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A B S T R A C T   

Sequential diving by wild marine mammals results in a lifetime of rapid physiological transitions between lung collapse-reinflation, bradycardia-tachycardia, 
vasoconstriction-vasodilation, and oxygen store depletion-restoration. The result is a cycle of normoxia and hypoxia in which blood oxygen partial pressures can 
decline to <20–30 mmHg during a dive, a level considered injurious to oxygen-dependent human tissues (i.e., brain, heart). Safeguards in the form of enhanced on- 
board oxygen stores, selective oxygen transport, and unique tissue buffering capacities enable marine-adapted mammals to maintain physiological homeostasis and 
energy metabolism even when breathing and pulmonary gas exchange cease. This stands in stark contrast to the vulnerability of oxygen-sensitive tissues in humans 
that may undergo irreversible damage within minutes of ischemia and tissue hypoxia. Recently, these differences in protection against hypoxic injury have become 
evident in the systemic, multi-organ physiological failure during COVID-19 infection in humans. Prolonged recoveries in some patients have led to delays in the 
return to normal exercise levels and cognitive function even months later. Rather than a single solution to this problem, we find that marine mammals rely on a 
unique, integrative assemblage of protections to avoid the deleterious impacts of hypoxia on tissues. Built across evolutionary time, these solutions provide a natural 
template for identifying the potential for tissue damage when oxygen is lacking, and for guiding management decisions to support oxygen-deprived tissues in other 
mammalian species, including humans, challenged by hypoxia.   

1. Introduction 

The diving response of air-breathing vertebrates results in abrupt, 
marked changes in physiological function across organs. Characterized 
by apnea, bradycardia, and vasoconstriction (Kooyman, 1989; Ponganis, 
2015; Davis, 2019), the dive response is not a singular event for diving 
mammals. Rather, wild marine mammals may undergo dozens (i.e., 
narwhals and beluga whales) (Heide-Jørgensen et al., 2001) to over 100 
(i.e., Antarctic fur seals) (Croxall et al., 1985) cycles of lung collapse- 
reinflation, bradycardia-tachycardia, vasoconstriction-vasodilation, 
and oxygen store depletion-restoration each day as they perform 
routine sequential dives during foraging or transiting. The result is a 
lifetime of rapid transitions between surface and submerged physio
logical states, that allows the maintenance of physiological homeostasis 
and energy metabolism even when breathing and pulmonary gas ex
change cease (Fig. 1). 

Two important questions arise from this variation in physiological 
parameters. First, at the whole animal level, what do we consider the 
“normal” resting physiological state for marine mammals? And second, 
at the cellular level, how do oxygen-dependent tissues maintain function 

during such marked transitions in oxygen delivery? In this review, we 
use a comparative allometric approach to examine the range of meta
bolic and cardiovascular states that occur along the oxygen pathway in 
diving mammals. Recognizing that physiological variability character
istic of marine mammals may expose tissues to periods of low oxygen 
availability, we apply the Krogh Principle (Krogh, 1929) to examine how 
diving-adapted mammals avoid hypoxic tissue damage and how these 
adaptations may inform on the suite of hypoxia- related symptoms re
ported in patients during the current coronavirus 2019 (COVID-19) 
pandemic. 

2. “Normal” physiological states of marine mammals 

Cetaceans, pinnipeds, sea otters, sirenians, and polar bears are 
secondarily aquatic mammals that spend all or most of their lives in an 
environment where they only breathe periodically. Despite this, marine 
mammals maintain aerobic metabolism and physiological homeostasis 
similar to terrestrial mammals that have unlimited access to air (Davis, 
2019). A major difference between these groups is that oxygenation by 
diving-adapted mammals is a transient event even during rest that can 
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occur either while breathing at the water’s surface or during apnea 
(breath-hold) on land or while submerged. In view of this, defining 
“normal” or “resting” basal states for marine mammals can be difficult. 
Similarly, the relationship between metabolic rates and heart rates 
during exercise differ when swimming on or near the water surface or at 
depth (Williams et al., 2015). 

Comparative allometry with data from marine and terrestrial mam
mals demonstrates the variability in physiological states associated with 
an aquatic lifestyle (Fig. 2). In general, basal or resting metabolic rates 
measured in marine mammals during rhythmic breathing are higher 
than predicted for similarly-sized terrestrial mammals. While resting on 
the water, the metabolism of 14 species of marine mammals ranges from 
0.3-times (West Indian manatee, Trichechus manatus) to 2.9-times (sea 
otter, Enhydra lutris) the allometric prediction for eutherian mammals of 
similar body mass. Considering only the carnivores (Cetacea, Pinnipedia 
and sea otters), marine mammals have a mean resting metabolic rate 
that is 2.3-fold higher than the allometric prediction for terrestrial 
eutherian mammals and 2.0-fold higher than predicted for terrestrial 
carnivores (Fig. 2A) (Davis, 2019). Experiments with trained pinnipeds 
(Hurley and Costa, 2001) show that these elevations in surface resting 
metabolism often diminish to predicted terrestrial levels or below when 
marine mammals are resting while submerged. 

The heart rates of resting marine mammals are also highly variable, 
which limits our ability to assign a single “normal” value. Unlike 
terrestrial mammals, which demonstrate a clear allometric relationship 
for resting heart rate (Stahl, 1977), marine mammals alternate between 
elevated rates relative to similarly-sized terrestrial mammals when 
breathing on the water surface to bradycardia when resting or gliding 
while submerged (Fig. 2B). On average, the resting heart rates of marine 
mammals are 42% higher than predicted for terrestrial mammals when 
on the water surface awake and breathing, and 43% lower than pre
dicted when sedentary and submerged. Based on this, the movement of 
oxygen along the O2 pathway is clearly context specific for marine 
mammals. 

3. Safeguarding function in oxygen-dependent tissues 

As would be expected, the variations in physiological function with 
diving and surfacing described above for marine mammals are associ
ated with alterations in oxygen availability to tissues (Fig. 1). Depending 

Fig. 1. Transitions along the oxygen pathway for marine mammals breathing 
on the water surface (top) and diving (bottom). In this simplified model, the 
movement of oxygen travels sequentially through three major compartments: 
the respiratory system (blue box), the cardiovascular system (pink box) and into 
the cells of the tissues (white box) where O2 is taken up by the mitochondria 
during ATP production. The driving force for this cascade is the change in O2 
partial pressures along the pathway. The size of each compartment and the red 
arrows denote the relative change in oxygen transport for each physiological 
state. Free-ranging marine mammals alternate between these states (black ar
rows) with each dive and interposing recovery period during sequential dive 
bouts as shown by a typical time-depth record for a wild narwhal (center inset). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 2. Allometric comparisons for resting metabolic rate and heart rate in 
mammals. In A, basal and resting metabolic rates for terrestrial mammals from 
rodents to elephants (black symbols) and marine mammals from sea otters to 
killer whales (blue symbols) are compared. Measurements for marine mammals 
were taken as the animals rested on the water surface. Data, regressions and 
references are compiled in Davis (Davis, 2019). In B, resting heart rates of 
marine mammals lying sedentary on the water surface (cyan circles, heart rate 
= 260.6body mass − 0.21, r2 = 0.69, p < 0.0001) or submerged/gliding (dark 
blue circles, heart rate = 105.1body mass − 0.22, r2 = 0.54, p = 0.0016) are 
compared to the predicted values for terrestrial mammals (red line) from Stahl 
(Stahl, 1977). Lines in both panels are least squares regressions through the 
data points for each group plotted in relation to body mass. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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on breath-hold duration, level of bradycardia, and exercise intensity, 
rapid declines in the partial pressure of blood oxygen (PO2; Fig. 3) and a 
concomitant increased reliance on tissue oxygen stores to support aer
obic metabolic processes may occur. Compared to human divers, the 
minimum levels of arterial and mixed venous PO2 reached in marine 
mammals can be exceptionally low. For example, the minimum mixed 
venous PO2 of sedentary Pacific white-sided dolphins (Lagenorhynchus 
obliquidens), bottlenose dolphins (Tursiops truncatus), beluga whales 
(Delphinapterus leucas), and killer whales (Orcinus orca) declines to 
17–31 mmHg during voluntary breath-holds, <40–50% of values 
measured when breathing on the water surface (Williams et al., 1999; 
Noren et al., 2012). Even lower levels (10–23 mmHg) are attained in 
actively diving, wild pinnipeds (Fig. 3) (Ponganis, 2015). Interestingly, 
blood PO2 during apnea in marine mammals routinely declines below 
the normoxia value of 35 mmHg in human brains (Carreau et al., 2011), 
reaching levels that would render a human diver unconscious. Yet, the 
marine mammals show no neural impairment, and continue to actively 
swim, hunt, and navigate under these conditions, revealing an excep
tional tolerance to hypoxemia. 

A concern, of course, is the potential for cellular injury in oxygen- 
dependent tissues, particularly those with determinate growth patterns 
such as the brain, heart, and kidneys (Fig. 4) (Ostadal and Kolar, 1999; 
Stankowski and Gupta, 2011). Sensitivity to oxygen deprivation coupled 
with limited ability to replace cells in these organs results in an 
increased risk of permanent damage with prolonged ischemia and tissue 
hypoxia. For example, the time course for molecular/cellular events 
associated with the onset of ischemia in mammalian myocardial cells 
reveals how quickly cellular deterioration ensues (Fig. 4). Irreversible 
damage can occur within minutes in human hearts; cell death leading to 
tissue necrosis happens within hours (Ostadal and Kolar, 1999). Like
wise, a cascade of molecular events instigated by ischemic stroke in the 
human brain begins within minutes to ultimately end in neuronal death 
within hours to several days (Stankowski and Gupta, 2011). 

In contrast to humans and terrestrial mammals, the tissues of diving- 

adapted mammals appear comparatively resistant to hypoxemic injury 
when convective oxygen transport declines during apnea (Ponganis, 
2015; Davis, 2019; Ramirez et al., 2007). For some deep-diving species 
(i.e., Curvier’s beaked whale, Ziphius cavirostris), apnea can exceed three 
hours, theoretically depleting onboard tissue oxygen stores (Quick et al., 
2020) and potentially increasing the risk to injury. How marine mam
mals protect oxygen sensitive tissues under these conditions is the 
product of over 50 million years of evolution. It began with terrestrial 
ancestors re-entering the oceans (Davis, 2019) and has led to an 
assemblage of physiological adaptations that enhance aerobic meta
bolism as well as permit unique resilience to hypoxia and anaerobic 
byproducts (Fig. 5). Three major, interrelated processes are involved, 1) 
enhanced tissue oxygen stores, 2) altered oxygen transport to select 
organs, and 3) increased buffering capacities conferring greater toler
ance to hypoxia in marine mammals compared to terrestrial mammals. 

At the vascular level, elevated blood volumes and hemoglobin con
centrations promote an increase in oxygen carrying capacity in the blood 
of marine mammals. During deep dives by some species, most notably 
Weddell seals (Leptonychotes weddellii), this may be further enhanced by 
splenic contraction which releases a store of oxygenated erythrocytes 
into the circulation (Hurford et al., 1996). A similar diving adaptation 
has recently been proposed for an Indonesian tribe of sea nomads known 
as the Bajau, that have evolved larger spleens to deliver more oxygen- 
carrying blood cells when diving (Ilardo et al., 2018). Higher capillary 
densities in the brain and myocardium of marine mammals compared to 
terrestrial mammals also promote shorter diffusion distances for oxygen 
transfer in these oxygen-dependent tissues. 

With prolonged breath-holds, declines in circulating oxygen can lead 
to progressive hypoxic conditions within tissues. However, rather than 
an obligate detriment, lower blood PO2 in marine mammals is necessary 
in tissues such as skeletal muscles that rely on enhanced stores of 
oxygen-carrying globins to support aerobic metabolism. In these cases, a 
reduction in arterial PO2 results in muscle hypoxia that promotes the 
dissociation of oxygen from stored myoglobin for use in aerobic path
ways (Ponganis, 2015; Davis, 2019). This is a significant adaptation in 
both locomotory skeletal muscles and the myocardium of diving mam
mals (Berenbrink, 2020). The concentration of oxygen-linked globins in 
the form of myoglobin in these muscles is approximately 10-fold higher 
in marine mammals compared to terrestrial mammals (Fig. 5), thus 
providing a critical “SCUBA” tank of oxygen for supporting aerobic 
metabolism during a dive. Likewise, higher concentrations of oxygen- 
linked globins in the brain (e.g., neuroglobin and cytoglobin) of ma
rine mammals have been reported (Fig. 3A) (Williams et al., 2008), 
although their importance to oxygen transport or neuroprotection dur
ing hypoxia are less known. 

As oxygen stores decline during the course of a dive, the distribution 
of blood as well as tissue perfusion may be altered (Kooyman, 1989; 
Ponganis, 2015; Davis, 2019). In response, organ function is adjusted in 
some tissues (kidneys, liver) (Davis, 2019), while others can enter into a 
state of anaerobiosis (heart) as evident from lactate accumulation 
(Ponganis, 2015; Ramirez et al., 2007). Note that the latter is unsus
tainable for long periods and likely only occurs on dives exceeding 
aerobic diving limits (Kooyman et al., 2020). 

Numerous safety factors and biochemical buffers enable even the 
most oxygen-dependent tissues in marine mammals to not only with
stand these physiological transitions, but maintain function and avoid 
injury during ischemia and reperfusion. For example, normal mamma
lian renal and hepatic function exceeds what is needed for physiological 
homeostasis (i.e., a reserve capacity) such that a decrease in blood flow 
to these organs during dives within aerobic dive limits does not disrupt 
homeostasis. As reported for freely-diving Weddell seals, a moderate 
bradycardia and reduction in renal and hepatic blood flow during 
routine dives does not disrupt glomerular filtration by the kidneys or 
intermediary metabolism in the liver (Davis, 2019). However, because 
the energy metabolism of these organs is dependent on blood flow, there 
is a modest savings in oxygen consumption, which decreases overall 

Fig. 3. The effect of breath-hold duration on the partial pressure of blood ox
ygen in marine mammals. Sedentary bottlenose dolphins (n = 3, open circle) 
and Weddell seals freely diving beneath the Antarctic sea ice (n = 4, closed 
circle) are compared. Each point represents a single, mixed venous blood 
sample obtained within 2 min of surfacing. Data are from Williams et al. 
(Williams et al., 1999) for dolphins and (T.M. Williams, unpublished data) for 
Weddell seals. The dashed horizontal line denotes the circulating PO2 level 
associated with unconsciousness in humans. The inset shows a representative 
mRNA expression analysis for the cerebral cortex of five mammalian species, 
where total RNA was isolated and subjected to RT-PCR with primers specific for 
neuroglobin (Ngb). Note the presence of Ngb for the porpoise and melon- 
headed (m-h) whale and relative absence in mouse, bobcat and pilot (p) 
whale (Williams et al., 2008). 
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metabolic rate relative to levels while breathing at the surface. In these 
diving specialists, the splanchnic organs can tolerate a 75–80% reduc
tion in blood flow relative to resting rates and still maintain aerobic 
function for digestion and assimilation during most dives. 

For critical organs such as the brain, neuro-protection may also be 
enhanced by selective cooling to preserve the functioning of essential 
neural networks (Ramirez et al., 2007). In addition, the redistribution of 
blood via fine control of the microvasculature ensures adequate flow to 
the brain during most dives (Dormer et al., 1972; McKnight et al., 2019). 
Other safety factors in marine mammals include increased glycogen 
levels in the heart and brain to support short periods of anaerobic 
function, hypoxia tolerant enzyme systems (Ramirez et al., 2007), and 
increased non-bicarbonate buffering capacity in the skeletal muscles of 
deep divers and fast swimmers (Noren, 2006). 

One of the most important adaptative safety factors in marine 
mammals occurs after the dive in the form of tissue resiliency that allows 
sequential transitions between ischemia and reperfusion as occur with 
continuous diving and recovery (Fig. 1). Unlike human tissues in which 
oxidative stress associated with such transitions initiates the formation 
of oxygen radicals and antioxidant cascades that challenge cell function 
during reperfusion (Ramirez et al., 2007), marine mammals appear 
uniquely protected through specialized antioxidants that prevent tissue 
injury following prolonged breath-holds (Tift and Ponganis, 2019). This 
is especially important for prolonged dives exceeding aerobic dive limits 
when lactate accumulation and the potential for intracellular ion im
balances and pH shifts would be most likely to occur. 

4. Conclusion: insights for COVID-19 injury 

When pulmonary ventilation is reduced (Fig. 1) and dives exceed 
aerobic capacity, marine mammals can enter into the beginnings of true 
asphyxia. In this physiological state, the oxygen pathway of the animals 
resembles the disrupted respiratory gas exchange and reduced convec
tive oxygen transport characteristic of COVID-19 patients. However, the 
ability of marine mammals to avoid or cope with reduced oxygen de
livery stands in stark contrast to the vulnerability of oxygen deprived 
tissues in humans. This has been especially apparent in the myriad of 
symptoms displayed by patients during the COVID-19 pandemic (Fig. 5). 
Using the Krogh Principle (Krogh, 1929) in which “for a large number of 
problems there will be some animal of choice, or a few such animals, on 
which it can be most conveniently studied” we find that marine mam
mals provide a novel perspective on how nature has solved the problem 
of avoiding hypoxic tissue injury in some mammals, while leaving 
humans comparatively defenseless. 

Although the original focus of concern for COVID-19 patients was on 
reduced oxygen delivery by the pulmonary system due to extensive 
alveolar damage (Bussani et al., 2020), it is now clear that co-occurring 
immune responses to infection can instigate systemic physiological 
failure with homeostatic disruption across multiple organs (Fig. 5) 
(Machhi et al., 2020). Mediated in part by angiotensin-converting 
enzyme 2 (ACE2) receptors, many disorders involve vascular compli
cations (i.e., coagulopathies, inflammation, thrombosis formation, 
altered capillary permeability, edema, ischemic stroke) resulting in 
localized hypoxemia (Bussani et al., 2020; Szelenberger et al., 2020). In 

Fig. 4. Timeline for cellular events due to severe ischemia in myocardial tissues. Obstruction in blood flow to the heart and subsequent declines in oxygen avail
ability and glycogen stores result in the initiation of a cascade (delineated by the arrow) of molecular, biochemical and functional events within seconds that ul
timately can result in cellular death within hours. Redrawn from Ostadal and Kolar (Ostadal and Kolar, 1999). Determinate tissues including the myocardium and 
neurons with relatively finite growth set by birth (inset) and pulmonary alveoli set at maturity are especially vulnerable to irreversible damage with such events. Not 
surprisingly, these tissues have demonstrated long-term effects with COVID-19 infection. 
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contrast to diving marine mammals, the resulting disruption in oxygen 
availability is manifested in humans as a rapid loss of organ function and 
in some cases permanent cell damage particularly for determinate, 
oxygen-dependent tissues (Fig. 4). In the absence of hypoxia protection, 
the response to COVID-19 infection in humans can be marked, and 
irreparable in severe cases for vulnerable organs like the alveoli of the 
lungs, heart and brain (Bussani et al., 2020; Machhi et al., 2020; Sze
lenberger et al., 2020). Because the ability of the human body to repair 
these tissues is uncertain, it is not surprising that recovery to normal 

exercise levels (Bussani et al., 2020; Wilson et al., 2020) and cognitive 
function (Barker-Davies, 2020) can be prolonged for some patients even 
with mild infection. In view of this comparatively low tissue resiliency in 
humans, protections that reduce infection rates become increasingly 
important, and a level of caution is added to planned herd immunity 
programs. 

In summary, physiological homeostasis is the driving principle for 
survival in mammals, whether as an adaptive mechanism in marine 
mammals or as the foundation of efforts to restore it in the Intensive 

Fig. 5. Hypoxia defense and vulnerability in oxygen sensitive tissues of mammals. Blue boxes indicate the breadth of protective mechanisms for preventing tissue 
injury during hypoxia in the general vascular system, cardiac and skeletal muscle, brain and neural tissues, and renal tissues of diving-adapted mammals. Red arrows 
indicate increased levels relative to terrestrial mammals (proportional increases shown in parentheses); blue arrows denote decreases. Pink boxes show the broad 
range of hypoxia-related symptoms reported for patients with COVID-19 infections. (Note mild to marked cases are combined for this general review.) See Machhi 
et al. (Machhi et al., 2020) for a review of the full list of symptoms relative to severity of infection. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

T.M. Williams and R.W. Davis                                                                                                                                                                                                               



Comparative Biochemistry and Physiology, Part A 253 (2021) 110849

6

Care Units of COVID-19 patients who are poorly equipped for periods of 
reduced tissue oxygenation. Nature has clearly provided marine mam
mals with an arsenal of protections to safeguard tissue oxygen levels in 
the face of hypoxia that we continue to discover (Fig. 5). Although they 
provide insights into potential protective mechanisms for other mam
mals, the solution to assisting COVID-19 patients will not be as simple as 
turning humans into diving dolphins or Bajau fishermen. Behind na
ture’s solutions are associated safety factors that must be taken into 
account. For example, in dolphins and killer whales, the ability to 
release oxygenated red blood cells into the circulatory system to prevent 
hypoxia during a dive is accompanied by the absence of the Hageman 
Factor (Factor XII) that typically initiates coagulation in mammalian 
blood (Robinson et al., 1969). In this way, cetaceans avoid the threat of 
clots or stroke instigated by elevated hematocrits, that can occur in 
COVID-19 patients (Fig. 5). Importantly, the resiliency of marine 
mammal tissues under conditions of limited oxygen availability depends 
on a suite of coordinated adaptations honed over millions of years. Such 
an evolutionary foundation provides a natural template for under
standing the potential for damage in oxygen deprived tissues, and for 
guiding the management of oxygen-sensitive tissues of other mamma
lian species challenged by hypoxia. 
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