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1. INTRODUCTION 

 

Cetaceans are a group of mammals that have undergone dramatic changes to become fully 

aquatic animals (Uhen, 2007). Through evolution, they have adapted to the extreme marine 

environment with anatomical and physiological modifications to face the many challenges of 

their aquatic lifestyle, such as hypoxia and increased pressure at depth (McGowen et al., 2014).  

 

Some of these adaptations include changes in oxygen storage and exchange, cardiorespiratory 

adjustments, and massive fat reserves for thermoregulation (McGowen et al., 2014). Other 

adaptations are anatomical: loss of hind limbs, modifications of the forelimbs to become rigid 

flippers with fixed elbow joints, fluked tails, and dorsally displaced nostrils (McGowen et al., 

2014; Uhen, 2007). There are even further aquatic specializations, as seen with Odontoceti and 

their echolocation, and with Mysticeti and their evolved filter feeding (McGowen et al., 2014). 

 

Their transition from land to sea is one of the best understood in terms of morphological 

transition, as there are impressive fossil records of Cetacea, which makes this group of animals 

ideal models to study macroevolutionary transition (McGowen et al., 2014). However, there’s 

a question that has yet to be answered: why would they go back to the sea?  

 

Cetaceans are thought to have been fully aquatic by the time of the Eocene (34-56 million years 

ago), which was a period of high productivity in aquatic environments, with shallow warm seas 

that provided abundant resources (Uhen, 2007). High quality prey is often found deep in the 

ocean, so air-breathers must improve their diving to be able to dive longer and deeper to exploit 

these resources (Goldbogen & Madsen, 2018). In fact, the early stages of each clade of these 

marine mammals show adaptations to the feeding apparatus for feeding in water (Uhen, 2007), 

which can suggest that feeding was one of the main drivers to that evolutionary step. 

 

However, scientist have long questioned how they are able to dive for such an extended period 

of time (Castellini, 2012). Throughout this review, I will try to answer that question, focusing 

on two of the most prominent, yet basic, cetacean’s adaptations to diving: the Mammalian Dive 

Response and Thermoregulation.   

 

2. MATERIAL AND METHODS 

 

Through the reading of “The Biology of Marine Mammals” (Romero, 2009), I created a list 

including different cetacean’s adaptations to diving. After that, I distributed them in two main 

groups: Mammalian dive response and Thermoregulation. The search for this study was then 

conducted using PubMed as the database, looking for reviews or systematic reviews from 2007 

to 2022. The search was performed using two different search strings, both of them containing 

the following cluster (cetaci* OR dolphin* OR whale), plus a cluster containing the key words 

showed in Table 1.  

 
Table 1. Search strings used.  

(cetaci* OR 

dolphin* OR 

whale) 

AND 

("mammalian dive response" OR dive response OR MDR OR 

"diving reflex" OR diving OR dive OR diving reflex OR 

bradycardia OR vasoconstriction OR "alveolar collapse" OR 

collapse OR buoyancy) 
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(Thermoregulation OR thermogenesis OR thermal OR insulation 

OR blubber OR vasoconstriction) 

 

There was a total of 52 results. After reading the title and the abstract of each one, an amount 

of 29 articles were found relevant to this review. There was an article written in Russian, which 

was discarded. Lastly, after removing duplicates, 21 remained. Those were then individually 

revised and included in the review.  

 

 
Figure 1. Flowchart describing the article selection process.  

 

3. ADAPTATIONS TO DIVING 

 

When a cetacean is diving, there are many activities happening at the same time: gas exchange, 

breath hold, buoyancy control; even foraging and echolocation (Goldbogen & Madsen, 2021; 

Piscitelli et al., 2013). Moreover, cetaceans live in an extreme environment, where they are 

daily faced with challenges such as hypoxia, alveolar collapse, low temperatures, and 

decompression sickness (Fahlman et al., 2017).  

 

It requires, then, an incredible neural control of its physiological functions (Panneton & Gan, 

2020), as well as some anatomical and physiological adaptations, to support all of them at the 

same time (Piscitelli et al., 2013). 

 

3.1. Mammalian Dive Response 

 

The mammalian dive response (MDR) consists in a series of processes (lung collapse, extreme 

bradycardia, peripheral vasoconstriction, and reduced metabolic rate) that allow aquatic 

mammals to perform their dives (Castellini, 2012). However, this response is demonstrated to 

be intrinsic to all mammals, and other groups of animals, just in different degrees (Panneton & 

Gan, 2020) and highly developed in cetaceans (Castellini, 2012). Those adaptations are required 

to preserve O2 storages and minimize metabolic cost of diving (Castellini, 2012; Kooyman et 

al., 2021; Panneton & Gan, 2020) while maintaining blood flow in the brain and the heart 

(Panneton & Gan, 2020).  

Identification

(n = 52)

• Mammalian Dive Response (n = 33)

• Thermoregulation (n = 19) 

Screening

(n = 29)

• Mammalian Dive Response (n = 21)

• Thermoregulation (n = 8)

Included

(n = 21)

• Mammalian Dive Response (n = 18)

• Thermoregulation (n = 3)
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The MDR is suggested to be triggered by the fifth cranial nerve in response to the stimulation 

of facial and nasal mucosa when diving (Castellini, 2012; Lapi et al., 2016; Panneton & Gan, 

2020). This stimulation sets off what is called the trigeminal cardiac reflex, which is 

characterized, among other things, by hemodynamic changes, bradycardia, and respiratory 

apnea (Lapi et al., 2016). The diving response is thought to be the strongest, yet one of the 

simplest and most organized, autonomic reflexes known (Panneton & Gan, 2020).  

 

3.1.1. Lung morphology and respiratory physiology 

 

Since cetaceans are mammals, they need to surface intermittently for air, while they dive and 

swim with an inspired breath-hold (Fahlman et al., 2017; Piscitelli et al., 2013). Furthermore, 

as they live underwater, cetaceans are exposed to the force of pressure and compression 

(Castellini, 2012; Fahlman et al., 2014; Garcia Párraga et al., 2018; Kooyman, 2015; Piscitelli 

et al., 2013). To overcome that fact, cetaceans possess some unique adaptations to their lung 

morphology and respiratory physiology (Piscitelli et al., 2013), varying between genera and 

species (Fahlman et al., 2017; Garcia Párraga et al., 2018).  

 

Cetaceans’ lungs are able to collapse almost completely at depth, reducing their volume and 

decreasing consequently gas exchange (Fahlman et al., 2014, 2017; Garcia Párraga et al., 2018; 

Goldbogen & Madsen, 2021; Kooyman, 2015). Ventilatory muscles, combined with ambient 

pressure at depth, alter the shape of their thorax, helping with the collapse (Fahlman et al., 

2017; Piscitelli et al., 2013). However, this shunting is not at once, but gradual, and it starts at 

a certain depth (Garcia Párraga et al., 2018), depending on the species (Kooyman, 2015). The 

ratio between dead space and lung volume helps determine when lung collapse is total (Fahlman 

et al., 2017; Garcia Párraga et al., 2018; Kooyman, 2015). 

 

When lungs collapse, air contained at the alveoli goes to the dead space at the trachea and 

bronchi, which are reinforced (Piscitelli et al., 2013), and thus help decrease alveolar gas 

exchange at depth. The lack of division of cetaceans’ lungs, which are unilobular (Piscitelli et 

al., 2013), allows easier mobilization of air to upper airways, creating two differentiated zones: 

a ventilated (dorsal) and a non-ventilated (ventral) zone (see Figure 2) (Garcia Párraga et al., 

2018); also contributing to buoyancy control (Fahlman et al., 2017). 

 

     
Figure 2. Computed tomography (CT) sections through the mid-thoracic region of the harbor porpoise at (A) 0, 

(B) 520 and (C) 1000 kPa (depth equivalents of 0, 50 and 100 m). The darker the tissue, the more gas it contains. 

There are two differentiated zones: ventilated (dorsal) and non-ventilated (ventral). Extracted from Moore et al., 

2011.  

 

There’s thickening of the bronchiolar walls, reinforced heavily with cartilaginous tissue 

(Fahlman et al., 2017; Garcia Párraga et al., 2018; Piscitelli et al., 2013), difficulting the 

absorption of N2 and thus preventing the possibility of gas embolism (Kooyman, 2015). Yet, as 

described by Fahlman et al. (2014), deep divers (which would spend more time below the lung 
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collapse limit) seem to have higher risk of developing gas embolism compared with shallower 

dives species. This could be explained by deep-divers’ increased amount of CO2 in blood and 

tissue, which plays a role in bubble formation and growth; the greater accumulated time at 

intermediate depths where there is gas exchange, but above collapsing depth; and the longer 

duration of their dives, which allow the redistribution of bubbles from fast gas-saturated tissues 

(muscle, heart) to slow gas-saturated ones (adipose tissue), leading to their accumulation in the 

latest (Fahlman et al., 2014).  

 

In toothed whales, a series of muscular circular sphincters can be found in the terminal airways 

(Garcia Párraga et al., 2018; Kooyman, 2015; Piscitelli et al., 2013) and their lungs possess a 

great number of elastin fibers (Piscitelli et al., 2013), while mysticete terminal lungs are 

simpler, with smooth muscle disposed longitudinally (Piscitelli et al., 2013).  

 

These, combined with the many reinforcements in the terminal portion of cetacean airways 

(cartilage, elastic tissue, collagen…; Piscitelli et al., 2013), allow easier air flow and short 

expiration times at surface, and they also enable lung collapse due to greater lung compliance 

(Garcia Párraga et al., 2018; Piscitelli et al., 2013). Not all cetaceans appear to have those 

sphincters, though, as noted in the Phocoena genus (Kooyman, 2015). Among the species of 

cetaceans there’s high variability in lung morphology (Piscitelli et al., 2013), and the degree of 

pulmonary shunt at lung collapse has not really been assessed in them (Garcia Párraga et al., 

2018).  

 
Figure 3. Myoelastic sphincters and cartilaginous reinforcements in the bronchioles of Stenella coeruleoalba (left) 

and Tursiops truncatus (right) (scale bars: left = 100 µm; right = 200 µm). Extracted from Cozzi et al., 2017. 

 

This lung anatomy allows cetaceans to minimize surface time (Piscitelli et al., 2013), as the 

turnover of the total lung capacity results in rapid expiration, since the airways do not narrow 

with expiratory flow (Fahlman et al., 2017). This feature decreases the drag experienced when 

surfacing for air (Garcia Párraga et al., 2018; Kooyman, 2015), as almost all lung’s capacity 

can be exchanged in a single breath (Fahlman et al., 2017). Also, the surfactant in the alveolar 

wall allows rapid and easy inflation of the collapsed lung tissue (Castellini, 2012). 

 

In recent studies, it’s been demonstrated the presence of vascular plexuses in the airways, being 

more extended on the greatest divers (Garcia Párraga et al., 2018; Piscitelli et al., 2013). They 

serve to further reinforce the airways, and also to warm the air, provide extra O2 storage, and 



 7 

reduce the internal space of the airways, decreasing the probabilities of deformation of the 

trachea at depth (Fahlman et al., 2017; Garcia Párraga et al., 2018; Piscitelli et al., 2013).   

 

Parasympathetic tone causes the shunt of the alveolar sphincters, decreasing gas exchange and 

lung perfusion. It is elevated when diving, which explains pulmonary collapse at depth (Garcia 

Párraga et al., 2018). It has been theorised that respiratory chemoreceptors are inhibited during 

the apnea, because despite the gas alterations described, which would normally force 

respiration, cetaceans still hold their breath (Panneton & Gan, 2020). 

 

During the ascent phase of dives, there’s an increase of heart rate and systemic perfusion, 

leading to the opening of the alveolar sphincters close to the surface, allowing maximum gas 

exchange (Garcia Párraga et al., 2018). 

 

3.1.2. Oxygen storage 

 

The main three compartments of O2 storage are blood, respiratory system, and muscles 

(Andrews & Enstipp, 2016), and they tend to have a positive mass-correlation with body mass 

(Berenbrink, 2021; Castellini, 2012; Kooyman et al., 2021). Oxygen usage rate is influenced 

by metabolism, exercise, muscle structure and cardiovascular responses (Goldbogen & 

Madsen, 2018). 

 

In general, deep divers have large amounts of O2 within their body (see Table 2), but they seem 

to have smaller lung capacity compared to terrestrial animals of the same size (Fahlman et al., 

2017; Garcia Párraga et al., 2018; Piscitelli et al., 2013); in contrast, shallow-diving species 

appear to have larger lung volumes (Fahlman et al., 2017; Piscitelli et al., 2013). Cetaceans 

have greater muscle mass, accompanied with an increased myoglobin content (Castellini, 2012; 

Fahlman et al., 2017; McGowen et al., 2014; Noren, 2020), blood volume and haematocrit 

content compared to terrestrial animals (Garcia Párraga et al., 2018). Thus, their main O2 

storage is not found in their lungs, but in their muscles (Berenbrink, 2021; Fahlman et al., 2017). 

This is believed to be an adaptation to reduce lung volume, as its reduction reduces buoyancy 

and the possible N2 absorption, which would lead to gas embolism (Garcia Párraga et al., 2018). 

 
Table 2. Magnitude and distribution of oxygen among two cetacean species compared to humans. Extracted from 

Romero, 2009; adapted.  

Species 
Body mass 

(kg) 

Total body 

oxygen stores (ml 

O2 kg-1) 

Respiratory 

(%) 

Blood 

(%) 

Muscle 

(%) 

Homo sapiens 

(human) 
70 20 24 57 15 

Physeter 

macrocephalus 

(sperm whale) 

10000 77 10 58 34 

Tursiops 

truncatus 

(bottlenose 

dolphin) 

200 36 34 27 39 

 

However, whether this is an evolutionary adaptation, or a result of physio-anatomical plasticity 

is unclear (Fahlman et al., 2017), as it’s been demonstrated that juveniles from these species 

increase their diving capacity, myoglobin (see Figure 4), and oxygen concentration during 
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ontogeny (Fahlman et al., 2017; Noren, 2020). It also varies depending on their life history, 

leading to intra-species, as well as inter-species, differences (Fahlman et al., 2017). For 

example, deep-diving juvenile cetaceans have their body oxygen stores maturation and weaning 

age uncoupled, in contrast with cetaceans who live in shallower waters and are not expected to 

perform larger dives at such young ages, where weaning age corresponds to oxygen storage 

maturation (Noren, 2020).  

 

 

 
Figure 4. Proportion of adult muscle Mb in relation to proportion of adult body length in seven cetacean species. 

Each species is shown in a different colour, and each life history class – neonate, older calf, juvenile and adult – 

is denoted by a unique symbol, as seen in the key. Extracted from Noren, 2020.  

 

If we assume a positive correlation between oxygen storage and body mass, larger animals 

should have a greater O2 amounts within their body, and they should use it at a slower pace 

(Berenbrink, 2021; Goldbogen & Madsen, 2018, 2021). According to this, it seems logical to 

think that larger cetaceans should be able to perform longer and deeper dives (Goldbogen & 

Madsen, 2018). However, this is not always the case, being the most prominent example the 

blue whale (Balaenoptera musculus). Being the largest animal on earth, and thus being the 

largest animal on the sea, the blue whale should be able to perform the greatest dives; yet, they 

have been demonstrated to last an average of less than 15 minutes, while other cetaceans, such 

as beaked whales (Ziphiidae family) and sperm whales (Physeter macrocephalus) can breath-

hold for more than 1 hour (Goldbogen & Madsen, 2018, 2021) at depths of >1000 m (McGowen 

et al., 2014). Those last species also appear to have the highest concentrations of muscle 

myoglobin ([Mb]max) among cetaceans (Berenbrink, 2021). In baleen whales the energetic cost 

of lunge-feeding limits their diving time, which should otherwise be high due to their body 

mass; in the blue whale it is estimated to cost them the 60% of the total cost of the dive 

(Goldbogen & Madsen, 2018). 

 

3.1.3. Extreme bradycardia 

 

During diving, heart rate is reduced by an increase of parasympathetic tone by the vagus nerve 

(Castellini, 2012; Garcia Párraga et al., 2018; Panneton & Gan, 2020), which alongside the 

stimulation of the trigeminal tract trigger cardiac motoneurons (Panneton & Gan, 2020). 

Extreme bradycardia is one of the main adaptations within the MDR, as it is key to determine 

optimal diving performance (Noren, 2020; Ponganis, 2021). It seems that the longer the dive 

is, the lower the heart beats (Castellini, 2012). 
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Bradycardia reduces the metabolic and O2 costs of diving (Ponganis, 2021) as well as helps, 

alongside peripheral vasoconstriction, to limit perfusion to central organs, such as the heart and 

the brain (Goldbogen & Madsen, 2021; Kooyman et al., 2021; Noren, 2020). In fact, 

quantifying the degree of bradycardia could be handful to estimate oxygen consumption when 

diving, and indirectly peripheral vasoconstriction and metabolic costs (Noren, 2020).  

 

For example, blue whale’s heart rate can go as low as 2 bpm when diving, compared to their 

surface heart rate of 25-37 bpm (Goldbogen & Madsen, 2021; Ponganis, 2021) and way lower 

than the 15 bpm predicted for an animal of such dimensions (Ponganis, 2021). Its highly 

compliant aorta maintains blood pressure between the distanced heartbeats (Ponganis, 2021). 

 

It has been theorized that changes in cardiac output can also alter N2 absorption (Garcia Párraga 

et al., 2018). Cetaceans appear to have an extreme control and flexibility of their heart rate and 

cardiac stroke volume (Garcia Párraga et al., 2018; Panneton & Gan, 2020). This ability to 

adjust heart rate is improved as the animal grows, and not fully achieved until weaning, and 

thus a physiological sinus arrhythmia can be seen in calves after birth (Noren, 2020).  

 

In fact, the cardiovascular implications of the dive response are highly variable, depending on 

exercise, depth, and willing modulation (Panneton & Gan, 2020; Ponganis, 2021). Stress and 

fear are two emotions that increase diving bradycardia, whereas increased swim speed causes 

an increase in heart rate (via sympathetic tone; Panneton & Gan, 2020); when those two 

counterparts are happening at the same time, for example due to sonar disruption, there’s an 

alteration on oxygen consumption, increasing the risk of hypoxia, hypercarbia, acidosis, and 

gas embolism (Fahlman et al., 2014; Panneton & Gan, 2020). This coactivation, which is 

described as an “autonomic conflict”, can induce cardiac arrythmias; though fatal arrythmias 

do not seem to be common (Panneton & Gan, 2020).    

 

3.1.4. Peripheral vasoconstriction 

 

Apart from the enlarged oxygen storage, cetaceans also use some “tricks” to enhance its 

conservation (Castellini, 2012; Noren, 2020), as bradycardia alone is not enough (Castellini, 

2012). One of those is peripheral vasoconstriction, which is another of the main elements of the 

MDR. When the peripheral vessels are constricted, blood flow is reduced to central, vital 

organs, such as the brain and the heart, which are more hypoxia-intolerant (Castellini, 2012; 

Larson et al., 2014; Noren, 2020), while less essential organs, such as muscle, skin, and 

abdominal organs are dramatically less perfused (Panneton & Gan, 2020). This leads to the 

muscle using anaerobic metabolism (Castellini, 2012). The presence of high amounts of lactic 

acid in blood after a dive evidences this vasoconstriction (Castellini, 2012).  

 

This reflex, which is one of the main reasons cetaceans tolerate hypoxia and near asphyxia 

(Castellini, 2012), is sympathetically mediated but has some degree of cognitive control 

(Castellini, 2012; Panneton & Gan, 2020). 

 

3.1.5. Diving metabolism and aerobic dive limit  

 

Even if cetaceans possess large O2 stores, there must be some changes in how it is consumed 

to explain the duration of their dives (Castellini, 2012). As O2 is depleted, there is a shift in the 

metabolism, from aerobic to anaerobic (Kooyman, 2015). There is production of ATP by 

anaerobic catabolism, which leads to an increase of lactic acid on muscles (Kooyman, 2015; 
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Kooyman et al., 2021). Cetaceans have adapted to optimize their energetic costs while 

exercising at depth (Piscitelli et al., 2013).  

 

Some studies have determined the existence of an “aerobic dive limit” (ADL), which is “the 

dive duration associated with the onset of post-dive blood lactate accumulation” (Kooyman et 

al., 2021), when there is more lactate produced in muscles that the amount used in aerobic 

metabolism (Andrews & Enstipp, 2016; Kooyman, 2015; Panneton & Gan, 2020). The 

discovery of this limit has reinforced the hypothesis that most dives are carried under aerobic 

conditions, as ADL is dependent of O2 storage, which allow more efficient diving (Andrews & 

Enstipp, 2016; Castellini, 2012; Kooyman et al., 2021; Larson et al., 2014; Noren, 2020; 

Panneton & Gan, 2020). The species who routinely dive under their ADL should have large O2 

storage or reduced metabolic costs, or both (Andrews & Enstipp, 2016). This does not mean 

there are no anaerobic dives performed, as deep foraging dives of beaked whales are examples 

of those (Kooyman et al., 2021). Some organs (heart, liver, and muscle) have adapted to process 

lactate after a dive (Castellini, 2012). 

 

ADL is a difficult value to calculate, and it can be variable. There are three different methods 

to calculate it (Castellini, 2012; Kooyman et al., 2021): 

a) Calculated through post-dive blood lactate concentrations (only calculated in 5 species). 

b) Calculated by dividing total body O2 storage by metabolic rate. This is often 

approximate, as both values need to be well known to accurately predict ADL.  

c) Following behavioural criteria, including a dive duration threshold which covers 95% 

of dives performed and the moment in which surface intervals start to increase 

(assuming the need of “recovery”). 

 

Anatomical adaptations have an important role in reducing metabolic costs. For example, 

cetaceans’ streamlined shape and lack of pelvic limbs (McGowen et al., 2014) help reducing 

the drag, and therefore reduce the amount of energy required to dive forward, increasing 

metabolic and O2 usage efficiency (Berenbrink, 2021). Minimizing costs related to motion is 

important to maintain low O2 usage (Andrews & Enstipp, 2016; Castellini, 2012).  

 

Towards the end of those dives, however, oxygen stores have depleted considerably, thus 

leaving room to question how hypoxic-intolerant organs such as the brain can still function at 

that point (Larson et al., 2014). Cerebral blood flow seems to be constant during dives 

(Castellini, 2012), but glucose levels tend to decrease, due to the liver being under 

vasoconstriction (Larson et al., 2014). Having high capillary density, glycogen and neuroglobin 

concentrations in the brain (Noren, 2020), as well as great enzymatic capacity for anaerobic 

glycolysis (Castellini, 2012), could be some of the mechanisms involved in enhancing brain 

hypoxia tolerance (Larson et al., 2014).  

 

Also, some adaptations improve the buffering capacity of cetaceans when diving beyond their 

ADL, helping counter pH changes caused by lactate and CO2 accumulation, which would 

otherwise cause several cellular damages (Castellini, 2012; Noren, 2020). For example, muscle 

tissue buffering capacity is increased by intramuscular dipeptide compounds (Castellini, 2012). 

 

3.2. Thermoregulation 

 

Cetaceans are not only constantly exposed to the low temperatures of the water surrounding 

them, but they also experience rapid changes on temperatures, within seconds to minutes during 

dives, and more slow changes due to migration from tropical to artic waters (Favilla & Costa, 



 11 

2020). Furthermore, water transfers heat faster than air (Favilla & Costa, 2020) which limits 

the strategies to exchange heat in water and maintain homeostasis. In order to endure this 

situation, cetaceans have developed a series of adaptations and strategies to optimize 

thermoregulation. Throughout this section we will revise some of them.   

 

3.2.1. Blubber layer 

 

Blubber is a layer of thick adipose tissue reinforced by connective tissue (Favilla & Costa, 

2020). It can be found among marine mammal species, representing a high proportion of their 

total body mass (15-43%) (Jackson et al., 2022). It is around their body, but not in their fins 

and tail. Its functions are to provide insulation, buoyancy and to help achieve the streamlined 

shape of these animals, as well as to provide an energy reserve for periods of high energetic 

demands (Favilla & Costa, 2020; Jackson et al., 2022; Koopman, 2018).  

 

The main lipids within the blubber layer of cetaceans are similar to the ones in the adipose 

tissues of other mammals: triacylglycerols (TAG) and fatty acids. However, it is important to 

note that Odontocetes (toothed whales) have evolved to incorporate, apart from TAG, unusual 

lipids such as wax esters (WE) into their adipose tissues (Jackson et al., 2022; Koopman, 2018), 

with percentages varying depending on specie, sex, age, and other factors (see Figure 5).  

 

The first ones are more easily mobilized to provide energy support, whereas the second ones 

seem to hardly be mobilized as an energy source, being used to provide higher thermal 

insulation instead (Jackson et al., 2022) as they reduce blubber conductivity (Favilla & Costa, 

2020).  

 

We can divide the blubber layer into two separate layers: an inner one that is more metabolically 

active and has higher percentages of polyunsaturated fatty acids (PUFA) and saturated fatty 

acids (SFA), which mostly come from a dietary origin (Koopman, 2018) and provide high 

caloric value, and an outer one that has more endogenous lipids, monounsaturated fatty acids 

(MUFA), and provides thermal insulation and structural support (Jackson et al., 2022).  

 

The inner layer, as it is closer to the body, is more vascularized and fluid, therefore permitting 

an easier mobilization of its lipids to provide energy during those periods of high energetic 

demands (Koopman, 2018).  

 

Most mammals are not able to digest WE and it is neither formed in utero; they require 

accumulation during time (Koopman, 2018). There are three families of cetaceans 

(Physeteridae, Kogiidae and Ziphiidae) that have an incredibly high dominance of WE within 

their blubber layer (see figure 5). Those families also have the species with the longest and 

deepest dives, which can lead to the conclusion that the presence of WE would allow them to 

perform deep-diving (Koopman, 2018). WE also have a role in buoyancy, as they are less dense 

than TAG (0.86g/cm3 and 0.93g/cm3, respectively, in average) (Koopman, 2018) and thus offer 

more buoyant force. Deep divers, such as the sperm whale, tend to have more muscle and bone 

mass compared to other organs and this greater buoyancy of their blubber layer helps them 

compensate that (Koopman, 2018).  

 

Blubber has been shown to possess a thermal buffer capacity, functioning as a phase change 

material (Favilla & Costa, 2020; Koopman, 2018) being able to store and release heat. It is 

probably due to its low conductivity: low temperatures of the water drop skin temperature but 
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are not able to overpass the blubber layer, thus cetaceans can maintain elevated core 

temperatures (Favilla & Costa, 2020). 

 

Since blubber is a characteristic shared by both Odontocetes and Mysticetes (baleen whales) 

and given that only toothed whales seem to have WE within their blubber, it is likely that the 

incorporation of WE into that adipose tissue is not a common ancestral condition for cetaceans 

(Koopman, 2018). 

 

 
Figure 5. Wax ester content of toothed whale blubber (% total lipids). The first five species are members of the 

Ziphiidae; the next two belong to the Kogiidae family, and the sperm whale is a member of the Physeteridae. 

Extracted from Koopman, 2018. 

 

3.2.2. Surface area to volume ratio (SA:V) and heat production 

 

Animals exchange heat through their body surface, so by reducing it, they can reduce heat loss 

as well. This is fulfilled with larger bodies. However, if exposed to warmer environments, for 

example during migrations to tropical waters, this can be counterproductive for those animals 

with small SA:V, as they will be more likely affected by heat stress (Favilla & Costa, 2020).    

When an animal eats or does exercise, it increases its internal temperature by rising its 

metabolism associated with that action. This could lead to a decrease on metabolic heat 

production during dives. (Favilla & Costa, 2020)  

 

Also, muscular thermogenesis produced when exercising (only 20% of the energy produced by 

muscle is actually used for propulsion) can favour those animals with poor thermoregulation 



 13 

by other adaptations, such as juveniles or smaller cetaceans, which have unfavourable SA:V 

compared to adults or larges animals, and thus require higher metabolic costs to maintain heat. 

(Favilla & Costa, 2020) 

 

3.2.3. Counter-current heat exchange (CCHE) 

 

CCHE consist of counter-current blood flow, which allows cetaceans to maintain a high core 

temperature by exchanging heat from warm arterial blood going peripherically to cold venous 

blood ingoing to the core: the high temperature does not leave the central core of the animal, 

thus minimizing the cost to keep it warm (Favilla & Costa, 2020). This adaptation makes 

heterothermy possible. It is present in most peripheral structures, such as flippers, flukes and 

even the tongue of large cetaceans (Favilla & Costa, 2020). 

 

 
Figure 6. Diagram representing counter-current heat exchange. Extracted from Romero, 2009.  

 

Also, this adaptation can work oppositely: as warmness goes from arteries to veins, a few organs 

can reduce their temperature, so they do not overheat. This is the case for the brains and testis 

of some animals (Favilla & Costa, 2020).  

 

However, CCHE can be limited by the dive response, as its peripheral vasoconstriction will 

difficult this exchange, which represents an example on how different adaptations can conflict 

in such challenging environments (Favilla & Costa, 2020).  

 

3.2.4. Arteriovenous anastomoses (AVA) 

 

AVA are another form of thermoregulation that involve peripheral blood flow. They regulate 

skin temperature by allowing peripheral perfusion or ischemia depending on the external 

temperature of the water. The first one permits heat dissipation, while the second one allows 

heat conservation, shifting it to within the blubber layer (Favilla & Costa, 2020).   

 

As we have seen, there are multiple strategies regarding thermoregulation. Those can involve 

insulation (blubber layer), or cardiovascular adjustments (CCHE, AVA), or even normal 

activity of the animal, such as exercising and eating.  
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However, especially those involving the circulatory system, seem to be conflictive with the 

dive response, as the management of blood flow is different, and sometimes even contradictory 

(Favilla & Costa, 2020) between them. This can lead to think that during deep dives cetaceans 

rely primarily on insulation strategies (blubber layer) rather than heat exchange by the 

cardiovascular system, whereas on the surface or during shallower dives they use both.  

 

4. CONCLUSIONS 

 

Cetaceans possess physiological and anatomical adaptations that allow them to have an 

exclusively aquatic lifestyle and enhance diving times. Their respiratory system is built to 

support long apnoeic periods, with reinforced airways and an increased oxygen storage. Diving 

metabolism is adapted to decrease oxygen depletion, with the existence of an aerobic dive limit 

to their dives. Also, they have fine control of their heart rate and peripheral vessels, being able 

to constrict them to maintain blood pressure in the brain and the heart. 

 

Apart from this, cetaceans have thermoregulation circulatory strategies such as counter-current 

heat exchange and arteriovenous anastomoses that, combined with their insulative blubber 

layer, help them maintain an adequate core temperature even in freezing waters. These 

strategies, however, can be conflictive with the mammalian dive response at depth.   

 

After doing this review, I have realized that there are many questions yet to be answered. To 

name a few that have come to my mind through these months: 

 

- How does human activity (sonars) impact on these animals? 

- How do cetaceans avoid the bends? 

- How does tagging affect these animals on the long term?  

- Which phenomenon limits dive depth? Is it their aerobic dive limit, oxygen stores, or 

perhaps peripheral tissue tolerance to hypoxia? 

- How do cetaceans coregulate exercise, thermoregulation, and the mammalian dive 

response at depth?  

 

Unfortunately, our knowledge on cetacean physiology and adaptation to diving is still poor, as 

most of the studies done until now have been with carcasses of stranded animals, trained 

animals, or wild animals but with lack of proper population representation. The difficulty of 

taking samples, tracking the animals and obtain results at their natural environment are 

examples of the challenges faced when working with cetaceans. 

 

New technologies being continuously developed will most likely change for the better the way 

those animals are being studied and will overall open windows for new studies.  

 

In conclusion, further studies of wild cetaceans in their natural environment should be 

developed in order to better understand their physiology and adaptations, which will for sure 

enrich our overall knowledge on natural history and provide insights of applications to other 

work-fields, from genetics and evolution to medicine.  
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