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The aquatic habitat of marine “air-breathing” vertebrates provides a significant thermoregulatory challenge due to the high thermal conductivity of water. In addition to temperature changes across their range, air-breathing vertebrates experience temperature changes on the timescale of seconds to minutes as they perform dives to access two critical resources: air at the surface and food at depth. In response to these challenges, air-breathing vertebrates have developed morphological and physiological adaptations that align with their life histories and phylogenies and contribute to homeostasis. However, the physiological and behavioral mechanisms used to maintain thermal balance while diving is still poorly understood. The cardiovascular system is integral to the physiological responses associated with the dive response, exercise, digestion, and thermoregulation. The adjustments required to meet one physiological demand may not be compatible with another and can result in a potential conflict between the various physiological demands imposed on air-breathing divers. We reviewed the literature on thermoregulation while diving in an effort to synthesize our current understanding of the thermoregulatory strategies of diving air-breathing marine vertebrates. Studies have demonstrated that thermoregulatory strategies can involve the temporal separation of two conflicting responses, a compromise in the performance of one response over another, or coordination of synergistic responses. We hope that a review and synthesis of both laboratory and field studies will stimulate future research efforts at the intersection of thermoregulation and diving physiology. Expanding the use of physiological biologgers, particularly to understudied species, will enhance our understanding of how these animals coordinate various physiological demands to maintain homeostasis in a thermally challenging environment.
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INTRODUCTION

Marine vertebrates can be categorized as either “air-breathers” or “water-breathers”. While they all share the same aquatic environment and its associated challenges, air-breathers are faced with an additional challenge: the spatial separation of two critical resources, air and food (Whittow, 1987; Boyd, 1997; Rosen et al., 2007). Moreover, the implications for aquatic vertebrate thermal physiology are significant as heat transfers about 25 times faster in water than in air. Thus, the avenues of heat exchange that animals can use to control their thermal balance are more limited in water.

Multiple independent transitions from a terrestrial to marine life were made possible by developing a concomitant, often converging, suite of morphological, physiological, and behavioral adaptations that allow marine vertebrates to meet their thermoregulatory needs (Reidenberg, 2007; Pyenson et al., 2014; Kelley and Pyenson, 2015). In addition to spanning the endothermy-ectothermy spectrum, marine air-breathing vertebrates have different lifestyles that expose them to a wide range of thermal environments. While some have made the full transition to an aquatic lifestyle, others are tied to the land for reproduction and molting (Costa, 1991; Davenport, 1997; Schreiber and Burger, 2002), which exposes them to the contrasting thermal demands imposed by air and water. Some species, like the Galápagos fur seal, Arctocephalus galapagoensis, experience an extreme dichotomy in their thermal environments that requires different thermoregulatory strategies: dissipating excess heat while breeding on land in warm climates and conserving heat while foraging in cold waters (Costa and Maresh, 2017; Chilvers, 2018). Additionally, some migrate long distances from tropical breeding to polar foraging grounds where sea surface temperatures can vary from 30°C to −2°C (Corkeron and Connor, 1999; Guerrero and Rogers, 2019). While this large shift in their thermal environment occurs over weeks to months, marine vertebrates also experience significant temperature changes on the timescale of seconds to minutes while diving. The exceptions are shallow divers that remain in the mixed layer or polar species that are exposed to cold temperatures throughout the water column. Thus, recognizing the temporal and spatial range of thermal challenges faced by marine air-breathers is essential when considering the suitability of their thermal adaptations for maintaining homeostasis (Figure 1).
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FIGURE 1. A schematic comparing the variation in temperature experienced by air-breathing marine vertebrates while on land (A) and diving at-sea (B). The horizontal axis considers the temperature range experienced by horizontal movement across their home range, whereas the vertical axis considers temperature variability due to climate (on land) and water temperature at depth (at-sea). Unlike fully aquatic species (black), amphibious species (green and blue) partition their time between air and water, which have vastly different thermal properties. The extent of their habitat range (i.e., horizontal and vertical) dictates the thermal variability encountered in each environment. For example, the Galápagos fur seal has a limited home range and is exposed to a relatively constant tropical climate (A). Yet, the cold upwelling waters off the Galápagos Islands introduces a large temperature gradient for diving animals (B). The wandering albatross is on the opposite side of the continuum as it covers large distances while flying (A), but remains in the temperate latitudes and feeds in shallow waters (B). In contrast, blue whales migrate from polar foraging grounds to tropical breeding grounds, experiencing a large temperature range horizontally, as well as vertically during deep dives, although less so when diving in polar waters that are homogenously cold throughout the water column (B).


This review synthesizes our current understanding of the thermoregulatory strategies of marine air-breathing vertebrates in light of the physiological challenges imposed by diving. We have selected lab and field studies that provide critical insights into the diving and thermal capabilities of marine air-breathers and how they operate in a physiologically challenging environment. To encourage field research to confirm the ecological relevance of lab-based findings in natural settings (Costa and Sinervo, 2004; Rosen et al., 2017), we summarize the approaches currently available to study the thermal physiology of free-ranging divers and evaluate their applicability to different taxa. Finally, we highlight gaps in our knowledge to direct future efforts at the intersection of diving physiology and thermoregulation, which will hopefully lead to a deeper understanding of how air-breathing marine vertebrates maintain homeostasis.



DIVERSE DIVERS FACE A COMMON CHALLENGE

Marine “air-breathing” vertebrates—referred to as air-breathers or divers in this review—span three classes of tetrapods (i.e., Mammalia, Aves, and Reptilia), all of which reinvaded the marine environment at different times and thus have adapted to marine living within the constraints of their different phylogenies (Pyenson et al., 2014; Kelley and Pyenson, 2015). Given the perspective of this review, we chose a particular subset of marine air-breathers that are diving species and cover a broad range of thermal strategies and habitats (Figure 2). This group provides the opportunity to examine whether there is convergence in how the different ecologies and life histories shape physiology and behavior.
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FIGURE 2. Marine air-breathing vertebrates are comprised of the following groups: marine mammals, seabirds, and marine reptiles. The table includes the common name used in the remainder of the review for each taxonomic group (representative bolded species are used for seabird orders that do not have an all-encompassing common name). The number of species and mass range for each taxonomic group are provided and include species considered to be true air-breathing divers (full list of species and mass references in Supplementary Table S1), all of which are included in the bar graph, with the exception of Elapidae. Refer to the text in section “Diverse Divers Face a Common Challenge” for further explanation about which groups are discussed in the review. The bar graph in the lower right shows the distribution of species grouped by taxa across absolute latitude using 5° bins (species counts provided in Supplementary Table S2). The habitat range classifications (Tropical, Subtropical, Temperate, Polar, and Subpolar) are defined based on the following absolute latitudes (0–25°, 25–35°, 35–55°, 55–65°, and 65–90°) and denoted by dashed lines. Air and water temperature ranges are provided for polar (including subpolar), temperate, and tropical (including subtropical) habitat ranges. The greatest number of diving air-breathers are found at mid-latitudes (i.e., temperate, subtropical, and subpolar), where temperatures are more moderate compared to equatorial and high latitudes. Monthly mean air and sea surface temperature data were obtained from ICOADS data products provided by the NOAA/OAR/ESRL Physical Sciences Laboratory (https://psl.noaa.gov/data/gridded/data.coads.1deg.html). Temperatures in the winter and summer months (e.g., summer months: January, February, March in the Northern Hemisphere and July, August, September in the Southern Hemisphere) were used to estimate minimum and maximum average temperatures in each region. Distribution maps for 264 species were used: 13 Mysticeti, 65 Odontoceti, 4 Sirenia, 18 Phocidae, 16 Otariidae, 1 Odobenidae, 2 Mustelidae, 1 Ursidae, 18 Sphenisciformes, 52 Procellariiformes, 42 Pelecaniformes, 24 Charadriiformes, 6 Cheloniidae, 1 Dermochelyidae, and 1 Iguanidae. Distribution maps obtained from https://www.iucnredlist.org.


Within marine mammals, the most diverse and well-suited to marine life are the fully aquatic cetaceans. While both cetaceans and sirenians are fully aquatic, only cetaceans span tropical to polar waters, as sirenians are limited to tropical latitudes (Figure 2). Sirenians are the only herbivorous marine mammals, which has important implications for their thermoregulatory abilities. Their diet constrains them to low metabolism, which limits their capacity for thermogenesis and therefore increases their cold sensitivity (Gallivan and Best, 1980; Gallivan et al., 1983; Domning, 2018). Pinnipeds display a broad spectrum of morphologies for thermal adaptations that align with their amphibious lifestyle and different breeding strategies that dictate the frequency and duration of their foraging trips and the overall proportion of time they spend at sea (Berta, 2018; Chilvers, 2018; Hammill, 2018). Species of the other two extant taxonomic groups of marine mammals−mustelids and ursids−face some unique extreme challenges: sea otters, Enhydra lutris, are the smallest marine mammal and are found in cold temperate to subarctic waters (Kenyon, 1969) whereas polar bears, Ursus maritimus, spend most of their time on Arctic sea ice, a rapidly diminishing habitat (Rode and Stirling, 2018).

Seabirds are endothermic marine vertebrates that are all amphibious, a constraint likely associated with oviparity. Seabirds are defined as those species that feed in the marine environment and thus spend most of their lives above, on, or diving into the sea (Schreiber and Burger, 2002). However, in this review we only consider those species that dive, of which there are four avian orders: Sphenisciformes, Procellariiformes, Charadriiformes, and Pelecaniformes (Ponganis, 2015). Seabirds have diverse adaptations to the marine environment that suite their respective ecologies. They generally either use their wings or feet for propulsion and employ plunge or pursuit diving to feed (Ellis and Gabrielsen, 2002). Their relative efficiencies as flyers and divers are dictated by their anatomy and morphology, including body density, wing loading, as well as plumage wettability (Lovvorn and Jones, 1994). This trade-off in efficiency between the two modes of locomotion has thermal and ecological implications for their horizontal (i.e., distance from breeding colony) and vertical (i.e., diving depth) ranges (Figure 1). For example, the most efficient flyers, the albatrosses, soar long distances to reach productive waters to feed at the surface. In contrast, penguins have lost the ability to fly, but with paddle-like wings, some can dive down to 500 m but have much more limited horizontal movements (Prince et al., 1994; Ellis and Gabrielsen, 2002).

In contrast to marine mammals and seabirds, marine lizards, sea snakes and sea turtles are ectotherms and mainly rely on behavior and habitat selection to regulate their body temperature. There is only one species of totally marine iguana, Amblyrhunchus cristatus, and it is in the family Iguanidae (Dawson et al., 1977). There are 70 species of sea snakes that are entirely marine as they are mostly ovoviviparous and are able to give birth at sea (Murphy, 2012). Due to their ectothermy and small size, sea snakes are limited to narrow thermal habitats. Furthermore, they employ cutaneous respiration while diving, which curtails the physiological restriction faced by strictly air-breathing divers and thus will not be considered further (Heatwole et al., 2012; Udyawer et al., 2016). As such, sea turtles will serve as the representative group of marine reptiles for this review.

All sea turtles are in the family Cheloniidae, except the leatherback turtle, Dermochelys coriacea, the only extant species of the family Dermochelyidae, which has many unique characteristics that set it apart from the hard-shelled turtles. Sea turtles are amphibious as they must nest on land, but only female sea turtles come ashore after mating at sea to bury a clutch of eggs, which are left unattended to hatch into precocial young (Davenport, 1997). Egg-laying commonly occurs at night and allows sea turtles to minimize time spent on land where they are more vulnerable to heat stress (Spotila and Standora, 1985; Meek and Avery, 1988). As reptiles, they have temperature-dependent sex determination, which could result in skewed sex ratios as temperatures on beaches are affected by rising global temperatures (Hamann et al., 2013).


Adaptations for Diving With a Finite Oxygen Supply

All air-breathing divers face the dilemma of needing to forage underwater, where they do not have access to an exogenous source of oxygen. Thus, the key to being an efficient diver is optimizing the utilization of their ‘on-board’ oxygen supply. This is accomplished by a suite of cardiovascular adjustments that characterize the dive response, which includes apnea, bradycardia, and peripheral vasoconstriction (for reviews on diving physiology, see Hochachka, 2000; Costa, 2007; Ponganis, 2015; Kooyman and Ponganis, 2018). The intensity of these cardiovascular adjustments depends on the circumstances of the dive, supporting the concept of a plastic rather than an all-or-none response (Butler and Jones, 1997; Elmegaard et al., 2016). Ultimately, differences in physiology and ecology dictate species-specific routine diving behavior and performance (Figure 3). Here, a brief overview of diving adaptations and energetics is presented with emphasis on key differences between marine mammals, seabirds, and sea turtles.
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FIGURE 3. Routine and maximum dive depths across marine air-breathers. Within the three taxonomic groups (sea turtles, seabirds, and marine mammals), species are grouped by order/family as indicated by the common names associated with the colored animal icons and then ordered by increasing routine dive duration. Species for which routine diving behavior data are available from time-depth recorders were included to demonstrate the physiological plasticity within a species (i.e., routine vs. maximum depth) and the range of diving abilities within each order/family and across taxonomic groups. Refer to Supplementary Table S3 for data sources.



Not All Oxygen Stores Are Equal

Oxygen is stored in the lungs, blood, and muscle, as well as a small fraction in the brain (via neuroglobin; Williams et al., 2008). The diver’s oxygen storage capacity is a function of the size of these principal compartments (i.e., lung volume, blood volume, and muscle mass) as well as the concentrations and characteristics of the oxygen-binding proteins in the blood and muscle (i.e., hemoglobin and myoglobin, respectively). The aerobic diving capacity is, therefore, dictated by the size of oxygen stores, which also scales with body mass, and its rate of utilization (Ponganis et al., 2011). The magnitude and distribution of these oxygen stores vary among species (Figure 4). For example, lung oxygen stores account for less than 30% of the total oxygen stores in marine mammals. In contrast, sea turtles rely heavily on their respiratory oxygen stores (Lutcavage and Lutz, 1991). Seabirds have lung oxygen stores roughly equal to their muscle and blood oxygen stores combined (Butler et al., 1984; Ponganis, 2015). Interesting outliers within their respective groups are: sea otters, with larger lung oxygen stores (45% of total); leatherback turtles, with larger muscle and blood oxygen stores due to relatively small lung volumes (Lutcavage et al., 1992); and penguins, with a smaller relative respiratory oxygen store due to increased oxygen affinity of hemoglobin, which allows them to carry more oxygen in their blood at lower partial pressures (Ponganis, 2015).
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FIGURE 4. Magnitude and distribution of mass-specific total body oxygen stores and the relative contributions of each oxygen-storing compartment: lung (black), muscle (white), and blood (gray). Divers are grouped by those that inhale or exhale upon descent and ordered within each common name group by increasing body mass. Routine dive duration (minutes) is indicated above the bar for each species. All species of sea turtles, seabirds, and marine mammals for which this data is available to the best of our knowledge were included. Refer to Supplementary Table S3 for data sources.


Increased reliance on respiratory oxygen stores has important implications for diving, including buoyancy and pulmonary gas exchange. The air in the respiratory system—or any other part of the body—will increase the diver’s buoyancy at the surface and contribute to the high initial cost of descent, which decreases as air is compressed with depth. Some species—usually those less reliant on lung oxygen stores—minimize buoyancy by diving after exhalation (e.g., phocids, Figure 4; and some ducks, which were not included in this review). Some species of penguins, cormorants, and otariids that dive upon inhalation regulate their lung air volumes to match the oxygen requirements of the dive, showing some anticipatory pre-dive adjustments (Sato et al., 2002; Wilson, 2003; Cook et al., 2010; McDonald and Ponganis, 2012). On the other hand, sea turtles adjust their diving depth to achieve neutral buoyancy with the given lung air volume (Minamikawa et al., 2000; Hochscheid et al., 2003; Hays et al., 2004).

Regardless of their pre-dive respiratory pattern, many species undergo lung collapse past a certain depth, which reduces their risk of pressure-related complications, such as decompression sickness and nitrogen narcosis (Kooyman et al., 1972; Falke et al., 1985; Bostrom et al., 2008; Fahlman et al., 2009; Hooker et al., 2012; McDonald and Ponganis, 2012). Sea turtles undergo lung collapse during forced submergence (Berkson, 1967), but under natural conditions, intermittent perfusion of the lungs allows access to their primary oxygen supply (Lutz and Bentley, 1985; Hochscheid et al., 2007b; García-Párraga et al., 2018a). Continuous gas exchange at depth would increase their susceptibility to decompression sickness by increasing nitrogen absorption in the blood, which would result in bubble formation on the ascent. However, body temperatures lower than those of endotherms by ∼10°C increase the solubility of nitrogen in the blood and reduces the risk of bubble formation, ultimately counteracting the effects of gas exchange at depth (Fossette et al., 2010). Moreover, their ability to control pulmonary ventilation-perfusion mismatch minimizes nitrogen uptake while preferentially exchanging oxygen and carbon dioxide. Thus, sea turtles should be more tolerant of decompression sickness during normal diving than endothermic divers (Fossette et al., 2010; García-Párraga et al., 2014, 2018a,b). Besides pressure-related injuries, the primary role of blood to transport rather than store oxygen for sea turtles has direct implications for thermoregulation that will be discussed further below (section “Using Blood Flow to Control Heat Flow”).



Quantifying How Limited Oxygen Affects Diving Behavior

Quantifying the magnitude, distribution, and utilization of oxygen stores is a prerequisite for understanding the physiological basis of diving ability. The aerobic dive limit (ADL) is the dive duration associated with the threshold where metabolism becomes predominately anaerobic. The physiological basis for this metric is the depletion of muscle oxygen stores and a subsequent rise in blood lactate, a byproduct of anaerobic metabolism (Kooyman et al., 1980; Butler, 2006; Ponganis et al., 2011). While ADLs have only been determined empirically in a few species for which post-dive blood samples were feasible (Kooyman et al., 1980; Ponganis et al., 1997a, b; Shaffer et al., 1997; Williams et al., 1999a), estimated ADLs are useful for ecological comparisons of diving abilities (Boyd and Croxall, 1996; Watanuki and Burger, 1999; Costa et al., 2004; Butler, 2006; Halsey et al., 2006). ADLs are generally calculated using lab measurements of oxygen stores and oxygen consumption rate. ADLs have also been determined behaviorally for wild animals equipped with time-depth recorders, where the majority (95−97%) of dive durations or those that precede routine surface intervals are considered within the ADL (Ponganis, 2015).

A comparison of ADLs to observed dive durations provides a proxy for investigating how often divers operate near their physiological limits in nature (Figure 5; Boyd and Croxall, 1996; Costa et al., 2001, 2004; Green et al., 2005). Because metabolic rates dictate the rate of oxygen utilization, ADL inherently integrates the energetic costs of all physiological demands during a dive, including thermoregulatory costs. However, a better understanding of the extent to which thermoregulatory demands might limit their diving behavior requires disentangling the complex interactions between these physiological responses occurring in a diving animal.
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FIGURE 5. The relative amount of insulation across divers with varying dive performance. Dive performance here is defined as the ratio of routine dive duration to aerobic dive limit (ADL). A ratio greater than 1 indicates diving behavior exceeds what is expected based on ADL and diving performance may be close to physiological limits. Species denoted by asterisks have ADLs determined by lactate measurements; all other species’ ADLs are estimated from oxygen stores and oxygen consumption rates (cADL) or behaviorally (bADL). Please refer to Supplementary Table S3 for the various methods used to estimate ADL when interpreting the figure. The relative size of the colored points indicates blubber thickness and the black border around the colored points represents fur/feather density. Open points are species for which blubber thickness and/or fur/feather density are not available to the best of our knowledge, but are included for interspecific comparison. In addition to variation introduced by how ADL is estimated (see method for each species in Supplementary Table S3), ADLs may vary across seasons and between sexes (especially for sexually dimorphic species, e.g., southern elephant seal; PM, post-molt foraging trip; PB, post-breeding foraging trip). The ADL of ectotherms will differ in cold vs. warm water (e.g., blue vs. red labeled loggerhead turtle) due to the temperature sensitivity of their metabolism. Generally, most species dive within their ADL, including earless seals and baleen whales, and reliance on blubber rather than fur is common among the larger divers. Other species, such as the Australian fur seal and South Georgian shag, routinely exceed their ADL. In addition to ecological factors (e.g., benthic foraging), increased thermoregulatory costs associated with a reduced air layer in the fur/feathers at depth may contribute to the need of performing near physiological limits for these relatively smaller divers. Refer to Supplementary Table S3 for data sources.




Adaptations for a Thermally Challenging Environment

In addition to diving with a limited oxygen supply, air-breathers must maintain thermal homeostasis in their highly conductive aquatic environment. Even with the constraints of their different life-history strategies and phylogeny, marine vertebrates have converged upon similar thermoregulatory adaptations that include morphological, physiological, and behavioral traits (Reidenberg, 2007) with varying degrees of plasticity.


Thermal Dynamics Across and Within an Immersed Body

Animals are exposed to the environment through their body surface, and heat transfer across the body surface dictates their thermal state. For a homeothermic endotherm, thermal equilibrium is maintained when internal heat production balances heat loss (Scholander, 1955). Endogenous heat production is limited in ectotherms and their ability to store heat and dampen their response to environmental fluctuations will depend on their size (Willmer et al., 2005). Thus, the implications of the body’s surface area to volume ratio (SA:V) is relevant for the thermal physiology of both endothermic and ectothermic air-breathing divers.

A common solution to reduce heat loss in the marine environment is to have a small SA:V, which favors large-bodied animals (Innes et al., 1990; Gearty et al., 2018). The largest animals exemplify this trait in each of the taxonomic groups, which all encounter near-freezing water temperatures: blue whales, Balaenoptera musculus, emperor penguins, Aptenodytes forsteri, and leatherback turtles. Some consider leatherback turtles to be endothermic (Mrosovsky and Pritchard, 1971; Goff and Stenson, 1988; Davenport et al., 1990) while others suggest they use gigantothermy. However, most agree that the endothermic-like state is due to their large size, insulation, muscular thermogenesis, along with careful regulation of peripheral perfusion (Davenport et al., 1990; Paladino et al., 1990; Bradshaw et al., 2007).

While diving, the primary modes of heat transfer are conduction and convection. Both radiation (which is quickly absorbed by water) and respiratory evaporative heat loss are generally limited to when divers are at the surface. Some marine mammals, such as dolphins, exhibit significant cutaneous water loss, which is associated with osmoregulation rather than heat balance (Hui, 1981; Andersen and Nielsen, 1983). As eared seals are amphibious, they have retained functional sweat glands and sweat to regulate heat loss while on land (Mauck et al., 2003; Rotherham et al., 2005; Khamas et al., 2012).

In addition to heat retention or dissipation mechanisms, activity-oriented strategies—the heat increment of feeding (HIF) and exercise—can contribute to thermoregulatory homeostasis by increasing heat production. A prerequisite for either form of thermal substitution is that the ambient temperature must be below the lower critical temperature of the animal, which is not uncommon in the marine environment (Hampton and Whittow, 1976; Croll and McLaren, 1993; Humphries and Careau, 2011). HIF, also known as specific dynamic action (SDA), is the rise in metabolism associated with processing a meal, including digestion, absorption, and conversion of food to useful macromolecules and excretory products. Since divers are generally active for at least some portion of their dive, the heat generated from their locomotory muscles—where only 20% of energy is converted into useful power—can also contribute to thermal substitution. If the 80% of energy that becomes ‘wasted’ heat can be efficiently stored in the body, it can mitigate the need for increased metabolic heat production (Kaseloo and Lovvorn, 2006; Bostrom and Jones, 2007; Liwanag et al., 2009). Furthermore, these two forms of facultative thermogenesis could occur during dives, unlike shivering thermogenesis, which is inhibited by the dive response (Kvadsheim et al., 2005).



Fat, Fur, Feathers: Trade-Offs Between Diving With Internal vs. External Insulation

Increases in insulation reduces conductive heat transfer across the body surface by increasing the thermal resistance of the outer layer. Fur and feathers are located externally and are relatively static, whereas subcutaneous fat, or blubber, is internal and much more dynamic (Davis, 2019). These differences, as well as the quantity and quality of the insulation, have significant thermal consequences for divers.

Blubber is a subcutaneous layer of adipose tissue reinforced by connective tissue fibers (Parry, 1949). Its relatively low conductivity (1/10th that of water) limits heat transfer, which allows skin temperatures to drop close to water temperatures while the core body temperature remains elevated (Castellini, 2007). It also serves as an energy source, although more so for some species or age-classes than others (Worthy and Edwards, 1990; Kwan, 1994; Dunkin et al., 2005). This dual role inherently introduces a trade-off between energetics and thermoregulation (Bryden, 1968; Stewart and Lavigne, 1980; Ryg et al., 1988). The insulating quality of blubber varies with its thickness as well as its lipid content and composition and may provide some heat storage capacity similar to phase change materials (Davenport et al., 1990; Worthy and Edwards, 1990; Dunkin et al., 2005; Liwanag et al., 2012b; Pearson, 2015). Thermal habitat ranges and phylogenetic constraints across species results in differences in blubber quality and quantity (Figure 6). For example, some deep-diving toothed whales in tropical and temperate waters have a relatively thin blubber layer for their size. It is thought that the presence of wax esters—an uncommon lipid in mammals—reduces blubber conductivity and excess heat loss in deep cold waters (e.g., pygmy sperm whale, Kogia breviceps, and short-finned pilot whale, Globicephala macrorhynchus; Bagge et al., 2012).
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FIGURE 6. Ex vivo blubber conductivity vs. mass-specific blubber thickness demonstrates the variability between species occupying different thermal habitat ranges in balancing the trade-offs between quality and quantity of blubber. Blubber quality here is represented by conductivity, where lower values mean less heat transfer and thus better-quality insulation. Larger whales and broadly distributed species have relatively little, but high-quality blubber. The poor-quality blubber of the Northern fur seal is compensated by its thick fur; in contrast, dugongs have poor insulation and thus a narrow thermal niche. Blubber conductivity was determined using the method indicated in Supplementary Table S3 on excised samples. The only exceptions are the two additional bottlenose dolphins plotted as open points that use data from live animals in winter and summer months to demonstrate the seasonal effects of temperature on insulation. Refer to Supplementary Table S1 for absolute latitudes used for determining habitat range (broad indicates the species span more than one habitat range) and Supplementary Table S3 for blubber and mass data sources.


While the blubber conductivity of smaller shallow diving porpoises and dolphins are similar to that of the larger deep-diving cetaceans, their mass-specific blubber thicknesses vary between species. The much smaller harbor porpoise, Phocoena phocoena, occupies a narrower and colder thermal range than the spotted dolphin, Stenella attenuata, and bottlenose dolphin, Tursiops truncatus, and thus has significantly higher mass-specific blubber thickness (Figure 6). Interestingly, brown adipose tissue is present in the inner blubber along the entire body of both the harbor porpoise and bottlenose dolphin, Pacific white-sided dolphin, Lagenorhynchus obliquidens, and Dall’s porpoise, Phocoenoides dalli. Known for its thermogenic properties, brown adipose tissue may enhance the function of their blubber layer—from modulating heat transfer to also generating heat—and allow these species to maintain thermal balance while inactive (Hashimoto et al., 2015).

Both fur and feathers are better insulators per unit quantity than blubber. Their effectiveness is due to the air layer that is trapped within the insulative layer as air has a very low thermal conductivity (0.025 W m–1 °C–1). A few marine endotherms have developed specialized features, such as interlocking hairs and feather barbs, to prevent water penetration and enhance air-trapping—a prerequisite for relying on external insulation while submerged (Lustick, 1984; Liwanag et al., 2012a). While fur and feathers do not introduce energetic tradeoffs in the same manner as blubber, they are energetically more costly to maintain as they require grooming/preening and periodic molting (Lustick, 1984; Murphy, 1996). To compensate for its large SA:V, the sea otter has the densest fur (Figure 7) and spends up to 12% of its time grooming to maintain the fur’s integrity (Loughlin, 1977), which is crucial for its survival in temperate habitats. As molting reduces the animal’s insulation and requires perfusion of the skin that also increases heat loss, several species have found ways to reduce the physiological burden of molting. Many amphibious species return to land to molt (Worthy et al., 1992; Boily, 1995; Enstipp et al., 2019; Walcott et al., 2020), while others molt gradually and sometimes migrate to warmer waters (Boily, 1995; Pitman et al., 2019).
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FIGURE 7. A comparison of the quantity of external and internal insulation among marine divers that occupy different habitat ranges. Species were included for which both fur/feather density (number of hairs/feathers per mm2) and blubber thickness (mm) are known (values represent whole-body averages, i.e. not site-specific). It was assumed that cetaceans and sirenians have lost all insulating hair. Within each habitat range, species are grouped by family and ordered by increasing mass along the vertical axis. Routine dive depth (meters) is indicated in parentheses for each species. Fully aquatic species (color-filled bars) rely exclusively on blubber, whereas amphibious species (gray-filled bars) that retain both forms of insulation vary in which layer is most effective. The primary insulation layer for the species is indicated by whether the species common name is written on the fur/feather or blubber side of the graph. Amphibious species with broad distributions (i.e., species that span more than one habitat range) use blubber as their primary insulation layer. With the exception of the Antarctic and Cape fur seals, those that rely on fur as their primary insulation are found in temperate zones, but a gradient of morphological adaptations is seen in this region. Few data exist on feather densities, which are orders of magnitude smaller when compared to fur densities. Moreover, while contour feather density is generally reported, plumule feathers provide greater insulation and are present at higher densities. Refer to Supplementary Table S1 for absolute latitudes used for determining habitat range and Supplementary Table S3 for insulation layer properties data sources.


Blubber provides better insulation for deep divers despite its lower insulative capacity compared to fur or feathers (Figure 7), because the insulating layer of air compresses and may escape as the animal descends. The deeper the dive, the lower the insulative capacity of fur/feathers (until completely saturated), and the higher the thermoregulatory costs. Certain species can retain some air within their pelage or plumage at depth, but this entrapped air increases their buoyancy and adds to the energetic costs of diving (Fish et al., 2002). Some divers have sacrificed their insulation layer to reduce their buoyancy. For example, the deeper the diving seabird, the lower their mass-specific plumage air volume. Surface-feeders have the largest air volume, followed by plunge divers and, lastly, pursuit divers (Wilson et al., 1992b; Croll and McLaren, 1993; Lovvorn and Jones, 1994).

While incompressible, blubber may also affect buoyancy regulation (Webb et al., 1998; Miller et al., 2004), albeit on a longer timescale as the thickness of the blubber layer changes seasonally in response to energetic demands (Figure 6; Slip et al., 1992; Rosen and Renouf, 1997; Mellish et al., 2004; Meagher et al., 2008). Additionally, a body free from fur or feathers is advantageous for moving through the water efficiently by reducing hydrodynamic drag (Fish, 2000). However, while streamlining is improved, a thicker layer of blubber is required to compensate for its poorer insulative capacity (Figure 8), which can, in turn, hinder maneuverability and flexibility. Therefore, small animals may be constrained to using fur or feathers, while large animals use blubber (Figure 7; Liwanag et al., 2012b).
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FIGURE 8. A comparison of the temperature gradients within the fur and blubber layer for eared (gray line) and earless seals (red line) that primarily depend on fur and blubber, respectively, for insulation. The relative thicknesses of the insulation layers are scaled based on the thickness of the primary insulation needed to provide equal insulation for each species. While diving (solid lines), peripheral vasoconstriction reduces blood flow to the periphery. For earless seals, this mitigates heat loss by keeping the skin within a few degrees of water temperature. For eared seals, the air layer in the fur provides an insulative barrier and prevents such a drastic reduction in peripheral temperature. The lengths of the arrows in the upper right depict the extent to which temperature decreases in the primary (colored arrowhead) vs. secondary (black arrowhead) insulation layer when at depth. Larger temperature drops are observed in the primary insulative layer—fur for the eared seal and blubber for the earless seal–due to its lower conductivity when compared to that of the other species: pelt conductivity of the eared seal (0.11 W m–1 °C–1) < earless seal (0.16 W m–1 °C–1) whereas blubber conductivity of the earless seal (0.19 W m–1 °C–1) < eared seal (0.28 W m–1 °C–1). At the surface, peripheral perfusion reduces the temperature gradient within the core and blubber layer (dashed line), resulting in warmer skin temperatures. Data sources: Northern fur seal, Callorhinus ursinus (Scheffer, 1961; Ohata et al., 1977; Liwanag, 2008; Sharma and Liwanag, 2017); Northern elephant seal, Mirounga angustirostris (Kuhn and Costa, 2006; Favilla, unpublished data).


In general, sea turtles are the only vertebrate group considered here that does not rely on substantial insulation. While the carapace and plastron are good insulators (Spotila and Standora, 1985), their fat reserves are primarily an energy store (Kwan, 1994). Leatherback turtles are the only sea turtle with a substantial fat layer containing both white and brown adipose tissue (Goff and Stenson, 1988; Davenport et al., 1990, 2009), which contributes to their homeothermic abilities. Interestingly, they are also the only sea turtle without a hard-shelled carapace.

The evolutionary transition from fur/feathers to blubber in highly adapted divers is exhibited in the most extreme divers of each taxonomic group, e.g., elephant seals, emperor penguins, and leatherback turtles (Figure 7). Marine mammals, in particular, demonstrate how their evolutionary history explains this convergence upon insulation strategies: the first groups to reinvade the oceans (Cetaceans and Sirenians) have lost nearly all their hair and are fully aquatic, the most recent groups (sea otters and polar bears) rely on a dense coat of fur, and the pinnipeds as the intermediate group exemplify a gradient of strategies that best suits their breeding strategies (i.e., income vs. capital breeding; Costa, 1991) and diving behavior (Fish, 2000; Uhen, 2007; Liwanag et al., 2012b). Similarly, with penguins, feathers are advantageous for their amphibious lifestyle, particularly those in polar climates, where it makes an effective barrier to freezing wind chills (Chappell et al., 1989). Moreover, the larger quantity of blubber required to provide an equal amount of insulation as fur or feathers would be too heavy in the case of a flying seabird or too cumbersome for species, like penguins or a sea otter, that are amongst the smaller air-breathing divers (Costa and Kooyman, 1982).



Using Blood Flow to Control Heat Flow

In addition to the role morphology (i.e., size and insulation) plays in modulating heat transfer to the animal’s surroundings, key anatomical features present in the vasculature of air-breathers allow for more precise control of heat exchange by redistributing heat in the body. While heat conservation is a common challenge in the marine environment, there are occasions where excess heat must be dissipated to prevent hyperthermia, especially during bouts of activity associated with the active pursuit of prey. Thus, a level of physiological plasticity is required in these adaptations.

Counter-current heat exchangers (CCHEs) are generally found in peripheral body parts and help retain heat in the core body by rewarming cold venous blood returning from the periphery as it passes in proximity to outgoing, warm arterial blood (Willmer et al., 2005). This mechanism makes regional heterothermy possible. The positive correlation between the number of humeral arteries within the plexus of penguin wings and the surface area of the wing shows the importance of this mechanism across species. Larger penguins have more of these heat-retaining structures to compensate for their large wings, and makes it possible to have up to a 25°C temperature difference between their shoulder and tip of the wing (Thomas and Fordyce, 2012).

Counter-current heat exchangers are present in the flippers and flukes of marine mammals (Elsner et al., 1974; Pabst et al., 1999; Rommel and Caplan, 2003), tongues of large cetaceans (Heyning, 2001), legs, neck, and wings of seabirds (Frost et al., 1975; Midtgård, 1981; Thomas and Fordyce, 2012), and the limbs of leatherback turtles (Greer et al., 1973; Davenport et al., 2015). CCHEs also perform the opposite task of cooling temperature-sensitive organs, such as the brain (Scholander et al., 1942; Pettit et al., 1981; Odden et al., 1999; although see Porter and Witmer, 2016) and intra-abdominal testes (Rommel et al., 1994, 1995; Pabst et al., 1995). In these cases, cold blood from the periphery is directed towards a rete mirabile near the organ, providing a localized thermal gradient to cool the organ.

CCHEs require the circulation of blood to function and yet, peripheral vasoconstriction during the dive will limit the use of this mechanism. In short, shallow dives, CCHEs may still operate as the dive response is not as profound. However, in longer, deeper dives, the function of CCHEs is likely to be limited by the dive response. Sea turtles may be the exception as they maintain some circulation during dives to access oxygen stores in the lung. Although well-developed CCHEs are only present in the flippers of leatherback turtles (Davenport et al., 2015), evidence of the thermoregulatory role of flippers in green turtles, Chelonia mydas, and loggerhead turtles, Caretta caretta, suggests adjacent arteries and veins can serve a similar function (Mrosovsky, 1980; Hochscheid et al., 2002).

Arteriovenous anastomoses (AVAs) provide another thermoregulatory adaptation that relies on regulating peripheral blood flow through vasomotor control. AVAs are highly innervated vessels in the dermal layer and provide a conduit for blood to bypass capillaries, shunting directly from the arterial to the venous supply. These “shunt” vessels can be dilated or constricted to regulate blood flow to the skin, contributing to heat conservation or heat dissipation by shifting the location of the temperature gradient to either within the blubber layer or across the body surface, respectively (Figure 8). If, however, the skin is covered by dense fur, AVAs are not as effective because the temperature gradient within the fur serves as a barrier to heat transfer.

While present in all mammals, AVAs differ in density and distribution amongst taxonomic groups in part due to their relative fur densities. This is best demonstrated within the pinnipeds. Earless seals have equally high densities of AVAs—up to eight times that of other mammals—across their entire body surface (Molyneux and Bryden, 1978) that contribute to heat dissipation. Unlike earless seals, eared seals have higher densities of AVAs in their flippers than their bodies, but sea lions have deeper AVAs in their furred flippers, whereas fur seals have superficial AVAs in their bare-skinned flippers (Bryden and Molyneux, 1978). These anatomical differences allow fur seals to use their flippers as heat dissipators on land or at the water’s surface (e.g., jughandling behavior; Liwanag, 2010), Meanwhile, AVAs within sea lion flippers are likely to be more effective when immersed due to the negligible amount of insulation their fur provides in water.

Seabirds also have AVAs located in their eyelids, feet webbing, and brood patch (Frost et al., 1975; Midtgård, 1981; Thomas and Fordyce, 2012). These vascular structures are essential for thermoregulation during flight and incubation, but it is unclear whether they contribute to thermoregulation in water. Seabirds also have a sizeable marginal vein in their wings that provides an alternate path to CCHE and allows the axilla to serve as a thermal window, i.e., a peripheral site that is readily perfused to dump excess heat (Frost et al., 1975).



Thermoregulatory Effects of Regulating Metabolism

Central to the concept of heat balance is the regulation of metabolism. While endogenous heat production is limited in ectothermic divers, its regulation during diving is unclear in marine endotherms. Measurements of basal metabolic rates (BMR) of marine mammals suggest that they have higher BMRs than terrestrial mammals, but this is somewhat controversial due to inconsistencies in how BMR was measured (Castellini and Mellish, 2015). While measuring and comparing BMR is valuable for understanding maintenance costs, a more ecologically relevant measure is field metabolic rate. Still, the higher metabolic rate of marine endotherms appears to be associated with the thermoregulatory costs related to the marine environment (Irving, 1973; Lustick, 1984; Williams, 1998; Costa and Williams, 1999; Ellis and Gabrielsen, 2002; Costa and Maresh, 2017; but see Lavigne et al., 1986; Innes and Lavigne, 1991; Williams et al., 2001). Interestingly, the field metabolic rate of Galápagos fur seals and sea lions are lower than congeners in colder habitats, which has been suggested to be an adaptation to reduce the thermal load in the equatorial climate (Costa and Trillmich, 1988; Trillmich and Kooyman, 2001; Villegas-Amtmann et al., 2017). However, comparing energetic costs of marine and terrestrial vertebrates is confounded by the effects of temperature and diving on the metabolic rate of ectotherms and marine vertebrates, respectively (Hansen and Ricklefs, 2004; Davis, 2014; Costa and Maresh, 2017). The extent to which the dive response regulates metabolism will determine the rate of endogenous heat production (Hurley and Costa, 2001; Rosen et al., 2017), and ultimately thermal balance while diving. Thus, the interaction between the dive response and thermoregulation is context-dependent and expanded upon in the next section.



PHYSIOLOGICAL INTERACTIONS DURING THE DIVE: SYNERGISTIC OR ANTAGONISTIC?

Many authors have pointed out the paradoxical interactions between the physiological demands imposed on air-breathing divers (Castellini et al., 1985; Whittow, 1987; Noren et al., 1999; Williams et al., 1999a, b; Mauck et al., 2003; Green et al., 2006; Rosen et al., 2007; Sparling et al., 2007; Lewden et al., 2017b). There is potential for conflict between the dive response, exercise response, digestion, and thermoregulation because cardiovascular adjustments are integral to these responses, and those required for one activity may not be compatible with another. Therefore, divers face the dilemma of either compromising performance or prioritizing one response over another. These conflicting demands are managed in different ways by different species due to the diversity of thermoregulatory adaptations and habitats (Figure 1).


The Potential for Thermal Conflict Is Context-Dependent

Thermoregulation is energetically demanding, which is exacerbated in the thermally challenging marine environment. The ability of marine divers to meet this challenge and maintain thermal homeostasis will depend on their energetic balance. For example, if they are in an energy-deficient state, those that rely on blubber will begin to deplete this layer as an energy source. Whereas when those that depend on fur or feathers become energy deficient, they may not be able to maintain the integrity of their insulation through preening, grooming, or molting (Loughlin, 1977; Croll and McLaren, 1993; Walcott et al., 2020). Reducing the effectiveness of the insulation will, in turn, increase thermoregulatory costs and create a feedback cycle that leads to deteriorating body conditions where the body is unable to maintain thermal balance or meet energetic requirements (Costa and Kooyman, 1982; Worthy and Lavigne, 1987; Rosen et al., 2007).

The following discussion about the interplay between the dive response, exercise response, digestion, and thermoregulation, illustrated in Figure 9, assumes that the diver can acquire sufficient energy while foraging. Placing these interacting physiological requirements into context will serve to demonstrate situations where thermal conflicts may arise, and others where responses are synergistic.
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FIGURE 9. A schematic representation of the various physiological demands faced by air-breathing divers and how thermoregulatory costs (TC) are affected. While some activities, such as digestion (Box F) and muscular heat production (Box C) may reduce TC through substitution, diving into cold waters will increase TC (bottom side panel), unless mechanisms to mitigate heat loss are used [Box E and G; e.g., long, resting dives of sea turtles in which metabolic rate (MR) is reduced]. A relaxation of the dive response at the surface (Box B vs. Box D at depth) may facilitate regaining thermal balance (Box A), but the relative amount of time spent at the surface to achieve homeostasis may also be dictated by gas exchange in addition to thermoregulatory functions. If TC increases because surface waters are too warm to dump sufficient heat to compensate for increased activity, thermal inertia, etc. (top side panel), then diving activity may be altered to account for increased thermoregulatory needs. Refer to sections “Consequences of the Dive Response on Thermoregulation,” “Exercise vs. Thermoregulation: Context-Dependent Interactions and Strategies,” and “Ingestion and digestion of cold prey: A sink and source of heat” of the text for further explanation.




Consequences of the Dive Response on Thermoregulation

The cardiovascular adjustments of the dive response, i.e., bradycardia and peripheral vasoconstriction (Figure 9, Box D), are generally associated with a reduced metabolism during diving, which is advantageous for increasing aerobic diving capacity due to decreased oxygen consumption. However, hypometabolism as a diving strategy also has implications for thermal physiology as a reduced metabolism results in less internal heat production. Diving into colder waters generally exacerbates the issue of heat conservation (Figure 9, bottom side panel); however, reducing the temperature gradient between the skin and water minimizes heat loss (Figure 9, Box E). This “peripheral shell cooling” can be accomplished through active mechanisms (i.e., peripheral vasoconstriction) or passively as the high thermal conductivity of water and the temperature gradient experienced by divers will naturally promote heat loss and cooling of the skin.

Those species that rely on internal insulation allow their outer shell to cool while maintaining the temperature of the core. Whereas, divers with an air layer in their water-resistant pelage or plumage undergo less cooling of their periphery, allowing them to maintain higher skin temperature (Castellini and Mellish, 2015). For example, the skin temperatures of northern elephant seals, Mirounga angustirostris, can drop to within a few degrees of water temperature (Figure 8). In comparison, sea otters and penguins keep their peripheral temperatures ∼10−20°C above water temperature (Costa and Kooyman, 1982; Ponganis et al., 2003; Enstipp et al., 2017). Regardless, marine endotherms maintain impressive thermal gradients between their core (generally ∼37°C) and water, and even sea turtles have been shown to maintain body temperatures a few degrees up to 18°C above water temperature in the leatherback turtle (Frair et al., 1972). This enables leatherback turtles to expand their thermal niche into subpolar and deeper waters (Figure 1; James et al., 2006; McMahon and Hays, 2006).

In addition to changes in their insulation, vasomotor adjustments allow redistribution of heat, contributing to large temperature gradients—these result in regional heterothermia, or more specifically peripheral hypothermia. The severity of the dive response will determine the extent to which peripheral hypothermia extends into the core and causes core temperature to fall below normothermia. Even a slightly reduced core temperature is beneficial for the diver as hypothermia will reduce oxygen demands through metabolic depression (Scholander et al., 1942; Blix et al., 2010). Hypothermia may also relieve some of the thermoregulatory costs of maintaining a stable high core body temperature while diving. At the same time, it would be beneficial for conserving energy at times of reduced activity (Figure 9, Box G). However, these energetic savings during the dive must be repaid through increased activity (i.e., swimming, but also flying for seabirds) during extended post-dive surface intervals to reestablish homeostasis (Figure 9, Box A). Additionally, since the metabolic rate of ectotherms is intrinsically dependent on ambient temperatures, sea turtles may be more vulnerable to significant reductions in body temperature as it would hinder physiological functions. However, even muscles in endotherms have an optimal functioning temperature (Faulkner et al., 1990). Therefore divers, and particularly ectotherms, must find a balance between the degree of body cooling and maintenance of minimum temperature for digestion or locomotion.



Exercise vs. Thermoregulation: Context-Dependent Interactions and Strategies

A hypometabolic state seems paradoxical for animals that are actively diving, pursuing prey, or escaping predators. Generally, exercise will increase heart rate and thus cardiac output to supply exercising muscles with elevated levels of oxygen to meet metabolic demands. Increased cardiac output is accompanied by the dilation of vessels to maintain blood pressure as well as an increase in breathing frequency to increase oxygen uptake (Taylor et al., 1987). Breath-hold divers have a limited ability to make these adjustments as their oxygen stores are limited. Most divers seem to avoid the typical exercise response, and maintain low diving metabolic rates by swimming efficiently—through neutral buoyancy and stroke-and-glide patterns (Figure 9, Box G; Williams et al., 2000; Lovvorn, 2001; Hochscheid et al., 2003; Watanuki et al., 2003; Trassinelli, 2016)−and matching their workload with perfusion patterns (Fedak et al., 1988; Williams et al., 1991, 1999a, 2015; McDonald et al., 2018).

Moreover, divers routinely experiencing intense peripheral vasoconstriction compensate with greater myoglobin concentrations in their locomotory muscles. More myoglobin allows for continued muscle activity despite ischemia (Davis et al., 2004). Isolating the muscle from circulation could result in a rise of local temperatures as the exercising muscle produces heat. Excess heat could be lost to the environment, or, could be retained to offset thermoregulatory costs (Figure 9, Box C).

If, however, exercise results in excess heat production, the diver may need to dissipate heat to avoid hyperthermia. This need to dump heat during periods of activity can lead to a thermal conflict for animals that are well insulated for the cold. To prevent hyperthermia and counteract thermal inertia during exercise, they can dissipate heat by bypassing the blubber layer using AVAs to perfuse the skin. Still, peripheral vasoconstriction during the dive will generally prevent this mechanism (Figure 9, Box D) as overriding the dive response will decrease their diving ability. The alternative is to store the excess heat, allowing body temperature to potentially rise, until the end of the dive when the dive response is relaxed (Figure 9, Box A and B). In other words, the diver may employ either a graded or temporally delayed thermoregulatory strategy depending on the severity of the heat load and particular dive conditions. However, if surface waters are comparably warm, delaying thermoregulation may exacerbate the challenge of dissipating the excess heat that has been stored (Figure 9, top side panel). Since heat dissipation will be less efficient in warmer surface waters, this strategy may inevitably reduce diving efficiency by requiring longer surface intervals for thermoregulation.



Ingestion and Digestion of Cold Prey: A Sink and Source of Heat

Another physiological requirement that may be incompatible with the dive response is digestion. Foraging is one of the primary functions of diving for air-breathers; yet, digestion requires some blood flow to the splanchnic organs, which are generally hypoperfused during the dive (Zapol et al., 1979; Davis et al., 1983; Davis, 2014). Digestion could be delayed to when maximizing dive duration is not a priority, such as after foraging bouts or time on land to prevent this conflict. While delaying digestion may enhance foraging efficiency (up until satiation), there will also be thermal consequences of employing such a strategy.

An important thermoregulatory consideration associated with foraging is the ingestion of cold prey. In addition to the external temperature gradient experienced while diving, the ingestion of cold prey will introduce an internal temperature gradient. Warming ingested prey will exacerbate the challenge of maintaining thermal balance in cold water, particularly for endotherms feeding on cold ectothermic prey (Wilson et al., 1992a; Hedd et al., 1996). However, the energetic costs of digestion contribute to HIF, which can offset thermoregulatory costs. Therefore, the ingestion and digestion of cold prey can serve as a sink or source of heat, respectively (Figure 9, Box F; Croll and McLaren, 1993). Considering when these processes occur is essential for understanding how the diver’s thermoregulatory strategy may affect its diving, and thus foraging behavior (Costa, 1988; Williams et al., 2004).

Mathematical models of how a breath-hold diver should optimize their energy intake have been developed and have made predictions that can be tested in the field (Charnov, 1976; Kramer, 1988; Houston and Carbone, 1992; Thompson and Fedak, 2001). However, the additional constraints imposed by digestion and thermoregulation have yet to be considered. Theoretical models that combine laboratory data on the thermoregulatory costs of foraging with field studies that identify when these processes occur in nature would provide insight into the intrinsic and extrinsic factors, besides oxygen stores and prey field, that may influence foraging efficiency.



A THERMAL BALANCING ACT

The management of concurrent, and potentially conflicting demands requires that a diver coordinates its response in a manner that aligns with diving conditions and physiological priorities. Such strategies could involve temporally separating two responses that are in direct conflict, using their response for one demand to minimize the cost of another, or attending to both requirements simultaneously but at a compromised capacity. A certain degree of flexibility is required to account for the complexity of potential interactions, differences between dive functions, and seasonal changes in their environment and body condition. In the following section, we review the literature for studies that examined thermoregulation in animals in the water and while diving in nature.


Temporal Separation of Conflicting Demands


Checks and Balances of Thermal Budgets: Exercise and Water Temperature

The conflicting demands of the dive response and thermoregulation were examined with trained bottlenose dolphins, Tursiops truncatus, swimming, and diving in warm tropical waters (Noren et al., 1999; Williams et al., 1999b). They found significant changes in heat flux (definition provided in section ‘Heat Flux’) across the body with diving, where diving attenuated heat flux even after an extended period of swimming at the surface. Heat flux only started to increase during the latter portion of the ascent—which coincides with the anticipatory tachycardia occurring at the end of the dive—and remained high during the post-dive surface interval. The authors concluded that dolphins delayed heat dissipation until after the dive instead of overriding the dive response to dissipate heat at depth. Interestingly, one of the dolphins that was vigorously active before diving showed elevated heat flux at the dorsal fin at depth, which suggests a momentary override of the dive response to dissipate heat through this thermal window. This scenario emphasizes the effects of exercise in determining the flexibility of their responses to account for their thermal demands, and also supports the claim that the dive response can be modulated by activity (Davis and Williams, 2012; Noren et al., 2012; Williams et al., 2015; McDonald et al., 2018).

Does a delay in heat dissipation compromise thermal balance, and if so, to what extent is thermal imbalance tolerated before the dive response is overridden to allow for some heat dissipation? An animal’s heat tolerance will dictate the extent and time scale at which cellular consequences of hyperthermia, such as destabilization of proteins and changes in membrane fluidity, require prioritization of thermoregulation to regain homeostasis, or manifest as heat stress symptoms. Bottlenose dolphins exposed to increasingly warmer water temperatures were able to delay the onset of hyperthermia for an hour or longer. They did this by redistributing core body heat to their periphery, demonstrating their physiological ability to tolerate some heat stress (Heath and Ridgway, 1999). Although the physiological demands faced by the resting dolphins in this study are different than those for wild, active dolphins, such a short-term heat tolerance would explain how dolphins can manage the thermal challenge of moving from cold pelagic waters to warmer inshore waters. Therefore, in the case of smaller cetaceans, activity and water temperature are important factors for determining their thermal economy and the degree to which heat stress is tolerated during the dive. Furthermore, diving could increase their heat tolerance as hypometabolism, and colder waters at depth promote passive heat dissipation. How larger cetaceans face a similar challenge when migrating from the poles to the tropics, albeit on much longer timescales, is unknown.

Polar seals, such as the Antarctic Weddell seal, Leptonychotes weddelli, are unlikely to face the thermal conflict of dissipating heat while diving, even during intense activity. Yet, they also appear to regulate their thermal balance during the post-dive surface interval. Hill et al. (1987) measured aortic temperatures during the dive. They observed significant changes between dives rather than during dives, suggesting that this drop in aortic temperature (up to 2°C) before bouts of diving serves as a “preparatory” thermoregulatory response to extend dive durations by reducing metabolism. Thus, dolphins and Weddell seals in drastically different thermal habitats resolved the conflicting demands of thermoregulation during diving by deferring active thermoregulation until surface intervals.



Dive First, Digest Later

A similar strategy of temporal separation has been observed in diving endotherms to mediate the thermal consequences of digestion. Amphibious species that haul out often have the option of completely separating digestion from diving. In contrast, those that perform long foraging trips or are fully aquatic must find an opportune time to digest while at sea when they are not concerned with maximizing their dive durations. For example, elephant seals appear to defer food processing to drift dives where the animal stops swimming and drifts thereby sparing oxygen that would otherwise be expended on locomotion for digestion (Crocker et al., 1997; Mitani et al., 2010). However, these ‘food-processing’ dives were occasionally associated with extended surface intervals (ESIs), suggesting oxygen stores may at times be insufficient to complete digestion at depth following extensive foraging bouts and may require additional time at the surface (Crocker et al., 1997). The thermoregulatory costs associated with warming, potentially large quantities of ingested prey, may also be a factor limiting their diving efficiency while foraging (Austin et al., 2006; Kuhn and Costa, 2006).

ESIs have also been observed in gray seals, Halichoerus grypus, and harbor seals, Phoca vitulina. By simulating natural foraging trips with gray seals in a laboratory setting, Sparling et al. (2007) demonstrated that gray seals delay digestion until ESIs, which may occur hours after the initial ingestion of prey. This strategy was flexible in that some digestion occurred during shallow dives, but not in deeper dives. A similar observation was made in Steller sea lions, Eumetopias jubatus (Hindle et al., 2010; Rosen et al., 2015). These ESIs were accompanied by significant peaks in metabolic rate, much higher than those reported for non-diving seals, likely as a result of HIF, as well as the added physiological demands of diving (Markussen et al., 1994; Rosen and Trites, 1997), and perhaps paying back the thermoregulatory costs of warming cold prey (Williams et al., 2004).



Thermoregulating Smarter, Not Harder by Coordinating Synergistic Activities


HIF: Equivocal Evidence for Heat Substitution

Whether HIF offsets thermoregulatory requirements has been investigated in several species with mixed results. Some studies have speculated the potential contribution of HIF towards maintaining thermal balance from lab experiments. For example, thick-billed murres, Uria lomvia, little penguins, Eudyptula minor, and double-crested cormorants, Phalacrocorax auritus, may benefit by deferring digestion until after dives while floating at the surface or flying to shore to dry their feathers where HIF can contribute to the post-dive recovery of body temperatures (Hawkins et al., 1997; Green et al., 2006; Enstipp et al., 2008).

On the other hand, studies on other seabirds and Steller sea lions have concluded that HIF does not significantly contribute to reduced thermoregulatory costs (Wilson and Culik, 1991; Rosen and Trites, 2003). Specifically, Wilson and Culik (1991) found that the increased postprandial metabolic rate of adult Adélie penguins, Pygoscelis adeliae, is due to the cost of warming cold prey, rather than HIF (for comparison with chicks, see Janes and Chappell, 1995). However, these studies were all performed in the lab where direct measurements of metabolic rate were possible. Still, the effects of varying activity levels associated with different foraging strategies are challenging to incorporate. Wilson and Culik (1991) suggest that the active foraging strategy of Adélie penguins may allow them to mobilize muscular heat to aid in warming ingested prey and would in turn dictate foraging rates to maximize food heating efficiency.

Unlike the majority of foragers limited by their non-prehensile limbs, sea otters can delay both prey ingestion and digestion until they are back at the surface. In doing so, they avoid the initial thermal costs required to warm ingested prey while at depth and reap the thermal benefits of HIF while inactive at the surface (Costa and Kooyman, 1984). Due to their overall high metabolic rates and unfavorable SA:V, sea otters rely on synergistically coordinating heat substitution strategies for maintaining thermal balance, as observed by a corresponding increase in activity as HIF decreased over time (Costa and Kooyman, 1984). Sea otters and seabirds suggest that perhaps the ability to float at the surface to reduce heat loss to the water may facilitate maximizing the thermal benefits of HIF, particularly during inactive periods that are increasingly costly with decreasing water temperatures (Richman and Lovvorn, 2011). These examples demonstrate the importance of disentangling the cost of warming ingested prey from those associated with digestion to assess the net thermoregulatory consequences of foraging.



Muscular Thermogenesis: Using Muscular Inefficiency for Thermoregulation

Another mechanism of thermal substitution is utilizing the ‘wasted’ heat produced by muscular activity. While this was mentioned in relation to foraging for sea otters and Adélie penguins, it also contributes to thermoregulation in the absence of foraging activity. Muscular thermogenesis as a thermoregulatory strategy is particularly useful for (1) species with a low heat-retaining capacity (i.e., large SA:V), (2) juveniles that may not have well-developed thermoregulatory capabilities in addition to having an unfavorable SA:V relative to adults, and (3) ectotherms that have a reduced capacity to increase their metabolic heat production.

Studies on captive animals have demonstrated how body size affects the relationship between activity and thermal homeostasis. For example, Hawaiian spinner dolphins, Stenella longirostris, a comparably small delphinid species, live in waters near their lower critical temperature, and their stenothermic body temperature is dependent on activity, demonstrating a synergistic interaction between exercise and thermoregulation (Hampton et al., 1971; Hampton and Whittow, 1976). In contrast, a larger delphinid species, the Pacific bottlenose dolphin, has been shown to experience a 2°C increase in body temperature after periods of vigorous activity (McGinnis et al., 1972). As juveniles are smaller, they have reduced thermal capabilities compared to adults. However, it is energetically cheaper for juvenile California sea lions, Zalophus californianus, to maintain moderate activity levels than to rest in water below their thermal neutral zone, and incur the increased cost of shivering (Liwanag et al., 2009).

The activity of ectothermic divers is primarily influenced by their thermal environment, often resulting in circadian patterns. In hawksbill turtles, Eretmochelys imbricata, Storch et al. (2005) found that the duration of night dives increased with decreasing water temperature below 28°C. In contrast, there was no pattern in dive duration and water temperature during the day. They related this pattern to the different behaviors carried out during day and night. During the day, animals are actively foraging, while at night, they are resting, and their temperature and metabolism would be lower, allowing longer dives. Muscular thermogenesis associated with active swimming has also been demonstrated in green turtles in lab experiments (Jackson and Prange, 1979; Standora et al., 1982) and has been hypothesized to occur in free-ranging loggerhead turtles (Sakamoto et al., 1990). While heat generated in the muscles likely serves to primarily enhance muscle performance, some heat may be distributed to the rest of the body via circulation, increasing core body temperatures beyond their usual 1−2°C above ambient water temperatures (Standora et al., 1982; Sakamoto et al., 1990).



Modifying Diving Behavior as a Thermoregulatory Strategy

Vertical stratification of the water column allows divers to behaviorally thermoregulate by varying the time spent in warmer, surface waters vs. colder, deep waters. Although relatively rare, ESIs have been recorded in the diving behavior of loggerhead turtles in the Mediterranean Sea, with the majority of ESIs occurring during the day following dive bouts into deep waters up to 10°C colder than surface waters (Hochscheid et al., 2010). The positive correlation between body mass and ESI duration, along with extended surface time during sunlit hours, led the authors to hypothesize that ESIs serve a thermoregulatory function. In contrast, nocturnal ESIs occurred after dives that exceeded their calculated ADL where they were presumably foraging on patchy prey, indicating an alternative role of post-dive recovery for nocturnal ESIs. Core body temperature measurements would allow a test of the hypothesized functions for daytime and nocturnal ESIs.

Unlike loggerhead turtles in the Mediterranean Sea, leatherback turtles encounter a broader range in temperatures across their habitat—which spans both tropical to subpolar waters—and thus require greater flexibility in their thermoregulatory strategy. Wallace et al. (2005) suggested that leatherback turtles behaviorally regulate their body temperature by either increasing the time spent at colder depths while in tropical waters or performing shallower dives when in colder waters at the northern limits of their range. Additionally, in warm tropical waters leatherback turtles can use CCHEs in their hindlimbs to retain muscular heat locally to prevent core hyperthermia; whereas in colder waters they can transfer some of this heat to their core, where it is retained by their thermal inertia and insulation (Davenport et al., 2015).

Although behavioral thermoregulation is a more common strategy in ectotherms, adjusting diving behavior as a thermoregulatory strategy has also been documented in endothermic divers. Similar to the leatherback turtles, Magellanic penguins, Spheniscus magellanicus, occupy a relatively wide range of water temperatures on the Patagonian coast and adapt their diving behavior relative to water temperature and foraging activity. By comparing penguins from colonies at different latitudes and modeling the effects of environmental parameters on their thermal dynamics, Ciancio et al. (2016) found that penguins increased their swim speeds in colder waters while performing shallow transiting dives. Increased swim speeds will also increase convective heat loss. Still, they showed that the associated increase in heat production was disproportionately higher and compensated for convective heat loss, thus making this a suitable strategy to mitigate heat loss while diving shallowly in cold waters. However, when performing deep dives, heat loss is exacerbated by diving to depth. This may explain why penguins reduced, rather than increased, swim speeds during the ascent and descent of deeper foraging dives. By shifting their strategy and prioritizing oxygen conservation instead of thermoregulation, penguins could maximize bottom time and thus foraging efficiency. This exemplifies how diving behavior is modified to balance the physiological demands of thermoregulation and foraging.

Little is known about behavioral thermoregulation in marine mammals while in water despite a plethora of studies that describe behavioral strategies of amphibious species while on land (Whittow et al., 1972; Beentjes, 2006; Norris et al., 2010; Codde et al., 2016). One well described at-sea behavior is jughandling in Northern fur seals, Callorhinus ursinus, which is commonly associated with sleep (Donohue et al., 2000). By exposing their flippers while floating at the surface, fur seals enhance the efficiency of AVAs in their flippers for either heat conservation by reducing heat loss to the water or heat dissipation by increasing convective heat loss in air. Jughandling increased with water temperature in pups, and although shivering was observed, there was no relationship with water temperature. Despite an initial increase in metabolism associated with this body position (likely due to changes in perfusion), fur seals—particularly pups in water below their lower critical temperature—can reduce thermoregulatory costs compared to resting by remaining in this position for ∼30 min and thus extend their thermal neutral zone (Liwanag, 2010).

Manatees, Trichechus manatus, employ a longer-term behavioral strategy to avoid cold-stress. When Florida winter water temperatures reach below their lower critical temperature of 20°C, manatees may migrate to warm-water thermal refuges in inland natural springs or near power plants (Laist et al., 2013). There have been up to 282 manatee deaths due to cold-stress in a single year, and those most vulnerable are juveniles and sub-adults due to their inexperience of finding thermal refuges and high SA:V relative to adults (Erdsack et al., 2018). Still, even those that use these thermal refuges may face energetic trade-offs with foraging as it requires traveling further distances to feeding grounds, resulting in reduced foraging time (Haase et al., 2019). Conversely, summer water temperatures can reach 32°C, and during episodes of strenuous activity, albeit rare for this slow-moving mammal, heat may need to be dumped to prevent hyperthermia. Manatees do not possess AVAs, but a deep caudal vein has been proposed as a mechanism for bypassing the CCHE in their caudal fluke and contribute to heat dissipation (Rommel and Caplan, 2003). However, the deep location of this vein in comparison to AVAs in other species raises the question as to whether this strategy is efficient and sufficient to prevent hyperthermia.



Regional Heterothermy vs. Hypothermy

The dive response and thermoregulation are intricately connected through common underlying physiological mechanisms, namely metabolic rate and peripheral perfusion. In the diving physiology literature, regional heterothermia has been hypothesized as a mechanism to reduce diving metabolism and thus extend aerobic dive duration (Ponganis et al., 2001, 2003; Niizuma et al., 2007). However, the use of this strategy for diving or thermoregulation is not mutually exclusive. Similarly, hypothermia-induced metabolic depression is an alternative hypothesis, and this strategy of lowering the set-point in body temperature has often been proposed in the literature to explain the impressive diving behavior of marine vertebrates, particularly seabirds (Culik et al., 1996; Bevan et al., 1997). The costs and benefits of employing regional heterothermy vs. hypothermy will depend on concurrent physiological demands (e.g., foraging, digestion, migration, molting) and whether species-specific thermoregulatory adaptations allow the animal to withstand these departures from normothermia given the dive conditions (i.e., dive depth/duration and water temperatures).

Data from king penguins, Aptenodytes patagonicus, support a hypometabolic strategy as several studies have observed reductions of up to ∼25°C in abdominal and subcutaneous temperatures during dives with subsequent rewarming after foraging bouts returning to normothermic levels (Handrich et al., 1997; Schmidt et al., 2006; Enstipp et al., 2017). A reduction in metabolism afforded by lower body temperatures during the dive may explain their ability to routinely dive close to their ADL (Figure 5) and maximize foraging efficiency. Despite suffering increased heat loss, king penguins maintain peripheral perfusion while at the surface, particularly ESIs during the night, to either access or deposit fat into their subcutaneous layer depending on their foraging success and energy balance (Lewden et al., 2017a, b), thus demonstrating a trade-off between nutritional and thermoregulatory demands.

While a decline in the peripheral temperatures of emperor penguins and thick-billed murres have been observed, a marked reduction in core body temperature similar to the king penguins was absent (Ponganis et al., 2001, 2003; Niizuma et al., 2007). It is worth noting that Ponganis et al. (2001, 2003) observed a similar pattern to king penguins in the abdominal temperature of emperor penguins. Still, by comparing this site to several others in the body, they concluded that the abdominal temperature is not representative of the core body temperature for emperor penguins. Instead, deep venous temperatures that better represent core temperature did not drop below 37°C even during prolonged dives, while significant declines were observed in other peripheral sites. These findings do not support the concept of hypothermia or hypometabolism in emperor penguins but rather aligns with regional heterothermy.

Niizuma et al. (2007) reached a similar conclusion for thick-billed murres but also observed an overall decreasing trend in both core and peripheral temperatures throughout dive bouts. Superimposed on this trend is the opposing changes in core and peripheral temperatures during a dive. A progressive decline in peripheral temperatures across dive bouts was driven by reductions that occurred during the dive. Interestingly, a sharp drop in peripheral temperature upon submergence is reversed for a few seconds before a gradual reduction continues throughout the rest of the dive, indicating a brief relaxation of peripheral vasoconstriction during the dive. Conversely, core temperatures remained relatively high during the dive but then decreased at greater magnitudes during surface intervals. This pattern of within-dive changes in core temperature contrasts with those observed in king penguins and led the authors to hypothesize that larger seabirds use different thermoregulatory strategies than smaller seabirds. While body size may be important, other factors, such as dive or trip duration, may explain why emperor penguins diving from an isolated ice hole seem to be more similar to the smaller murre than the larger, more closely related king penguins.

There are species-specific differences in thermoregulatory strategies within the Phalacrocoracidae (i.e., cormorants and shags). For example, Great cormorants, Phalacrocorax carbo carbo, bank cormorants, Phalacrocorax neglectus, and European shags, Phalacrocorax aristotelis, maintain relatively stable core body temperatures (∼41°C; measured via stomach temperature telemeters) while diving (Wilson and Grémillet, 1996; Grémillet et al., 1998, 2001; Enstipp et al., 2005). In contrast in South Georgian shags, significant declines (∼10°C) in body temperatures occurred (measured in the abdomen, reaching as low as ∼31°C) while diving (Bevan et al., 1997). These differences were partly attributed to the diving behavior and thermal environments encountered by these closely related species. While they are all exposed to cold waters, South Georgian shags perform more extreme dives to ∼100 m for 3−4 min (Croxall et al., 1991), which could be facilitated by a hypothermic strategy. On the other hand, temporal hypothermia may be costlier than maintaining normothermia for shallower diving cormorants (e.g., European shags and Great cormorants). Bank cormorants have the added advantage of absorbing the intense solar radiation from the South African sun to attain normothermia while in cold waters (Grémillet et al., 1998). Phalacrocoracidae (cormorants) living in polar climates reduce their time underwater by increasing their foraging efficiency, thus allowing them to ideally delay thermoregulatory responses until after short foraging bouts (Grémillet et al., 2001; although see Grémillet et al., 2005). However, European shags diving near Scottish Islands have long foraging bouts when compared to conspecifics at the more southernly located Chausey Islands (∼4 h vs. ∼1 h near Chausey Islands; Daunt et al., 2007; Lewis et al., 2015), which likely precludes delaying thermoregulation until after foraging, especially in these colder waters. Furthermore, Greenland Great cormorants maintain normothermia despite diving in waters often less than 0°C (Grémillet et al., 2005). Rather than delay thermoregulation, these arctic cormorants, likely employ intense thermogenesis to counteract heat loss to the water (Grémillet et al., 2001).

Compared to the seabird literature, there have been fewer studies on marine mammals that directly investigate hypometabolism and peripheral shell cooling. The ability to withstand hypothermia during forced submersion was demonstrated in some of the first sentinel studies of diving physiology on seals (Irving et al., 1941; Scholander et al., 1942; Elsner, 1969). However, it was not until reduced aortic temperatures were observed in Weddell seals diving voluntarily from an isolated ice-hole that hypothermia was suggested as a strategy employed by animals diving under natural conditions (Kooyman et al., 1980). While aortic temperatures were shown to decrease to 35°C during dives, the locomotory muscle temperature remained stable at 37°C instead of heating up as much as would be expected from the amount of work performed if it were completely ischemic (Kooyman et al., 1980; Hill et al., 1987; Ponganis et al., 1993). The lack of a temperature rise in the muscle likely indicates that either some perfusion is maintained or the muscle is hypometabolic while active. However, the muscle temperature could not be used to conclude the entire body’s thermal conditions or metabolic rate (Ponganis et al., 1993). Andrews (1999) reached a similar conclusion about deep muscle temperature measurements in freely diving juvenile elephant seals. The muscle temperature dropped an average of only 1°C during dives, while peripheral temperatures (i.e., subcutaneous and blubber) decreased significantly supporting the strategy of peripheral hypothermia that may extend into the adjacent muscle tissue. In addition to these studies on phocids, regional heterothermy has also been observed in fur seals and dolphins (Ohata et al., 1977; Heath and Ridgway, 1999; Barbieri et al., 2010).

While confirming whether peripheral hypothermia is accomplished through active vasomotor control or passive mechanisms is more challenging, Boyd (2000) used a simple heat balance model in which peripheral circulation switched between complete and absent and demonstrated the model could predict the skin temperature changes observed in diving Antarctic fur seals, Arctocephalus gazella. However, he acknowledged that peripheral perfusion was modeled in an overly simplistic manner, and that it is likely to be more of a graded response. Nonetheless, the evidence of peripheral hypothermia in several endothermic divers emphasizes the importance of managing skin temperature for thermoregulation.

Unlike seabirds and most marine mammals, the majority of sea turtles do not have substantial insulation. Yet, their skin temperature is generally close to ambient water temperature while their core body temperature is maintained above water temperature. Their ability to maintain a high core body temperature is reduced when water temperatures reach <10°C (Schwartz, 1978; Foley et al., 2007). Although only described in a few sea turtle species, hypometabolism can reduce their energetic costs but is associated with a decrease in performance. Dives where turtles remain quiescent on the seafloor or in the water column (at the depth where neutral buoyancy is achieved) longer than their average dive duration have been described in green turtles (Felger et al., 1976; Godley et al., 2002; Southwood et al., 2003), hawksbill turtles (Storch et al., 2005), and loggerhead turtles (Carr et al., 1980; Hochscheid et al., 2005, 2007a; Hawkes et al., 2007). These dives are typically shallow and nocturnal, and occur during winter when the water is colder, which facilitates a temperature-induced depression of metabolism. By reducing their oxygen consumption, they can remain resting at depth for prolonged periods—as long as 10 hours was observed in a loggerhead turtle (Broderick et al., 2007). This behavioral thermoregulatory strategy has been referred to as hibernating, emphasizing the departure from homeostatic conditions that allows for minimal energy expenditure.

In addition to this behavioral strategy, there is evidence that sea turtles regulate their thermal balance. Laboratory studies have demonstrated that sea turtles have faster heating rates than cooling rates, suggesting physiological control over heat exchange (Heath and McGinnis, 1980; Smith et al., 1986). Although well-developed CCHEs, which provide an effective mechanism for controlling heat distribution, have only been identified in leatherback turtles (Mrosovsky, 1980; Davenport et al., 2015), Hochscheid et al. (2002) demonstrated changes in blood flow in response to changing ambient temperatures in the flippers of green and loggerhead turtles. Similarly, the relatively large size of green turtles, Chelonia mydas, and loggerhead turtles, Caretta caretta, facilitates the retention of heat and has led to the use of other terms, including homeothermy and regional endothermy, to describe their thermoregulatory capabilities (Standora et al., 1982; Sato et al., 1994). Therefore, despite their intrinsic differences in physiology, sea turtles and diving endotherms have converged upon a similar thermoregulatory strategy of regional heterothermy, which is made possible by regulating their circulation to control heat distribution within the body and heat dissipation to the environment. As Irving and Hart (1957) eloquently summarized it: “…the homoiothermism of their bodies is sustained by the heterothermism of superficial tissues.”



METHODS FOR STUDYING THE THERMAL PHYSIOLOGY OF FREE-RANGING DIVERS

While laboratory investigations provide a fundamental understanding of thermoregulatory mechanisms, insight into conflicts between competing physiological processes associated during diving require field studies. Fortunately, technological advances have created new tools to study the movement patterns, behavioral and physiological ecology of air-breathing marine vertebrates. The incorporation of physiological sensors into biologging tags has made it possible to investigate how the physiological capabilities demonstrated in the lab are employed in the wild. The following section discusses the approaches that might be used to study the thermal physiology of free-ranging divers, with representative studies summarized in Table 1. These methods may not apply to all taxonomic groups, but a modification to procedures and approaches could expand our knowledge of understudied species.


TABLE 1. Summary of studies and their approaches used in field thermal physiological studies for (A) sea turtles, (B) seabirds, and (C) marine mammals.
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Temperature

While handheld devices offer a snapshot of an animal’s thermal state, continuous measurements at appropriate sampling rates can provide insight into the dynamic nature of an animal’s physiological temperatures, which can vary drastically with activity and ambient conditions (Goldsmith and Sladen, 1961; Boyd and Sladen, 1971; Taylor et al., 2004). Thermistors and thermocouples have been used on many freely diving species, demonstrating the feasibility of using them for physiological studies. Given that continuous temperature measurements are likely to be taken at a few sites, these sites must be carefully chosen. Sensor placement can be guided by knowledge of the animal’s anatomy, coupled with the specific research question of interest. The following section focuses on temperature measurements in marine divers (for a thorough review of temperature measurements on free-ranging birds and mammals, see McCafferty et al., 2015).

Skin and subcutaneous temperatures have revealed the ability of several species of divers to cool their periphery and employ regional heterothermy (Irving et al., 1962; McGinnis, 1975; Ponganis et al., 2003; Schmidt et al., 2006). As blood flow measurements have only been done in laboratory setting (Zapol et al., 1979; Bevan and Butler, 1992; Hochscheid et al., 2002), fine-scale changes in peripheral temperatures can be used as a proxy for peripheral perfusion in free-ranging divers. On the other hand, changes in peripheral temperatures over long periods reflect changes in the insulation layer. For example, Enstipp et al. (2017) found minimum and maximum subcutaneous temperatures measured in juvenile king penguins occurred during diving and surface intervals, respectively, reflecting patterns of peripheral perfusion. They attributed a decline in the weekly average subcutaneous temperatures to increased insulation associated with a thicker fat layer accumulated over their year-long foraging trip during their dispersal phase. In contrast to pre-molt trips, periods of normothermic temperatures were longer and even occurred during some shallow dives during post-molt trips, underscoring the physiological need to restore their insulation layer after fasting for the duration of the molt on land (Enstipp et al., 2019). This example highlights the importance of considering how seasonal changes and varying energetic challenges across different life stages might influence thermoregulatory strategies.

While peripheral temperatures may provide insight into heterothermy and vasomotor control of heat dissipation, it is difficult to conclude whether an animal is effectively maintaining thermal balance without measuring their core body temperature. While rectal and cloacal temperatures are used to assess core body temperature, it is difficult to obtain long-term continuous measurements from this site. Probe placement is critical as unrepresentative cooler temperatures may be obtained that may lead to misinterpretations about true body temperature (e.g., too shallow or near the CCHE for animals with intra-abdominal testes; Mrosovsky and Pritchard, 1971; Stahel and Nicol, 1982; Rommel et al., 1994).

Therefore, field studies have relied on stomach temperature telemeters or thermistors inserted into the body to determine proxies for core body temperature. Stomach temperature telemeters are less-invasive but may not work as well for animals that regurgitate or pass the sensor quickly through their gut. Some studies have modified the sensor housing to increase retention time (Sato et al., 1994; Wilson et al., 1998; Austin et al., 2006; Kuhn and Costa, 2006). When used for identifying core body temperatures, the temperature data must be analyzed appropriately to account for the temperature drop associated with the ingestion of cold prey or water (Wilson et al., 1992a; Grémillet et al., 1998). While perhaps a nuisance for analyzing core body temperature, this temperature signal associated with ingestion has been useful for studying the thermal and metabolic effects of HIF in the lab as well as determining feeding events in the wild (Wilson et al., 1995, 2002; Hedd et al., 1996; Kato et al., 1996; Kuhn et al., 2009; Simmons et al., 2010; Heide-Jørgensen et al., 2014; Vacquié-Garcia et al., 2015).

A combination of simultaneous measurements of the core body and peripheral temperatures in free-ranging animals will be necessary to unravel the conflicting demands of diving behavior and ambient temperature on the spatial and temporal distribution of heat throughout the body (McGinnis, 1975; Culik et al., 1996; Handrich et al., 1997; Andrews, 1999; Ponganis et al., 2003; Niizuma et al., 2007). Whenever possible simultaneous measurements at multiple sites should be taken and will identify which locations accurately reflect core body temperature.



Heat Flux

Most heat flux studies have been performed on captive animals using handheld devices, which measure the amount of heat transferred per unit area per unit time (Hampton et al., 1971; McGinnis et al., 1972; Hampton and Whittow, 1976; Heath and Ridgway, 1999; Noren et al., 1999; Williams et al., 1999b; Erdsack et al., 2018). Willis and Horning (2005) and Westgate et al. (2007) measured heat flux in free-ranging Weddell seals and dolphins using packages specifically designed for their study species. Similar attachment methods used with sea turtles in the lab also show promise for field applications (Heath and McGinnis, 1980; Bostrom et al., 2010). However, heat flux measurements on animals with dense fur or feathers will be compromised if the area is shaved/plucked to ensure good contact between the sensor and skin. To circumvent this issue, Boyd (2000) avoided this problem by using two thermistors to measure the temperature gradient across the fur and modeled heat transfer in Antarctic fur seals.

Heat flux measurements have improved our understanding of the spatial variability of heat transfer across the body surface and how it is affected by changes in insulation, peripheral perfusion, behavior, and water temperature. By comparing heat flux at multiple body sites in relation to water temperature and activity level in the lab, thermal windows have been identified in various species: dorsal fin and flippers in dolphins (Hampton et al., 1971; McGinnis et al., 1972; Heath and Ridgway, 1999; Noren et al., 1999; Williams et al., 1999b; Meagher et al., 2008), fluke and flippers in manatees (Erdsack et al., 2018), flippers in seals (Kvadsheim and Folkow, 1997), and soft white skin areas in turtles (Heath and McGinnis, 1980; Standora et al., 1982). Unlike the dorsal fin of dolphins, heat flux sensors have not been attached to the highly maneuverable flippers of sea lions or fur seals and the wings of penguins to confirm the role of these appendages as thermal windows (Goldsmith and Sladen, 1961; Hindle et al., 2015).



Quantifying Dynamic Properties of Insulation

Another important, but often overlooked, consideration is the dynamic changes that occur in insulation. Blubber varies in thickness and composition depending on nutritional requirements, whereas feathers and fur may vary in condition based on how recently they were molted or maintained. While these issues may only arise when collecting data over seasons, insulation will change during a dive for animals that rely on fur or feathers.

A fundamental property of insulation is its thermal conductivity, which has been determined for blubber and fur from sculp samples of various species (Figure 6; Kvadsheim et al., 1994, 1996; Dunkin et al., 2005; Bagge et al., 2012; Liwanag et al., 2012a, b; Horgan et al., 2014). These studies provided a single, species-specific value for thermal conductivity, as is appropriate for ex vivo measurements. However, in vivo conductivity will vary during the dive due to changes in perfusion of the blubber layer or compression of fur/feathers at depth (Kvadsheim and Aarseth, 2002). Using ex vivo values in equations for modeling heat transfer of diving animals may result in inaccurate physiological conclusions (Kvadsheim et al., 1997).

The effects of hydrostatic pressure on the effectiveness of fur/feathers have been measured (Scholander et al., 1950; Kooyman et al., 1976; Blix et al., 1979a, b; Kvadsheim and Aarseth, 2002; Sharma and Liwanag, 2017). The results were used to estimate the retention of an air layer and the external insulation layer upon submersion (Grémillet et al., 1998; Fish et al., 2002). While marine mammals do not have arrector pili muscles, pilomotor adjustments in seabirds may need additional consideration (Kooyman et al., 1976; Lovvorn and Jones, 1991). For example, penguins actively compress their feathers down to 5 mm thick upon submergence forming a thin, tight layer which helps prevent wetting of the skin (Kooyman et al., 1973). Despite compromising their insulation, deep divers in particular benefit from creating this water-tight barrier to minimize heat loss at depth where hydrostatic pressure will decrease their plumage air layer regardless (Kooyman et al., 1976).

On the other hand, the effects of peripheral perfusion on blubber conductivity have not been widely addressed, perhaps due to the difficulty of simulating conditions in the laboratory, as is possible with the compression of fur/feathers. The few instances where in vivo blubber conductivity was determined for an animal in the water revealed significantly higher values than excised blubber and varied with water temperature (Hart and Irving, 1959; Kanwisher and Sundnes, 1966). Similar approaches could be used to determine blubber conductivity in a free-ranging diver by obtaining three concurrent in vivo measurements: heat flux, subcutaneous temperature, and the temperature at the blubber-muscle interface (Figure 10). Measurements of in vivo blubber conductivity can serve as a proxy for peripheral perfusion as blubber conductivity will vary during the dive relative to the level of peripheral vasoconstriction.
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FIGURE 10. An example of time series data from a freely diving juvenile Northern elephant seal, Mirounga angustirostris, over a short at-sea trip equipped with physiological biologgers that measure heat flux and body temperatures. The dive profile (black) shows a deep dive to >600 m followed by an extended surface interval many hours later. The heat flux profile (green)—shown in raw voltage units—indicates whether the seal is gaining (<0 mV) or losing heat (>0 mV). Skin temperature (blue) measured by a thermistor imbedded in the heat flux sensor remained near water temperature (not shown; measured by a thermistor on the satellite tag mounted on the seal’s head). Three thermistors inserted into the blubber layer (red, deep; orange, mid; yellow, shallow) show how the blubber temperature gradient changes with diving behavior, suggesting changes in peripheral perfusion (Favilla, unpublished).




Infrared Thermography: An Informative Tool

There is a logistical and ethical limit to how many sensors are used and sites measured on an animal simultaneously. Infrared thermography (IRT) allows temperature across the entire body surface to be determined from an image, which makes it an extremely useful tool for studying the thermal physiology of animals on land (Speakman and Ward, 1998; McCafferty, 2007; McCafferty et al., 2011; Tattersall, 2016). Furthermore, IRT can be applied at the population level (e.g., aerial surveys, long-term monitoring and conservation efforts; Pabst et al., 2002; Udevitz et al., 2008; Horton et al., 2017) to study the thermal ecology and habitat range of a species, which is crucial particularly in light of recent studies that highlight the differential vulnerability of marine species to climate change (Hamann et al., 2013; Albouy et al., 2020). Unfortunately, water absorbs infrared radiation precluding its use underwater, but IRT has been used to study thermoregulation of amphibious marine vertebrates while on land (Figure 11; Willis et al., 2005; Nienaber et al., 2010; McCafferty et al., 2013; Mellish et al., 2015; Chaise et al., 2019), as well as some divers while at the surface (Cuyler et al., 1992; Perryman et al., 1999; Pabst et al., 2002; Barbieri et al., 2010).
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FIGURE 11. Infrared thermographic images of Australian sea lions, Neophoca cinerea, on Kangaroo Island, South Australia where areas with warmer colors indicate higher temperatures and thus greater heat loss. Left image, a female sea lion hauled out on the beach. The greatest heat loss is through the eyes, nose and flippers. Middle image, two sea lions appear considerably warmer than the surrounding habitat. Notice that the flippers are significant thermal windows. Right image, a female sea lion is just coming out of the water. Although the animal has significantly lower heat loss than the previous two images where the animals had been out of the water for some time, the female is still losing some heat from the eyes and the base of the fore flippers. Photos by Heather Liwanag.


While limited in its applicability to freely diving animals, this technology can serve to examine how anatomy influences heat transfer and better inform the placement of sensors. IRT images of seals after exiting the water (Mauck et al., 2003; Erdsack et al., 2012) or during moments of heat stress (Norris et al., 2010; Codde et al., 2016) have revealed the dynamics of thermal windows while on land, verifying the role of broadly distributed AVAs to control heat exchange. Hindle et al. (2015) used IRT on Weddell seals to determine the placement of heat flux sensors that best represented heat flux across the entire body and then extrapolated these measurements to estimate whole-body thermal dynamics. Similarly, IRT of dolphin dorsal fins revealed different surface temperatures that correspond to the underlying vasculature (Pabst et al., 2002). By comparing heat flux from sensors placed directly over or away from superficial veins, Meagher et al. (2002) found heat flux values were influenced by the underlying vasculature, particularly when taken underwater, demonstrating the importance of sensor location.



Other Valuable Concurrent Measurements

A suite of other measurements can contribute to an integrated understanding of physiology, energetics, and environmental factors. For example, a time-depth and temperature recorder can provide in situ water temperature measurements at the scale and resolution of the animal’s behavior and are essential for contextualizing physiological responses relative to diving behavior and the thermal challenge imposed by the environment. Metabolic rate is an important factor for determining the rate of heat production, but because direct measurement through respirometry is challenging on free-ranging animals, field metabolic rate can be estimated using the doubly labeled water method and heart rate (for an assessment of the methods, see Costa, 1988; Butler et al., 2004; Sparling et al., 2008; Speakman and Hambly, 2016).

Heart rate is a useful measure of the dive response (Irving et al., 1941; Murdaugh et al., 1961; Thompson and Fedak, 1993; Hindle et al., 2010). While the onset and intensity of bradycardia only provide limited information on circulatory adjustments, measurements of blood flow have been made on captive animals using intravascular sensors as well as noninvasive Doppler flow sensors (Bevan and Butler, 1992; West et al., 1992; Jobsis et al., 2001; Hochscheid et al., 2002), and more recently, near-infrared spectroscopy (Williams et al., 2011; McKnight et al., 2019). Incorporating these noninvasive sensors into biologgers for deployment on free-ranging animals to directly measure circulatory changes would provide key insights into how diving animals coordinate their responses to meet thermoregulatory demands. Finally, sensors that measure variables related to locomotion (e.g. swim speed sensor, accelerometer, gyroscope, magnetometer) can help link the contribution of swimming activity to thermal substitution (Davis et al., 2003; Mitani et al., 2010).



Future Directions for Methodologies

The disparity among the number of studies of different taxonomic groups, and even species, underscores the challenges of studying freely diving animals, particularly their physiology (Andrews and Enstipp, 2016). The development of novel attachment methods will be critical to apply new sensor technologies to measure physiological variables. Most currently available devices require the temporary restraint of animals to allow sensor and datalogger attachment. Unfortunately, this has limited their use on large cetaceans, but recent developments have enabled studies of their diving behavior and kinematics (Baird, 1998; Szesciorka et al., 2016; Goldbogen et al., 2017). Sensors are typically attached with suction cup tags or darts with little control over their placement. Despite these challenges, a recent study obtained the first heart rate measurements from a blue whale using a suction cup biologger, demonstrating the possibility of incorporating physiological sensors into existing tag designs (Goldbogen et al., 2019).

Nevertheless, it is still unknown how large cetaceans maintain thermal balance in their tropical breeding grounds while they are adapted to conserve heat in their polar foraging grounds (Brodie and Paasche, 1985; Kasting et al., 1988; Lavigne et al., 1990). The interplay between thermoregulation and the energetics of lunge feeding also provides an exciting area of research. Because so little is known about how they manage these thermal challenges given their large size, it would be valuable to develop tags that measure other physiological variables relevant to thermal physiology. For example, introducing thermistors into the tips of dart tags to measure blubber temperature, or integrating a heat flux sensor into large suction cups—similar to the integration of the ECG electrodes (Goldbogen et al., 2019)—could provide novel insight into their thermoregulatory strategies.



CONCLUDING REMARKS

The value of laboratory studies for studying physiology and aiding the interpretation of physiological data from field studies—where the natural environment introduces many confounding variables—cannot be understated. However, if we want to know how animals manage the thermal challenges of their environments, it is necessary to study their physiology in the wild (Costa and Sinervo, 2004).

The following questions highlight some important gaps in our understanding of the thermoregulation of marine air-breathers.

(1) To what extent is the dive response modulated by thermoregulation? Some laboratory studies have shown that under heat stress conditions—such as during intense exercise or heating of the hypothalamic region of the brain during a forced submersion—some degree of vasodilation is maintained, suggesting thermoregulatory responses are capable of overriding the dive response under extreme conditions (Hammel et al., 1977; Williams et al., 1999b). Such a response would require a relaxation of peripheral vasoconstriction, resulting in increased oxygen consumption and thus decreased aerobic diving capacity. Field studies would provide the opportunity to address whether such situations occur in nature where overriding the dive response, and incurring the associated costs, to avoid thermal imbalance would be beneficial.

(2) When are thermal responses actively regulated, and when are they passive? Previous research studies have suggested that vascular changes are active thermoregulatory mechanisms (Hart and Irving, 1959; Hampton and Whittow, 1976; Heath and McGinnis, 1980; Schmidt et al., 2006). Passive responses are those that occur secondary to the dive response, ambient water temperatures, size or morphological adaptations (Sato, 2014). Although strategies fall along a continuum, Lovvorn (2007) suggested that the timescales at which the effects of active and passive mechanisms are observed differ and could therefore be used as a way to distinguish between the two, given appropriate sampling rates. Furthermore, understanding what factors dictate whether thermal responses are active or passive under natural conditions is critical for assessing thermoregulatory costs and the effects on overall energetic balance (Lovvorn, 2007).

(3) At what timescale is thermal balance maintained and how does it compare across taxonomic groups, age classes and sex? Since physiological time is dependent on metabolism which in turn depends on size (Schmidt-Nielsen, 1984), it is reasonable to predict that the timescale at which thermal balance is maintained will differ between divers and result in varying levels of thermal resilience. The smallest and largest animals in each taxonomic group exhibit the extremes in terms of thermal inertia and stability. Small animals and juveniles, who may also not have well-developed thermal capabilities, are likely to experience larger fluctuations in their temperature. In contrast, large animals have the advantage of relying on thermal inertia to conserve heat, which can be particularly beneficial for deep divers. However, their relatively small SA:V could also increase their vulnerability to heat stress when exposed to warmer environments. It would be interesting to know if they have control over the timescales at which they maintain thermal balance. Such a strategy would be similar in concept to animals that strategically deviate from homeostasis at times for either energetic savings (e.g., facultative hypometabolic states) or enhanced performance of certain activities at the cost of others (e.g., temporal separation of diving and/or foraging and thermoregulation; Costa and Kooyman, 1984; Wilson and Culik, 1991; Noren et al., 1999; Williams et al., 1999b). When physiological limits are reached, active regulatory mechanisms may serve to induce faster changes in their heat balance than would passive mechanisms and restore homeostasis. Assessing when deviations from thermal homeostasis occur requires first defining normothermia and understanding how diving activity might shift the body temperature set-point (Boyd and Sladen, 1971; Stahel and Nicol, 1982).

(4) How is thermoregulation affected by tagging, handling and disturbance? Because stress responses often lead to changes in physiological temperature, it is important to consider how our interactions with the animals affect their thermoregulation. The implications of such activities could range from obtaining data that is unrepresentative of the animal in its natural state to population level consequences of disturbance. Despite our incomplete understanding of how they manage potentially conflicting demands, it is clear that marine air-breathers are well-adapted for the physiological challenges presented in the marine environment. However, it is unclear whether additional anthropogenic stressors would exacerbate currently manageable thermal conflicts and lead to physiological imbalance. Various stress responses have been observed in diving animals, including an unanticipated prolongation of the dive (i.e., dive inversion) and an up-regulation of the dive response despite increased activity levels associated with an escape response (Fregosi et al., 2016; Williams et al., 2017). The effects of these responses on an animal’s thermal balance has yet to be investigated. For example, several studies have found evidence for pressure-related injuries in whales from mass-strandings that coincided with military exercises using sonar (Bernaldo De Quirós et al., 2019). Yet, the observation that these strandings have occurred in warmwater regions warrants further investigation into whether thermal imbalance could have exacerbated an already precarious condition and contributed to the strandings (Filadelfo et al., 2009; Weise, 2009). A better understanding of the plasticity of their physiological adaptations under natural conditions would inform the analysis and mitigation of biologically significant responses to anthropogenic disturbances and changing environmental conditions.

This list is by no means exclusive and only serves to direct future research efforts towards topics that will ultimately advance our understanding of how marine air-breathers function and maintain homeostasis in a challenging environment. The current state and possible advances of physiological biologgers suggest a bright future for the study of thermal physiology of air-breathing marine divers.
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Westgate et al., 2007*M
Bottlenose and Spotted

Tdeep —heart, liver, sternum

Tstomach

Tperipheral — top and bottom abdominal

Trmuscle — Pectoral

Tper/‘pheral — brood patch

Tperipheral — flank

Tperipheral — @bdominal temperature

Tperipherar — flank

Tsk/'n — flank

Tstomach ™

Tperipneral — SUbCUtaneous blubber, blubber-muscle
interface

Tmuscle”™ (see section “Regional Heterothermy vs.
Hypothermy”)

Thiood™ — arterial and venous

Tb/ood* — aortic

Trmuscle — Muscle

HF — hips, flank, shoulders, axilla
Tskin — hips, flank, shoulders,
IRTA

HF — head, neck, axilla, flank
Tskin — head, neck, axilla, flank
Tstomach* (STP)

IRT® (FLIR P25 or P640)

HF@ — dorsal fin

Taeep™® — colonic?

IRTPA

IRTA

HF — dorsal fin
Tskin — dorsal fin

Implantable logger
TTR

External logger

Implantable logger
HRDL
External logger

STT with HTR
External logger

External logger
Thermistor-tipped
catheter

external logger
External logger with
HF sensors, FLIR
ThermaCam PM
695

External logger with
HF sensors

20 cm deep,
thermocouple, FLIR
Agema 570

FLIR Agema 570

HF disks

Light levels
Diving depth

In situ Tyater, diving depth
Diving depth

HR, diving depth
In situ Tyater

HR, diving depth, swim
speed

Blood Py, diving depth

HR, blood samples

Swim velocity

Diving depth, acceleration

Twater, diving depth, swim
velocity

Twater

In situ Tyater, diving depth,
swim velocity

Heat loss model
O, consumption (HR)
Heat balance model

Total body O» stores

Field metabolic rate
(DLW)

Metabolic rate (HF)

Total body heat
dissipation

ATfin—water

Trial test — BottlenoseX

We included studies that performed field measurements of a thermal physiological variable(s) on free-ranging, diving animals. Two forms of remote measurement are possible on free-ranging animals. For thermal
physiological measurements, telemeters that transmit summarized data include STT/STF, Stomach temperature telemeter or transmitter/pill. Otherwise, data is stored onboard data loggers or recorders: STL, Stomach
temperature logger; TTR, Time temperature recorder; TDTR, Time depth temperature recorder; HTR, Heart temperature recorder; HRDL, Heart rate data logger. Symbols are used to denote the following: *used as
proxy for core body temperature; Xpart of the study was performed in the lab; ® measurement performed at the surface or while handling animal: Mmethodology paper: *dissertation research.





