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The anatomy and function of the respiratory systems of penguins are
reviewed in relation to gas exchange and minimization of the risks of
pulmonary barotrauma, decompression sickness and nitrogen narcosis
during dives. Topics include available lung morphology and morphometry,
respiratory air volumes determined with different techniques, review of
possible physiological and biomechanical mechanisms of baroprotection,
calculations of baroprotection limits and review of air sac and arterial
partial pressure of oxygen (PO2) profiles in relation to movement of air
during breathing and during dives. Limits for baroprotection to 200, 400
and 600 m in Adélie, king and emperor penguins, respectively, would
require complete transfer of air sac air and reductions in the combined
tracheobronchial tree—parabronchial volume of 24% in Adélie, 53% in king
penguins and 76% in emperor penguins. Air sac and arterial PO2 profiles
at rest and during surface activity were consistent with unidirectional air
flow through the lungs. During dives, PO2 profiles were more complex, but
were consistent with compression of air sac air into the parabronchi and
air capillaries with or without additional air mixing induced by potential
differential air sac pressures generated by wing movements.

This article is part of the theme issue ‘The biology of the avian
respiratory system’.

1. Introduction
In this review, we consider the anatomy and function of the respiratory
systems of penguins in relation to gas exchange during dives and minimi-
zation of the risks of pulmonary barotrauma, decompression sickness and
nitrogen narcosis. Importantly, gas exchange during a dive contrasts with
that during flight and terrestrial exercise of most birds in that blood oxygen
(O2) uptake and transport occur during a breath hold in a diving penguin.
Increased respiratory rates are not an option to move air through the lungs
and air sacs during a dive. Blood O2 uptake from the lungs during a dive
is important, as the O2 in the air sacs and lungs (respiratory O2 store) is a
significant portion (33–48%) of the total body O2 store (respiratory system,
blood and muscle) in penguins [1]. In addition, because the air sacs of birds
are about 10× larger than the lungs [2,3], movement of air into the lungs
during a dive is necessary to access that O2.

Demands on the respiratory system during dives are best understood with
consideration of dive performance. Common dives in most penguin species
are typically 1–2 min in duration and less than 40 m in depth [1]. Little
blue (Eudyptula minor) and Humboldt (Spheniscus humboldti) penguins, for
example, usually dive for less than 2 min to depths of less than 10–20 m [4,5].
Deeper, longer dives occur routinely in three species (gentoo (Pygoselis papua):
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80−100 m and 3−4 min, king (Aptenodytes patagonicus): 100−250 m and 2−6 min, and emperor (Aptenodytes forsteri): 100−500 m
and 5−10 min) [6–9]. The effects of pressure and prolonged gas exchange at depth and the subsequent risks for barotrauma,
decompression sickness and nitrogen narcosis are greatest in the deeper divers, especially king and emperor penguins.
However, most shallow-diving species also face some risk as almost all of the shallow divers have occasional dives to 100–200 m
depth [1].

We also remind readers here that the response of the respiratory system to increased hydrostatic pressure differs between
mammals and birds (figure 1). When marine mammals dive to depth, the increased hydrostatic pressure compresses the
respiratory system components, starting with the most compliant: the alveoli of the lung. As the alveoli are compressed, the
air in the alveoli is forced into the less compliant tracheobronchial tree [10,11]. In marine mammals such as seals, complete
alveolar collapse and cessation of gas exchange can occur at depth, minimizing the risks of decompression sickness and
nitrogen narcosis [11–14]. By contrast, in the avian respiratory system, the lungs have long been considered immobile or ‘rigid’
(incompressible). In particular, the narrow air capillaries, the site of gas exchange in the lungs, have been thought unlikely
to collapse during dives, even deep dives. However, the air sacs are highly compliant. Consequently, in penguins (figure 1),
compression of the air sacs transfers air into the lungs where gas exchange can continue [15–17]. The continued gas exchange at
depth can increase the risk of decompression sickness and nitrogen narcosis, yet deep-diving birds do not appear to suffer from
these conditions after dives. The mechanisms that minimize excess nitrogen absorption and the risks of decompression sickness
and nitrogen narcosis in penguins are still unknown.

With this brief introduction, we will review (i) respiratory air volumes, lung anatomy and baroprotection, (ii) risks of
decompression sickness and nitrogen narcosis, (iii) air movement between the air sacs and lungs during breathing and during
dives, and (iv) air sac and arterial partial pressure of O2 (PO2) at rest, and prior to and during dives with implications for gas
exchange and intrapulmonary shunts.

2. Respiratory air volumes, lung anatomy and pulmonary baroprotection
(a) Respiratory volumes
Air within the respiratory system of penguins and other birds is located in the lungs, air sacs and tracheobronchial tree.
The lung is composed of lung tissue (structural tissue and blood within the pulmonary vasculature) and the air within the
parabronchi and air capillaries. To understand the distribution of air within the respiratory system of penguins, we first review
the size of the lungs, the morphology (form and structure) and morphometry (measurement of structural dimensions) of the
lung, the volume of air (parabronchi and air capillaries) within the lung, the air volume of the air sacs and tracheobronchial
volume. We then consider how these factors contribute to baroprotection and to gas exchange in the diving penguin.

(i) Lung volumes and morphometry

The lung volumes (air+lung tissue) of Humboldt, Adélie (Pygoscelis adeliae), king and emperor penguins scaled allometrically
with those of other birds [18–21]. The resulting mass specific lung volumes were lower in larger, deeper-diving species:
Humboldt—30 ml kg−1, Adélie—25 ml kg−1, king—19 ml kg−1, emperor—18 ml kg−1 (table 1). These findings are consistent with
the allometry of avian resting metabolic rate (log lung volume = 1.42877 + 0.96172 log body mass) [23,24]. In addition to size,
the morphology and morphometry of the penguin lung is especially relevant to the air volume in the parabronchi and air
capillaries. These air volumes are critical to the size of the respiratory O2 store and to the prevention of barotrauma. However,
lung morphometry has only been investigated in one species, the shallow-diving Humboldt penguin [22]. Lung morphometry
of the deeper diving species is needed, but we are aware of only one other penguin lung study, an ultrastructural study that
found a thickened blood–gas barrier in emperor penguins [25]. Notably, in the Humboldt penguin, the blood–gas barrier was
also thickened (3.4× greater than in several flighted avian species) and the mass specific surface area of the barrier was the
lowest of the birds examined [22]. Together, these two aspects of the blood–gas barrier resulted in a mass specific anatomical
diffusing capacity for oxygen that was only 15% the mean value of the flighted birds in the study. Total air volume in the
Humboldt penguin lung was calculated as 58.9% of total lung volume; the primary bronchi (within the lung), parabronchi and
air capillary volumes constituted 3.56%, 37.71% and 17.67% of total lung volume [19,22]. Therefore, these percentages were used
to calculate component air volumes in Adélie, king and emperor penguins based on three-dimensional lung reconstructions
from serial computerized tomographic (CT) scans [21] (table 1, figure 2).

(ii) Air sac volumes

By contrast to the relatively rigid avian lung, the high compliance of avian air sacs has long complicated measurements of
air sac volume and total respiratory air volume. Air sac volume changes with depth of inspiration, body position, anaesthe-
sia and spontaneous versus artificial ventilation [3,26,27]. Measurements determined with injection casts are dependent on
injection/inflation pressure as well as cast material shrinkage/expansion [28,29]. Allometric analyses of the volume of the air
sacs and of the entire respiratory system in birds have utilized measurements that were usually determined with injection
casts [2,18]. Although such cast measurements have been considered maximal volumes, it is notable that inert gas techniques
in the duck at rest have yielded total respiratory volumes that were 35% greater than predicted allometrically [3], and in the
free-diving lesser scaup, air sac volumes were 2× the predicted value [30]. Consequently, the value of allometric predictions for
air sac volume in a penguin at rest or prior to a dive is unresolved.
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Scholander measured air sac volumes of 140 ml kg−1 in gentoo penguins (5–6 kg) with an unspecified technique [31]. Air
sac volumes in Humboldt penguins (3–5 kg) have been estimated from three dimensional reconstructions based on serial CT

Figure 1. The response of the respiratory system to increased hydrostatic pressure differs between mammals and birds. In penguins, the lungs and tracheobronchial
tree are less compliant (compressible) than the air sacs. By contrast, in mammals, the tracheobronchial tree is less compliant than the lungs. Consequently, in penguins,
compression of the air sacs at depth results in a decrease in air sac volume and a transfer of air into the lungs with preservation of lung volume and gas exchange (a and
b). In marine mammals, such as the seal, the alveoli of the lung are compressed, resulting in decreased lung volume and gas exchange as well as a transfer of air into
the tracheobronchial tree (c and d).

Figure 2. The respiratory systems of Adélie, king and emperor penguins, reconstructed from whole body serial CT scans of living birds, and scaled to body size. Colour
code: trachea—red, anterior air sacs—light blue, posterior air sacs—blue, lungs—yellow. From the data of Ponganis [21].
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scans [20]. For an average weight of 4.1 kg, air sac volume was 85 ml kg−1 during spontaneous ventilation of awake, minimally
restrained birds. Differences between the two measurements in similarly sized species may be secondary to species, technique,
body position, restraint and depth of inspiration. The CT technique appeared accurate as the lung volume in the study was
similar to that previously determined by injection cast in the same species. Depth of inspiration was probably most important
and is especially critical since penguins dive on inspiration, usually with the largest breaths prior to a dive [32].

In order to estimate the air sac volume on maximal inspiration prior to a dive, air sac volumes of Adélie, king and emperor
penguins were determined during anaesthesia at 30 cm H2O fixed inflation pressure [21] (figure 2). This pressure was selected
from a range of inflation pressures because the birds did not appear overdistended at that pressure, and body density/buoyancy
calculations were reasonable. The volumes listed in table 1 resulted in mass specific air sac volumes of 296, 357 and 363 ml kg−1

in Adélie, king and emperor penguins, respectively (table 2). In comparison, the air sac volume of the awake, spontaneously
breathing Humboldt penguin was about one-fifth that of the similarly sized Adélie penguin inflated at 30 cm H2O pressure.
These differences again demonstrate how the compliance of the air sacs complicate the determination of how large a breath a
penguin inspires prior to a dive.

(iii) ‘Diving’ air volumes

For comparison with these CT scan studies and evaluation of how much air a penguin inhales prior to a dive, we review
estimations of air volumes from earlier studies during simulated dives in a pressure chamber and from studies during dives
at sea. In the earliest studies, estimates of air volumes of 165 ml kg−1 in gentoo and Adélie penguins and 69 ml kg−1 in
king penguins were made during simulated dives in a pressure chamber [16,17]. These ‘diving air volumes’ (DAVs), based
on measurements during initial compression in the chamber, included respiratory air, any gas in the gastrointestinal system
and sub-feather air, the latter of which was determined to be about 15 ml kg−1 in Adélie penguins. These DAVs were about
20% greater than the allometrically predicted total respiratory volume in gentoo and Adélie penguins, but 46% less than
that predicted for king penguins. In addition, the gentoo and Adélie values were similar to that determined in gentoos by
Scholander in 1940 [31].

Diving air volumes of Adélie and king penguins in dives at sea, determined by buoyancy–velocity calculations during final
ascent [33], varied with maximum depth of dive and were greater than those determined in the pressure chamber (table 2).
This raised the possibility that restraint during the simulated dives may have limited the inspiration prior to the submersion;
consequently, the DAVs determined at sea have become those most widely used in estimating the size of the respiratory O2
store in penguins. A subsequent at-sea study of emperor penguins also demonstrated that DAV increased with maximum dive
depth until about 300 m and then declined for deeper dives [34]. The DAVs determined at sea in these three species are all
considerably less than the air sac and total respiratory air volumes determined by the CT scan studies (table 2). Two possible
explanations are related to the time in the dive (final ascent) at which the DAVs were determined. It is possible that either
exhalation of air underwater during the dive or absorption of respiratory gases into the body during the dive occurs [35].
Determinations of DAV during early descent would be helpful.

At this time, DAVs determined by buoyancy–velocity calculations in dives at sea are the most common values used in
estimation of penguin respiratory O2 stores in the literature. However, as will be seen in the following discussion, these values
are only 63%, 34% and 31% of the total respiratory air volumes determined by CT scan in Adélie, king and emperor penguins,
respectively (table 2), and are too small to account for baroprotection during the deepest dives each species performs [21].
The size of the DAV prior to dives, especially deep dives in emperor penguins, remains unresolved. Further investigation is
relevant not only to determine the mechanisms of baroprotection but also the magnitude of the respiratory O2 store. If the air
sac volumes from CT studies were used instead of the DAV at sea, the total body O2 stores of the emperor penguin would
increase from 68 to 119 ml kg−1, and the respiratory fraction of body O2 stores would increase from 33% to 61% of the total store
[21].

(b) Possible mechanisms of baroprotection

(i) Barotrauma defined

Before considering the protection of the penguin lung against increased hydrostatic pressure at depth, it is necessary to
consider the concept and mechanism of pulmonary barotrauma. We note that the pathophysiology of barotrauma in humans
is still incompletely understood, and may possibly be associated with alveolar collapse, capillary stress failure and/or alveolar
re-expansion on ascent [36]. Pulmonary barotrauma has classically been considered to develop in human breath-hold divers
when intrapulmonary pressure becomes less than the ambient hydrostatic pressure [37–39]. During descent, the air in the
respiratory system decreases in volume with the increase in ambient pressure according to Boyle’s law (pressure × volume =
constant). In addition, the decrease in air volume is partially compensated by a shift of blood into the chest and lungs from
peripheral tissues compressed by the increased hydrostatic pressure. The decrease in lung air volume continues as far as the
stiffness (compliance) of the thorax allows. Eventually, as descent continues to greater depths, the intrathoracic pressure is less
than ambient pressure, and this results in ‘lung squeeze’ and atelectasis (alveolar collapse). The difference in transpulmonary
pressure can result in pulmonary oedema (fluid accumulation in lung tissue), fluid extravasation (membrane damage and
leakage of fluid into air spaces), and in haemorrhage from distention and rupture of engorged blood capillaries. In humans,
lesions can occur in the alveoli of the lung and in the tracheobronchial tree [38,40–42].
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(ii) Potential for barotrauma in penguins

In penguins, the respiratory air is primarily located in the air sacs and lungs. For now, we will omit consideration of the
air in the tracheobronchial tree in order to simplify the discussion. The air space (air cavity) in the lungs has classically
been considered fixed (i.e. rigid, immobile) while the air sacs have been considered much more compliant (although possibly
limited by the compliance of the body wall). Consequently, compression of the air sac air into the ‘rigid’ lung space is at least
initially protective against barotrauma. If the lung is rigid, it has a constant volume, meaning the air compressed from the
air sacs into the lung will increase the lung pressure (Boyle’s law), leading to pressure equilibration. However, once all the
lung + air sac air at depth has been compressed into the fixed air space of the lung, pressure within the fixed lung space
will become less than ambient pressure as the penguin descends further. This decreased pressure in the ‘rigid’ air segments
of the lung could result in barotrauma. The decreased pressure of the lung air cavity relative to pressure in the interstitial
tissues and blood predisposes to pulmonary oedema, membrane rupture, fluid extravasation and capillary over-distention with
rupture/haemorrhage. Dependent on the anatomy and compliance of the tracheobronchial tree (presumably less than that of the
lungs but greater than that of the air sacs), it too, may be subject to barotrauma.

(iii) Mechanisms of baroprotection in penguins

With this as background, there are several potential mechanisms of protection against barotrauma in penguins at maximum
depths. First is the ratio of collapsible air volume to ‘fixed’ space in the respiratory system. This protects against barotrauma to
the extent that there is enough air in the compressible air spaces that can be transferred into the fixed air spaces, increasing fixed
air space pressure until it equals the hydrostatic pressure at the deepest depth. This is primarily dependent on the volume of
the highly compressible air sacs relative to the fixed volume of air space within the lungs. The larger the air sac volume and the
smaller the fixed space volume, the deeper the depth threshold for barotrauma. This ratio is also affected by the compressibility
(compliance) of the air sacs, tracheobronchial tree and the air components of the lung (parabronchi and air capillaries).

The most critical air volume regards barotrauma in the penguin lung is that of the air capillaries, the site of gas exchange
[43,44]. Collapse of the air capillaries, although they have blind endings (closed at one end) [45], has long been considered
unlikely because of the high probability that they would not re-expand due to their small diameter and radius of curvature
[2,46,47]. In addition, a decrease in air capillary volume secondary to thoracic pooling of blood is not likely given recent
investigations of the compliance and architecture of avian blood capillaries [48–50]. By contrast to the ‘fixed’ volume of the
air capillaries, the parabronchi and tracheobronchial tree may be more compliant. Thoracic blood pooling into venous sinuses
in the walls of these airways may also decrease their volume and contribute to baroprotection. Large venous sinuses have
been documented in the tracheobronchial tree of other diving vertebrates [51–53], but histological examinations have not been
performed in the trachea, bronchi or parabronchi of penguins. Tracheal volumes of other vertebrates can also decrease at depth
dependent on the compliance of the tracheal wall [10,54], but biomechanical studies of penguin airways are needed for such
evaluation. Another mechanism of baroprotection in penguins may be facilitated by constriction of the parabronchi. Smooth
muscle cells and autonomic fibres underlie the parabronchial endothelium [2,25,55], and parasympathetic stimulation via the
vagus nerve does constrict the parabronchi of ducks and geese [56,57]. Such vagal stimulation is feasible given the vagally
mediated severe bradycardias in deep-diving emperor penguins [58].

In summary, the non-compliant air capillaries are the most critical and susceptible volume for barotrauma, while the air
volumes of the parabronchi and tracheobronchial tree may be reduced by compression (biomechanics), blood engorgement
(thoracic pooling) and vagally induced smooth muscle constriction in the parabronchi. Consequently, it is the ratio of air sac
volume to air capillary volume rather than air sac volume to lung air volume that is probably most critical to depth thresholds
for barotrauma in penguins.

(iv) Modelling baroprotection

The depth threshold at which barotrauma occurs in diving penguins can be modelled by calculating the ratio of the compressi-
ble air space to the fixed air space. As discussed above, the compliance and volumes of compressible versus fixed air space

Table 2. Estimated air volumes in three penguin species based on three different techniques. In simulated dives in a pressure chamber, the diving air volume (DAV) was
determined during initial compression. The DAV includes respiratory air, any gastrointestinal gas and sub-feather air; the latter was determined to be 15 ml kg−1 (about
10% DAV) in Adélie penguins [16]. Buoyancy–velocity calculations at the ends of dives allowed calculation of the DAV in free-swimming birds; the DAV varied with
maximum dive depth, maximum values are listed in the table. The lung–air sac–tracheal volumes were determined by computerized tomographic scan reconstructions
from anaesthetized birds; air volume in the lung was calculated with the only relative lung morphometry data available—from the Humboldt penguin [22].

species reference

air volumes (in ml kg−1) Adélie king emperor

DAV simulated dive 165 69 — [16,17]

DAV buoyancy–velocity 200 125 117 [33,34]

lung–air sac–tracheal air at 30 cm H2O inflation pressure 315 372 378 [21]

air sac volume at 30 cm H2O inflation pressure 296 357 363 [21]
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are not yet clearly defined. If one assumes that air sac air compresses into lungs and airways that are completely rigid and do
not change with depth, the calculated depth limits for baroprotection in penguins are inadequate [21]. These depth limits were
initially estimated to be 153, 221 and 230 m in Adélie, king and emperor penguins, respectively, based on compression of the
maximal inspiratory air sac volume (30 cm H2O (2.94 kPa) inflation pressure) determined by the CT scan measurements to a
volume less than that estimated morphometrically in the lungs and tracheobronchial tree [21]. A more precise estimation of
baroprotection depth limits would utilize the total respiratory air volume (lung air space volume, extrapulmonary tracheobron-
chial volume and air sac volume; see table 1a) instead of the air sac volume alone [31]. However, the resulting barotrauma depth
thresholds would only increase to 161, 231 and 240 m, respectively, due to the relatively large size of the air sac volumes. These
depth limits are still too low for baroprotection during the deepest dives (180 m, 343 m and 564 m) reported for Adélie, king and
emperor penguins, respectively [59–61]. Some reduction in the ‘fixed’ air space of the lungs and airway seems necessary.

As discussed above, collapse of the air capillaries is unlikely. Consequently, we have calculated the percentage reduction of
the combined parabronchial–tracheobronchial tree space that would be required to provide baroprotection for the deepest dives
of Adélie, king and emperor penguins (see table 1b). Reductions of the combined parabronchial–tracheobronchial tree space
of 24% in Adélie penguins, 53% in king penguins and 76% in emperor penguins would be required to provide baroprotection
limits of 200, 400 and 600 m, respectively.

These calculations represent our current best explanation of how barotrauma is avoided in deep-diving penguins. However,
these conclusions are dependent on many assumptions that require exploration. Perhaps most importantly, the respiratory air
volumes determined by the CT scan study used in this calculation are much greater than DAVs determined by buoyancy–veloc-
ity calculations at sea. These discrepancies need resolution. In addition, lung morphometry of deep-diving penguins may be
significantly different from that in the shallow-diving Humboldt penguin. Smaller parabronchial and air capillary volumes
would promote baroprotection in deeper divers. Accurate determination of the start-of-dive respiratory air volume, lung
morphometry, and biomechanical and histological investigation of the tracheobronchial tree, parabronchi and air capillaries are
needed. One other limitation of the buoyancy–velocity calculation of air volume at the end of a dive is that absorption of gases
from the respiratory system into the blood at depth is not considered. Although this effect may be small, both O2 and nitrogen
(N2) diffuse into the blood at depth, and the diffusion of carbon dioxide from blood into the lung can be blunted and even
reversed because of the high partial pressure of carbon dioxide at depth [16,35,62]. Consequently, an end-of-dive calculation
may underestimate the start-of-dive air volume.

3. Risks of decompression sickness and nitrogen narcosis
Mechanisms of avoidance of excess nitrogen (N2) absorption and minimization of the risks of decompression sickness and
nitrogen narcosis are unresolved in penguins. Alveolar collapse in marine mammals minimizes gas exchange at depth [11,63],
which results in less N2 absorption into the blood or tissue reducing the risk of decompression sickness and nitrogen narco-
sis. However, there is no evidence that gas exchange ceases in penguins at depth. If most of the respiratory air volume is
compressed into the air capillaries, gas exchange and N2 absorption will continue throughout the deepest dives. In simulated
dive studies in a pressure chamber, blood N2 levels continued to increase during the deepest dives in the studies, 68 m in Adélie
and gentoo penguins and 136 m in king penguins [16,17].

Here, we briefly consider how excess N2 absorption may be avoided or at least minimized in the deepest of avian divers, the
emperor penguin. Deep dives (>400 m) are typically 8–10 min long, with bottom phases of only 2–3 min [8,9,34,61]. A short time
at depth minimizes the time for N2 uptake. Deep dives often have long inter-deep-dive surface intervals (IDDI: time between
deep dives, it includes shallow dives and surface periods). In one study, 41% of deep dives had IDDIs > 30 min, and in the
remaining 90 deep dives, IDDIs ranged from 4 to 29 min with a mean of 15.8 min [9]. Such long IDDIs maximize time both for
metabolic recovery and N2 washout after these deep dives [15,64].

Nitrogen uptake from the lungs into the blood during the dive would also be minimized by the low heart rates and low
cardiac output at greatest depths (i.e. 17 beats min−1 during bottom phase of a 423 m dive [58]) and by the short duration of
bottom phases of deep dives [9,58,65]. A decreased volume of distribution for N2 associated with the bradycardia, low cardiac
output and widespread vasoconstriction of the dive response in deep dives would also result in less N2 loading into the body.
Such restriction of peripheral tissue flow would result in decreased flux of blood N2 into tissue depots and result in return
of blood with higher N2 content to the lung, decreasing the gradient for N2 uptake into the blood. Possible arterio-venous
shunting during dives could do the same [66]. Conversely, the increasing heart rate during ascent and the associated increase
in lung and tissue perfusion could promote the lowering of blood N2 levels during ascent through the distribution of N2 to
previously vasoconstricted tissues as well as through the transfer of N2 back into the lungs as the respiratory partial pressure of
N2 decreases with the decline in ambient pressure [16,17]. Although the dive response and a decreased volume of distribution
may result in a net decrease in tissue N2 loading at depth, it has the potential to elevate arterial N2 levels at depth, resulting in
elevated brain N2 levels and increased risk of N2 narcosis. Our understanding of how the risks of decompression sickness and
nitrogen narcosis are avoided in deep-diving penguins requires further investigation.

4. Air movement between air sacs and lungs during breathing and during diving
Unidirectional air flow through the lungs during the avian respiratory cycle is accomplished through complex air movements
in the lungs and air sacs during inhalation and exhalation [45,55,67]. These respiratory air flow patterns provide movement of
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air through the parabronchi into the air capillaries in the lung, the sites of gas exchange with the blood. As in other birds, the
air sacs of penguins are classified as anterior (cervical, interclavicular and anterior thoracic air sacs) and posterior (posterior
thoracic and abdominal air sacs). During inspiration, ambient air enters the trachea and flows into the posterior air sacs and
lungs while air from the lungs moves into the anterior air sacs. During expiration, anterior air sac air exits the body via the
trachea, while lung air flows into the anterior air sacs and posterior air sac air enters the lungs. Consequently, the partial
pressure of O2 (PO2) in the posterior air sacs is typically near that of inspired air while the PO2 in the anterior air sacs is usually
20−30 mm Hg (2.7−4.0 kPa) less due to O2 extraction in the lungs [67–69]. PO2 profiles in the cervical and posterior thoracic
air sacs of emperor penguins on sea ice are consistent with such air flow patterns during the breathing cycle [70,71]. At rest,
cervical air sac PO2s are about 50 mm Hg (6.7 kPa) less than that in the posterior thoracic air sacs, presumably secondary to slow
ventilatory rates and greater blood O2 extraction in the lungs of emperor penguins [71].

During diving, however, breathing stops. Yet, gas exchange continues as evidenced by arterial and air sac oxygen profiles
in diving emperor penguins and by increased blood N2 levels in Adélie, gentoo and king penguins during simulated dives as
deep as 136 m in pressure chambers [16,17,70–73]. Compression of air sac air into the lungs and elevation of PO2 at depth have
long been considered to contribute to gas exchange during dives [16,17,21,70–73]. But are these two mechanisms sufficient for
adequate gas exchange in a dive especially at shallower depths when most of the respiratory air volume is still in the air sacs?
Or are other mechanisms of mixing or moving air through in the parabronchi needed to enhance gas exchange (figure 3)?

In the 1990s, Boggs and co-workers investigated the effect of air sac pressure changes associated with locomotion in
supplementing movement of air between air sacs and lungs during the respiratory cycle [75]. In a study of little blue penguins
swimming underwater in a flume, small differential pressure oscillations (0.06 kPa) between the anterior and posterior air
sacs were associated with their rapid (3 Hz) wing movements [74]. It was postulated that these oscillations enhanced air flow
(possibly bi-directional [76]) through the parabronchi, thus promoting access to and utilization of the air sac O2 stores during
the breath hold. Although the postulated convective air movements were small and interactions with aerodynamic valving in
the airways were unknown, Boggs et al. hypothesized that these small, rapid oscillations optimized O2 diffusion, analogous to
high frequency positive pressure ventilation techniques (mechanical ventilation with small tidal volumes and rapid ventilatory
rates) [77,78]. These authors suggested that this mechanism may be especially important in penguins with high wing beat
frequencies during sub-surface swimming and shallow dives because depth-related air sac compression into the lungs and
elevation of air sac PO2 are relatively less in these situations than in deep dives. In this regard, penguins species with smaller
body masses are typically shallow divers and have higher dominant stroke frequencies in the 2−3 Hz range [79].

In order to further evaluate the potential for differential air sac pressure oscillations to promote air movement in the lungs
in diving penguins (see figure 3), Williams et al. examined cervical and posterior thoracic air sac PO2 profiles in diving emperor
penguins [71]. Although highly variable, these profiles demonstrated that (i) PO2 in both air sacs increased during descent and
decreased during ascent, (ii) the difference between cervical and posterior thoracic PO2s usually declined during descent, and
(iii) the two profiles could even merge as early as late descent and then overlap during much of the dive (figure 4). Such overlap
was taken as evidence of mixing of air within the lung during dives, but the merging and overlap of the two profiles had no
relation to number of wing beats, depth or time into dive. The data provided no evidence for or against the hypothesis that
wing beat induced oscillations in air sac pressures resulted in parabronchial air movement within the lung. In addition, wing
beat frequency of emperor penguins was much less than in little blue penguins, typically less than 1.5 Hz with mean values
closer to 0.5 Hz [71,81]. Furthermore, any decrease with depth in the diameter of parabronchi and primary bronchi within the
lung may increase resistance to flow induced by air sac pressure oscillations. Although the mechanism remained unclear, it was
concluded that the air sac O2 profiles were consistent with air movement/mixing within parabronchi and air capillaries of the
lungs.

More recently, on review of the data of Williams et al. [71], Ainley and Wilson have emphasized that the change in depth
during a dive is the primary regulator of air sac O2 utilization [80]. Essentially, these authors postulated that air movement
within the parabronchi and air capillaries (as proposed by Boggs et al. [74]) was not essential for gas exchange during the dive.
The addition of the compressed air volume from the air sacs and the elevated PO2 were considered sufficient to enhance O2
diffusion into the blood. They concluded that ‘greater depths should allow penguins to access more of their air sac oxygen
stores’ and that ‘deep-diving penguins would remove proportionately more oxygen from their air sacs’. However, it is unclear if
these processes alone account for adequate gas exchange.

We base our concerns about the limitations of this hypothesis on the simulated dive study of gas exchange in Adélie and
gentoo penguins by Kooyman and co-workers [16]. In that study, thoracic air sac O2 contents were determined by analysis of
syringe-drawn air samples during simulated dives in a pressure chamber both at sea level (1 atmosphere absolute, ATA) with
no compression and at 30 m depth (4 ATA). In the control 2.5 min simulated dive (sea level), air sac O2 content decreased 66% or
26% per minute from 13.2% to 4.5%. This large decline occurred despite no depth-related compression of air sac air into the lung
or elevation in air sac PO2. Most of the air in the respiratory system (92%) was in the air sacs. Clearly, in this situation, processes
other than compression of air into the lungs and elevation of air sac PO2 contributed to gas exchange. Notably, during these
studies, the penguins had rapid wing beats throughout the simulated dives (GL Kooyman, 2023, personal communication).
Interestingly, during a simulated dive to 30 m depth, the air sac O2 fraction declined 85% over 3.5 min (about 25% min−1, similar
to the simulated dive at sea level). We conclude that differential air sac pressure oscillations associated with wing beats may yet
have a role in supplementing gas exchange during dives.

In addition, we suspect that the net transfer of air sac air into the lung with depth is probably slower than proposed by
Ainley and Wilson because the lung volume used in their calculations was not the air volume within the lung, but rather
the total tissue + air volume of the lung [21,80]. Based on the only available lung morphometry data in penguins, air volume
(primary bronchi within the lung, parabronchi, air capillaries) in the lung is only about 59% of total lung air + tissue volume
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Figure 3. Hypothesized air movement patterns within the respiratory system during dives of penguins. As hydrostatic pressure increases with depth during a dive,
compression of air sacs results in transfer of air into the parabronchi and air capillaries of the lung. During ascent, decreased hydrostatic pressure results in expansion
of the air sacs. In addition, movement of air through the parabronchi may occur secondary to differential air sac pressures induced by wing movements [74].
Unidirectional movement of air through the parabronchi could result from air routing from anterior air sacs through the primary bronchi into posterior air sacs and
then into the lung with return to the anterior air sacs (a). Bidirectional movement of air through the parabronchi could result from to and fro movement between
the anterior and posterior air sacs via secondary bronchi and lungs (b). Lastly, even without significant convective air transport, enhanced diffusion of oxygen into the
parabronchi and air capillaries from the air sacs (via secondary bronchi) could result from differential air sac pressure oscillations as well as the increase in the partial
pressure of oxygen within the air sacs and lungs (c). Modified from Williams et al. [71].

Figure 4. Cervical and posterior thoracic air sac partial pressure of O2 (PO2) profiles with depth and stroke rate profiles during three shallow dives of an emperor
penguin [71]. The merging and overlap of air sac PO2 profiles could occur at different points in a dive but did not correlate with depth, time into dive or stroke rate.
In addition, overlap did not occur in all dives. The shapes of air sac PO2 profiles can be dependent on many factors, including start-of-dive respiratory air volumes, O2
consumption during diving, changes in air sac PO2 secondary to changes in depth, the rate of O2 diffusion, the compression of air sac air into the lung on descent and
re-expansion of that air into the air sacs on ascent, and possible differential air sac pressure oscillations due to wing movement [71,74,80]. See text and electronic
supplementary materials. Modified from Williams et al. [71].
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[19,22]. The quantity of air transferred from the air sacs into the lungs for a given change in depth would be less than in their
calculations (see electronic supplementary material). The depth at which all air sac air would be transferred into the lung would
also be deeper than in their calculations. Consequently, further analyses and investigation of gas exchange at depth are needed
to resolve these questions.

In reviewing these papers, we also realized that the process of a gradual inflow of air with an elevated PO2 from an air sac
reservoir into the parabronchi of the lung during descent is somewhat analogous to apnoeic oxygenation techniques for human
patients during surgery [82]. During apnoeic oxygenation (essentially a prolonged breath hold on 100% O2), blood oxygenation
is maintained by diffusion of O2 into blood in the alveolus and the bulk movement of O2 down the tracheobronchial tree
into the alveolus from an O2 reservoir in the anaesthesia breathing circuit. There is no convective O2 delivery. This technique
provides adequate O2 delivery for a low metabolic rate during anaesthesia. However, a buildup of carbon dioxide does occur
in the blood. A similar process occurs in many hibernating animals [83]. Apnoeic O2 diffusion down an open glottis, in
combination with a reduced metabolism and shift in the O2–haemoglobin dissociation curve allows apnoeas as long as 45 min.
Carbon dioxide accumulates during these apnoeas and is eliminated by intermittent bouts of breathing. Although speculative,
it is conceivable that, with depth-related elevations in air sac PO2, this type of apnoeic diffusion of O2 from the air sac to the
air capillary could also contribute to gas exchange in a diving penguin even without compression or movement of air sac air
into the lungs. Such a mechanism could blunt the depth-related rise in air sac PO2 during descent, but whether that mechanism
alone is sufficient to maintain oxygenation in an actively swimming penguin (especially at shallow depths) is unclear.

Lastly, we point out that interpretation of air flow patterns within the lung from air sac PO2 profiles during dives is complex
(see electronic supplementary materials). As pointed out in the original paper on air sac PO2 in diving emperor penguins [70],
these limitations are primarily based on the response time of the PO2 electrode (1 min, 90% response time). This slow response
time is especially relevant for air sac PO2 because air sac PO2 changes instantaneously with depth, and the rates of vertical
changes in depth of penguins are often rapid. In addition, the electrode is probably less accurate and subject to more drift at
extremely high PO2 values [70]. Interpretation is also limited by the assumption of uniform mixing of oxygen within the air sacs
during a dive, the unknown location of the PO2 electrode within a given air sac, and probable differences in start-of-dive air sac
volumes for dives to different depths. In conclusion, the mechanism(s) of gas exchange at depth require more investigation.

5. Air sac and arterial partial pressure of oxygen at rest, and prior to and during dives— implications for
gas exchange

In this section, we review possible explanations as to why arterial PO2 of emperor penguins at rest is lower than that in most
birds, and why peak arterial PO2 during dives is typically less than that in the air sac. Despite lower than expected arterial PO2,
arterial haemoglobin saturation is above 90% both at rest, and during most of the dive in part because of the higher affinity of
haemoglobin in emperor penguins and, during dives, because of the elevated air sac and arterial PO2 at depth [66,84].

(a) Partial pressure of oxygen at rest
The arterial PO2 of 68 mm Hg (9.1 kPa) in emperor penguins at rest [73], determined both by blood sample analysis and by
indwelling PO2 electrodes, was in the lower range of most birds, and certainly less than values near 95 mm Hg (12.7 kPa)
in most waterfowl, bar-headed geese and smaller penguin species [85–89]. Anterior air sac PO2 in emperor penguins at rest
was also lower than in most birds at rest (50 mm Hg (6.7 kPa) versus 80–100 mm Hg (10.7–13.3 kPa)) [67–69,71]. Posterior air
sac values at rest were typically 110–130 mm Hg (14.7 – 17.3 kPa) in emperor penguins [70]. Notably, the difference between
simultaneous anterior and posterior air sac PO2s in an emperor penguin was 60 mm Hg (8.0 kPa), about two to three times the
difference in other birds [67,69,71].

Williams et al. suggested that these findings were consistent with the low respiratory rates of emperor penguins at rest [90]
resulting in a low ratio of parabronchial ventilation to parabronchial blood O2 extraction [71]. That ratio is also dependent on
tidal volume, heart rate (cardiac output) and the PO2/O2 content of mixed venous blood returning to the lung. Ventilation was
considered most likely because heart rate at rest is near allometric predictions and venous blood PO2 at rest is unremarkable
[73,90]. A diffusion limitation or a pulmonary shunt could also cause a low arterial PO2 but in these cases, the PO2 difference
between the anterior air sac and artery should approach 0 or even become positive [91,92]. The large negative PO2 difference
between the mean arterial and cervical air sac was not consistent with these two processes. However, some limitation of
diffusion is suggested by the increased thickness and small surface area of the blood–gas barrier in Humboldt penguins [22,25].
Lastly, a contribution to a low arterial PO2 from a ventilation–perfusion inhomogeneity could not be ruled out because it can
result in a negative difference between the arterial and anterior air sac PO2 [91].

(b) Partial pressure of oxygen prior to dives
In general, cervical air sac and arterial PO2, increase relative to resting levels prior to diving activity of emperor penguins
[71–73] (see figure 2). These elevations in PO2 are probably secondary to an increased ratio of parabronchial ventilation to
parabronchial blood O2 extraction due to the pre-dive tachycardia and hyperventilation observed in penguins prior to the start
of dives [32,90]. This hyperventilation hypothesis was originally proposed to account for elevations in anterior air sac PO2
during the hyperventilation of exercising domestic fowl [68]. Pre-dive arterio-venous shunting and arterialization of venous
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blood may also contribute to a relative decrease in parabronchial blood O2 extraction and an elevation in anterior air sac PO2
[66,84]. Hyperventilation and an elevated cardiac output presumably also contribute to the recovery of air sac and arterial PO2
during the surface interval between dives.

(c) Partial pressure of oxygen during dives
Air sac and arterial PO2 profiles during dives increase during descent and decrease during ascent. The net depletion of the
respiratory and blood O2 stores, dependent on metabolic rate and the duration of a dive, have been reviewed elsewhere
[66,71,93] and are not the focus of this review. Here we consider the difference between air sac and arterial PO2 during dives.

Although simultaneous air sac and arterial PO2 profiles have not been collected during dives of emperor penguins, peak
arterial PO2 values are typically much less than peak air sac values during dives to shallow depths [66,70–73]. Start-of-dive
arterial PO2s are usually closer to posterior air sac values, while end-of-dive arterial values, although considerably variable, can
approximate values in the air sacs [70–73]. During simulated dives of Adélie and gentoo penguins in a pressure chamber [16],
pre-dive and intra-dive arterial PO2s were also less than those in the thoracic air sac, although differences were less than those
found in emperor penguins.

It is unclear why there is such a large difference between peak arterial and air sac PO2s during dives in emperor penguins.
Arterial PO2 is dependent on air sac PO2 (ambient pressure and the respiratory O2 fraction), heart rate (cardiac output), the PO2
and haemoglobin saturation of mixed venous blood returning to the heart (lower with increased metabolic rate and higher with
peripheral arterio-venous shunting) and the adequacy of O2 diffusion from the air capillary into the blood (O2 flux). A diffusion
limitation secondary to a thickened blood–gas barrier with a decreased surface area [22,25] may limit O2 flux but, as discussed
above, this was considered unlikely in penguins at rest on the basis of the difference between cervical air sac and arterial PO2.
Interpretation of differences in air sac and arterial PO2 profiles in regard to ventilation–perfusion matching and pulmonary
shunts is also difficult because of the unknown pattern of mixing or movement within the parabronchi and air capillaries at
depth. Arterial haemoglobin saturations greater than 95% during most of even a 10 min dive in emperor penguins suggest a
significant pulmonary shunt is unlikely during dives [66,84].

It remains to be determined whether elevated air sac PO2 and gradual compression of air sac air into the lung with depth
provide sufficient mixing of air within the lung, or whether additional movement of air induced by differential air sac pressures
associated with wing movement or by some other mechanism are necessary for adequate diffusion of O2 into blood [71,74,80]. It
may be possible that limitation of parabronchial air movement or mixing during a dive decreases the efficiency of gas exchange
and accounts for the difference between peak arterial and air sac PO2s in diving emperor penguins.

6. Summary and future directions of research
Although our knowledge of penguin lung anatomy and lung function has increased greatly over the past 30 years, much
speculation remains as to mechanisms of baroprotection and gas exchange at depth. In this summary, we return to the
observations and prescient conclusions of Maina and King in their morphometric study of the Humboldt penguin lung [22].
Key observations included a markedly thickened blood–gas barrier with a decreased mass specific surface area, an increase in
pulmonary capillary blood volume, and a reduction in the volume of the air capillaries. These findings resulted in a low mass
specific anatomical O2 diffusion capacity for the blood–gas barrier, but yielded a total lung anatomical O2 diffusion capacity
within the range of other birds. They concluded that the penguin lung was not as well adapted for O2 uptake as in flying birds,
and that O2 consumption during swimming and diving was low relative to that during flight. Since that time, measurements of
air sac-to-arterial PO2 differences at rest and during dives, of swimming metabolic rates, of foraging field metabolic rates at sea,
and of blood/muscle O2 depletion rates during dives have been consistent with those conclusions [24,65,84,93–95].

We suspect that the lung morphometry of deeper-diving penguins will be even more extreme than in the Humboldt
penguins. A thickened blood–gas barrier in penguins has already been considered to contribute to membrane stability during
compression at depth [25]. We postulate that (i) thicker blood–gas barriers with decreased mass specific surface areas and (ii)
larger increases in pulmonary capillary blood volume further decrease air capillary volume and improve pressure tolerance in
deeper-diving penguins. In emperor penguins, such morphometry would be consistent with their deep dive behaviour, with the
air sac-to-arterial differences in PO2, and with their relatively low swimming metabolic rates, field metabolic rates and O2 store
depletion rates. Maintenance of O2 flux across a thickened blood–gas barrier may also be facilitated by the high O2 affinity of
emperor penguin haemoglobin [66].

To address these and other questions raised in this review, we suggest the following: (i) more morphology/morphometry
studies of the lungs in different species; (ii) investigation of lung and tracheobronchial anatomy with advanced imaging
techniques (computerized tomography, magnetic resonance imaging); (iii) biomechanical and histological investigation of the
tracheo-bronchial tree, parabronchi and air capillaries; (iv) determination of start-of-dive air sac volumes; (v) measurement of
simultaneous PO2 profiles (anterior air sac–posterior air sac, air sac–arterial, arterial-mixed venous) with PO2 sensors with faster
response times; and (vi) application of backpack blood samplers for arterial, venous and mixed venous blood gas analyses
(oxygen, carbon dioxide, nitrogen).

Ethics. This article is a review paper, and is based on many research projects by the authors and other researchers, all of which reported
appropriate institutional and field work protocols and permits. Our most recent research was approved by UCSD IACUC protocol S16071 and
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