesis: (1) the period is 2-3 hours rather than 90 seconds,
and the total nasal resistance is barely changed by the oscillation, which
alternates bct_wccn the two sides (Principato and Ozenburger, 1970); and
(2) the resistance is not raised but lowered by two important
consequences of diving: (a) the exercise and (b) the raised carbon dioxide
pressures (Dallimore and Eccles, 1977).

‘cherthelcss, mammals have many reflexes which help to protect the
i;r;\gqgr:s T?llz\;](:orl:ﬂaciac1snzt_ f%cnetr.:;tion by droplets, particles or irritant
extensively reviewed b \)Vld(zir widely between species, an.d have beer
receptors on the face . ]1 . icombe (1986). Broadly speaking, there 77
and in the larger ‘I:L, m] fhe nose and the upper airway, on the 'larynx
stimuli. There %s qkof(mc lioles, and these are triggered by a variety 0

also a variety of responses, but the ones that are relevant

THE AIRWAY

Besides buoyancy,
environment would be t
pouring 1nto the airway.

expression
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here are those tending to close the airway (at the level of the soft palate
the larynx or the bronchioles), and also those tending to reduce 01’*
‘hibit breathing movements. There have been rather few studies of
these reflexes in human subjects, so much of the evidence comes from
Jnimal experiments indicating many species differences, some of which
are between ‘diving’ and ‘terrestrial’ mammals.

These protective reflexes can be triggered in human subjects as well as
in many other mammals by the application of water to the arca of the
face around the mouth and nose, and they are accompanied by a
reduction in heart rate and by other cardiovascular and metabolic
changes. These together protect the heart and brain from hypoxia, by
reducing the rate of oxygen consumption and redistributing the blood-
flow away from less vital organs. This combination of responses is termed
the ‘diving reflex’, and has recently been thoroughly reviewed by Elsner
and Gooden (1983) and by Daly (1984). These diving responses can be
studied relatively simply in the laboratory, without the need for
submergence: only the face need be wetted.

We have studied the bronchomotor response to face immersion in ten
normal male subjects (Mukhtar and Patrick, 1984), and measured the
maximum airflow during a forced expiration at two different lung
volumes: this gives an index of the diameter of the small airways. The
subjects immersed their faces in cold fresh water at 10°C for 15 scconds,
and half of them showed a significant bronchial narrowing. The extent of
the broncho-constriction, however, was only about 14 per cent. Similar
findings have been reported by Josenhans, Melville and Ulmer (1969),
and a slightly greater effect was seen by Keatinge and Nadel (1965) when
their subjects took ice-cold showers but kept their faces dry. This sort of
reflex would be advantageous to an aquatic hominid; but, again, it would
be more so if it were greater in magnitude and if it were triggered by
warmer water too. It appears to offer little protection to the respiratory

tract now.

If the airway does not close t
respiratory movements might be
in diving mammals when they su

Angell-James (1977) have studied the : ‘
to breathe through a tracheostomy rube. When a face-mask filled with

water at 20°C was applied to the snout, the scal stoppcd brca.thix'xg' at
once and exhibited a profound bradycardia too. Surprisingly, this dwn‘ng
response is not confined to diving mammals, but is also seen in rabbits
and in sheep and lambs (Tchobroutsky, Merlet and Rey, 1969). Wh'cn
water touches the larynx of new-born dogs, brcathi‘ng stops for a while,
but as the puppies get older the reflex grnduzllly disappears (I,if)ggs';}in_cl
Bartlett, 1973). Curiously, salt water does not have the same effect. This
type of reflex probably occurs in human neonates, who apparently can

o prevent the entry of water, perhaps
stopped instead. The reflex apnocea seen
bmerge is remarkable. Daly, Elsner and
harbour seal, anaesthetised but able
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“lv be born under watcr. [t would be advantageous for adult aquatic
‘ v DEC F P 3 ’ 19~ A E s :
safe )only if it pcr%istcd into adulthood, and if sea water were cqually
apes SIStC
effective in triggering 1t. -
We have repeated Daly’s h
men breathing through a resp!

arbour scal experiment 1N conscious young
ratory valve mounted in the bottom of .
bowl of water (Mukhtar and Patrick, 1198()): thf” cold watcr is ﬂc)«nlc(l
onto the face of human subjects breathing air or ‘“:'rb‘_”"f]“’x"j‘{v cither at
rest or in exercise, there is at most a small fall in ventilation which comey
on slowly with a time coursc that appcars to P“_m”"'] the Ch:mgc‘m face
temperature. We showed that ‘thc response. was not duc F() anxicty, to
airway cooling or to brain cooling: it appcars to be due to the cooling of
the face. Folgering and Olivier (1‘)85)‘ found a somewhat greater cffect in
resting subjects with cold ice-packs. So here 1s m.)othcr 'pcl)ssnhlc :l(l:lp.tivc
response that would be of advantage to an aquatic hommlc.l, but again it
is slow in onset, small in extent, and not triggered by immersion in
warmer water.

So far the evidence for human respiratory adaptations that would
facilitate living in an aquatic habitat appcars rather meagre. First, lung
volumes do not secem adapted to provide much extra buoyancy. Second,
the nose and nasopharynx do not close the airway off to any uscful
extent, and their shapes are not uniquely designed for protection against
water entry. And third, the respiratory diving reflex that is triggered by
water on the adult face causes no more than a 15 per cent reduction in
airway diameter and a 15 per cent reduction in the respiratory centre’s
drive to breathe. Furthermore, it is slow in onset and ineffective in warm
water. Nevertheless, there remains another mechanism in humans that
can both contribute to buoyancy and effectively seal off the airway. This
extremely powerful mechanism is the cortical control of breathing.

CORTICAL CONTROL OF BREATHING

For most of the time our breathing is under automatic control from ‘low’
(that is, brain-stem) centres: this provides a ventilation volume
appropriate to the requirements for normal metabolic gas exchange. But
there are times when we need to use the chest and lungs to generatce
truncnl'prcssurcs for straining and for lifting loads, and for blowing and
phonation. For these, the mechanism is switched to a cortical controller,
and a varicty of motor programmes is available. Patterns of breathing
very diffttrcnt from the automatic one are seen, and the switch between
ic two 1s extremely rapid (Phillipson et al., 1978). During speech, the
nm{).:ratlons are short and steep and the expirations long and slow in
o o ot 7 o, Qi o
by ‘phonatory brcqt]ﬂ::lfm,](m. (1\’/10rgan, 1982), the ability to ']‘31‘9 ”l“.

‘ g pattern’ would have two advantages for th¢
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aquatic ape: it would permit efficient swimming and it would promote
buoyancy.

1t is technically difficult to study breathing patterns during natural
swimming, because the use of any snorkel-like equipment alters the
spontancous pattern. But the anecdotal evidence is that the pattern which
does occur resembles that during phonation on land. Holmer (1972)
reports that ‘respiration in swimming is influenced by stroke rhythm and
water pressure. Rapid inspiration is followed by slower expiration under
water’. The respiratory movements have to be entrained or synchronised
with the limb movements, because the head and trunk move up and
down through the surface with each stroke. Respiratory patterns are not
entrained with limb movements during laboratory cycle-ergometer or
treadmill exercise in naive subjects (Kay, Petersen and Vjeby-
Christensen, 1975); so the evolution of this mechanism of voluntary
control which enables speech to occur is particularly suitable for swim-
ming. Non-automatic respiratory control while swimming can provide
buoyancy too. Dobeln and Holmer (1974) showed that by voluntarily
adopting a breathing pattern similar to that of phonation on land, the
mean lung volume during the respiratory cycle is increased and the
average sinking force can be reduced by 10 per cent, thus reducing the
metabolic cost of paddling to keep afloat by about 150 ml O, per
minute. The reflex inspiratory gasp (Keatinge and Nadel, 1965) that
occurs when the body is immersed head-out in cold water also
contributes to buoyancy.

The second example of cortical respiratory control relevant to
swimming and diving is voluntary breath-holding. We all know from our
own experience that we can hold our breath for about a minute, and that
this period can be extended by holding with a full chest and also by over-
ventilating to blow off some carbon dioxide beforechand. Japanese
macaques have also been observed holding their breath when preparing
to dive. The consequences of the cessation of effective gas exchange
ultimately compel the automatic medullary mechanisms to Fake control
again and restart respiratory movements at the breaking-point. For s.afc
diving, it is clearly important that timely warning of the impending
breaking-point is sensed, so that the diver can return to tl?c surface :mé
avoid inhaling water. The carbon dioxide drive contnl?utcs to thls
warning, and if carbon dioxide i blown off too vigorously in a prc-dlyc
hyperventilation, the hypoxia that is induced by the undcrwatgr exercise
during breath-holding may lead to unconsciousness and drowning (Craig

and Babcock, 1962). |
For prolonged productive diving we might expect to sce adaptations
point. One possible mechanism

that delay the onset of the breaking- p -
would be for the control system to become less sensitive to the i'ls/;i 1yxli
stimuli, and this is what happens in the seal (Daly, Elsner anc nge
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James, 1977). An aquatic ape might be' expected to have possessed 4
similar respiratory diving reflex. The ev1dence-from human subjects i
somewhat conflicting, but it provides no suggestion that respiratory driye
during submersion is profoundly reduced like the seal’s. We have already
seen that the fall in ventilation on human face immersion is small.
Mukhtar and Patrick (1986) also measured maximum breath-holding
times when the subjects’ faces were in air (56 seconds), in cold water (66
seconds), and in warm water (56 seconds): that is, cold face immersiop
only modestly” enhances breath-holding abilities. Hayward et al, (1984)
have done the experiment differently, pitching their subjects bodily into
a pool at different temperatures. By contrast, they found that the
maximum submersion times fell from 45 seconds at 35°C to 15 seconds
at 0°C. Sudden immersion of the whole body in cold water thus reduces
breath-hold times, perhaps because of the reflex inspiratory drive
described by Keatinge and Nadel (1965). Overall, the reflex effect of face
immersion on ventilatory control is small.

CONCLUSION

My conclusion, therefore, is that the only respiratory adaptation that
might be of any importance in promoting human survival in an aquatic
environment is our capacity for cortical control of breathing. This
enables us to time the respiratory cycle appropriately in relation to our
paddling or swimming movements, so that we can keep the face out of
water long enough to take an inspiration safely. If we submerge,
voluntarily or not, we can hold our breath for a minute or so, and longer
if we have first taken a full inspiration. Nevertheless, it is not possible to
argue convincingly that this mechanism evolved as an adaptation to an
aquatic environment; also, it provides obvious selective advantages in
terrestrial environments. It enables us to use the chest to control
abdominal and pelvic pressures for straining and lifting, and to control

. . H !
thoracic pressures for the production of speech — and for blowing one’s
own trumpet.
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