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A nimals which require atmospheric 

oxygen (O2) to survive, yet live or 

venture into environments that do not 

provide this essential resource have 

obvious problems. This prompts the 

need for specific behavioural and physi-

ological adaptations to meet the de-

mands of their respiratory require-

ments. 

 

Avian divers and aquatic mammals have 

developed a number of unique physio-

logical adaptations to combat anoxia 

and the problems associated with div-

ing to depths. Although their respirato-

ry organs are inarguably different, both 

face similar problems. O2 intake and 

storage, combating bouyancy, subsur-

face travelling, and the effects of in-

creasing underwater pressures, are all 

challenges that modern day diving birds 

and mammals have developed to cope 

with. Here it is discussed, how through 

evolving unique and specific behaviour-

al and physiological adaptations, these 

animals can live and thrive in seemingly 

uninhabitable environments.   

Oxygen and Anoxia 

The diving behaviour of many verte-

brates is influenced, and sometimes 

dictated by various environmental and 

physiological factors. These include 

prey abundance/availability (1), water 

temperature and topography (2) and 

perhaps the most important, the ani-

mal’s physiology and body composition. 

These physiological and environmental 

components of diving behaviour are of 

paramount importance due to two ma-

jor problems that arise when diving to 

depth; limitations of oxygen stores and 

hydrostatic pressure. 

 

Oxygen (O2) availability is a major as-

pect in sustaining long dives for both 

mammals and birds for continuous pro-

duction of energy (ATP). In periods of 

anoxia (absence of O2), anaerobic respi-

ration becomes the solitary means of 

producing ATP. Anaerobic respiration 

only produces around 5% of the energy 

yielded from aerobic respiration, and 

can cause a build-up of lactic acid in the 

blood as lactate is produced as a by-
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product from glycolysis, which cannot 

be metabolised in the absence of O2, 

thus resulting in fatigue. This reduced 

production of ATP (around 95% deficit) 

– due to the lack of O2 intake – can 

cause cell death, damage to brain tis-

sue, and can ultimately be fatal to the 

animal.  

 

The physiology of diving mammals and 

birds inarguably differ, however the 

challenges they face when undertaking 

a deep dive for; foraging or predator 

evasion (mainly mammals), are identi-

cal. However, both Mammalia and Aves 

require an intake of O2 through their 

lungs and into their blood to survive, 

thus they both will face similar prob-

lems when travelling through an anoxic 

medium, such as water. 

 

 

O2 Stores: Birds & Mammals 

During periods of submersion within 

water (anoxia) aerobic ATP production 

can only occur using the remaining O2 

stored within the body. Oxygen stores 

within both birds and mammals are sit-

uated within the circulatory and respir-

atory system, i.e. the lungs, the blood 

(haemoglobin, Hb) and muscle 

(myoglobin, Mb). However, within 

aquatic mammals the circulatory sys-

tem (Hb) and the muscle tissue (Mb) 

accommodate for the majority of O2 

storage (70-95%), whereas the respira-

tory system is the primary O2 store 

within birds (35-60%) (3). 

 

The anatomy of the respiratory system 

in both birds and mammals play signifi-

cant roles in the proficiencies of perfor-

mance in dive-time and dive-depth. The 

avian respiratory system, unlike the 

mammalian, can be separated into two 

main compartments; the parabronchial 

lung and the surrounding air sacks (5). 

Unlike mammals, avian respiration is 

not driven by a lung diaphragm. In-

stead, the avian lung is driven by ab-

dominal muscular contractions that 

cause the air sacks to inflate and deflate 

(increasing and decreasing in volume). 

This pumps air though the parabron-

chial lung, and into a network of blood 

capillaries called the periparabronchial 

tissue, the location for the gas ex-

change of O2 and CO2 during respiration 

(5).  

 

Avian lung 

Another contrast to the mammalian 

lung, is the avian unidirectional gas 

flow. In mammals, air is inhaled and 

flows through multiple bronchiolar 

tubes towards the alveoli, where gases 

are exchanged and then exhaled. In the 

avian lung, however, air flows into the 

parabronchial lung and then is distribut-

ed into the air sacks (9 in total), the in-

haled gases are then either; exhaled, or 

sent back into the lung depending on 

anatomical position of the air sack 

(behind or in-front of the lung) and 

then finally exhaled as more air is in-

haled. This process allows for multiple 

passes though the periparabronchial 

tissue in the same direction during both 

inhalation and exhalation (6). The ad-

vantage of this is that there is no 'dead 

space' within the avian lung (unlike that 

in most air-breathing vertebrates) as 
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the inhaled gasses are continually circu-

lated through the periparabronchial 

tissue, and, into the blood (7). 

 

 

Dive Duration and Depth  

As the lungs and the air sacks are the 

main O2 stores, avian divers have to 

employ different behavioural strategies 

than that of mammals to optimise their 

time spent submerged. The effects of 

buoyancy from gasses contained within 

the lungs, actual O2 store capacity, and 

the surface recovery periods required 

to regain spent oxygen are constricting 

factors in avian diving behaviour (8). It 

has been shown that some species of 

avian divers can extend their diving du-

rations past their aerobic dive limit, by 

utilizing anaerobic metabolic pathways. 

Yet, this is not the practice in the major-

ity of cases (9), as maximum submerg-

ence time is usually dictated by the 

amount of O2 stored within the body 

and the diving metabolic rate. Remain-

ing submerged until the oxygen stores 

(lungs and air sacks) are finally deplet-

ed, presents itself as the most efficient 

strategy for avian divers as it extends 

submersion time thus increasing poten-

tial foraging yield. Dive duration is not 

homogenous for any given species, indi-

vidual dives are a response to environ-

mental factors (prey availability and 

location) as previously discussed, re-

sulting in a range of dive times up to 

their physiological capacity.  However, 

dive-time does appear to be positively 

related to dive depth (10).  

 

In diving, increased size is an advantage 

for increasing dive duration and depth. 

This is due to the surface-to-volume 

relationship, heat production, and met-

abolic rate (9). The total body oxygen 

store, appears to be related to body 

mass, however the relative distribution 

of O2 within the respiratory system, 

muscle compartments, and blood, var-

ies. As the mass of avian divers’ increas-

es (example: Murre (1kg), Emperor pen-

guin (25kg)) O2 stores decrease in rela-

tive size (11-12). This is due to a reduc-

tion in mass-specific diving-respiratory-

volume (13), where increases in Mb 

concentrations are more prevalent than 

increases of O2 stores in the muscles 

when scaling in size.  

 

Larger, deep-diving birds, such as the 

Emperor penguin, have an advantage in 

the skewed relative increases in O2 

stores and body-mass. The smaller rela-

tive lungs and air sacks with larger body 

mass helps reduce the effect of buoyan-

cy and risks of increased Nitrogen (N2) 

absorption during deep, prolonged 

dives. In addition, the distribution of O2 

around the body through the muscles 

and the blood decreases the stress on 

the respiratory system to hold gasses 

when diving. Physiological adaptions 

and cardiovascular adjustments, such as 

this, have been seen in various species 

of diving birds, particularly in polar en-

vironments (13). 

 

For endotherms losing heat to the sur-

rounding water can significantly in-

crease metabolism, therefore this can 

be exacerbated in polar regions due to 
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low temperatures. The higher the meta-

bolic rate within a bird, the faster its’ O2 

stores will be depleted, and conse-

quently reducing the dive-time and du-

ration (10). To retain heat many polar 

birds have developed thick coats of 

feathers or fur, or blubber layers, whilst 

peripheral vasoconstriction limits heat 

losses by restricting the transfer of heat 

from inside the body to the cold aquatic 

environment (9).  

 

Locomotion in Water  

Another important physiological factor 

that plays a key role in avian diving abil-

ity is processes of locomotion. Species 

of penguin are flightless, and thus more 

specialised for diving because they do 

not require wings large enough to sup-

port their weight to take flight, which 

would have increased drag when travel-

ling underwater. Travelling through the 

aquatic environment requires the use 

of alternative locomotory abilities to 

that of flight, mainly ‘flippers’ and feet 

propulsion. As O2 stores are constantly 

depleting in full submergence, it is not 

surprising that a high concentration of 

Mb stores are found within the locomo-

tory muscles (13). This dependence on 

Mb stores to create ATP for marine 

travel is similar to that of aquatic mam-

mals, specifically cetaceans (14).  

 

Diving behaviour  

The diving behaviour of birds is limited 

 

Figure 1: Cranial sinus and postcranial air sac systems in birds. All pneumatic spaces are 
paired except the clavicular air sac, and the lungs are shaded. Taken from Sereno et al., 
2008(17)  
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by physiology but directed by the envi-

ronment, and as travelling and foraging 

through an anoxic environment is ener-

getically costly, both mammals and 

birds have to conserve O2 and reduce 

unnecessary energy spent against ener-

gy gained, i.e. energy used for foraging 

and energy gained from foraging. How-

ever, the complex behaviour of both 

Aves and Mammilla cannot just be re-

duced to a simple linear equation.  

 

Various models have been produced to 

predict avian diving behaviour (15), but 

due to these numerous physical and 

environmental constraints it is near im-

possible to predict regular dive times 

for individual species from physiological 

analyses alone. Recently, there have 

been more comparative approaches in 

mapping behaviour and diving ability, 

through using time-depth recorders 

(10) to test previously conceived mod-

els in scientific literature. Although the 

full extent of all individual species div-

ing capability is not yet known, the cur-

rent comparative research approaches 

such as Cook et al.,(10) and the inte-

grated use of monitoring technology as 

well with sound physiological under-

standing will help define their diving 

behaviour and to what extent these 

animals are able to perform in these 

anoxic environments.  
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