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Decompression theory has been mainly based on studies on terrestrial mammals, and may not translate well to marine mammals. However, evidence that marine mammals experience gas bubbles during diving is growing, causing concern that these bubbles may cause gas emboli pathology (GEP) under unusual circumstances. Marine mammal management, and usual avoidance, of gas emboli and GEP, or the bends, became a topic of intense scientific interest after sonar-exposed, mass-stranded deep-diving whales were observed with gas bubbles. Theoretical models, based on our current understanding of diving physiology in cetaceans, predict that the tissue and blood N2 levels in the bottlenose dolphin (Tursiops truncatus) are at levels that would result in severe DCS symptoms in similar sized terrestrial mammals. However, the dolphins appear to have physiological or behavioral mechanisms to avoid excessive blood N2 levels, or may be more resistant to circulating bubbles through immunological/biochemical adaptations. Studies on behavior, anatomy and physiology of marine mammals have enhanced our understanding of the mechanisms that are thought to prevent excessive uptake of N2. This has led to the selective gas exchange hypothesis, which provides a mechanism how stress-induced behavioral change may cause failure of the normal physiology, which results in excessive uptake of N2, and in extreme cases may cause formation of symptomatic gas emboli. Studies on cardiorespiratory function have been integral to the development of this hypothesis, with work initially being conducted on excised tissues and cadavers, followed by studies on anesthetized animals or trained animals under human care. These studies enabled research on free-ranging common bottlenose dolphins in Sarasota Bay, FL, and off Bermuda, and have included work on the metabolic and cardiorespiratory physiology of both shallow- and deep-diving dolphins and have been integral to better understand how cetaceans can dive to extreme depths, for long durations.

Keywords: diving physiology, lung function, dive response, plasticity, cardiac output, selective gas exchange hypothesis, gasembolic pathology, decompression sickness


INTRODUCTION: GAS EMBOLIC PATHOLOGY (GEP) IN BREATH-HOLD DIVING MARINE VERTEBRATES; THE PARADIGM SHIFT

Until recently, it has been widely assumed that breath-hold diving marine vertebrates had adaptations that protected them from the development of decompression sickness (DCS), or caisson disease, as they returned from a dive (Scholander, 1940). Reports of gas emboli in stranded deep-diving whales therefore surprised the biological community, and it was suggested that these were similar to bubble formation in human divers that may cause symptomatic DCS (Jepson et al., 2003, 2005; Fernandez et al., 2005). Even though Scholander (1940) reported massive gas emboli leading to death during a single 12 min forced-dive to 300 m by a hooded seal (Cystophora cristata), and DCS being reported in humans during both single and repeated breath-hold dives, some criticized these initial reports on the basis that DCS is not possible following a single breath-hold dive (Paulev, 1965; Rahn and Yokoyama, 1965; Piantadosi and Thalmann, 2004; Schipke et al., 2006; Lemaitre et al., 2009). Following this, several analyses have attempted to determine the potential causes for these stranding events, which appeared to happen in close temporal and spatial proximity to naval sonar exercises (Cox et al., 2006; Hooker et al., 2012; Bernaldo de Quirós et al., 2019). Among the main working hypotheses were that changes in dive behavior or physiology (e.g., increased dive duration, activity, or ascent rate), or changes in cardiac output, would have resulted in increased N2 uptake, which resulted in the formation of blood and tissue gas bubbles (Cox et al., 2006; Hooker et al., 2012; Blix et al., 2013; Fahlman et al., 2014b; Bernaldo de Quirós et al., 2019). As it is neither desirable nor ethically, legally, or logistically possible to perform controlled studies where marine mammals are exposed to decompression sequences that result in severe trauma, stress, or death, we therefore refer to the symptoms seen in breath-hold diving marine vertebrates as gas embolic pathology (GEP) to distinguish this from symptoms of DCS observed in humans.

In 2012, we began to investigate whether we could (1) detect circulating Microparticles (MP) in the bottlenose dolphin (Tursiops truncatus), and (2) to assess the baseline circulating MP concentration. MPs are small (0.1–1.0 μm) membrane lipid bilayer-enclosed vesicles that have been investigated as biomarkers of decompression stress in air breathing divers, and are elevated in relation to increasing decompression stress (Thom et al., 2013). It was hypothesized that if detected in marine mammals, this could be a useful intravascular biomarker of gas bubble formation that could be used to evaluate the magnitude of decompression stress (Fahlman et al., 2016). This research was conducted in Sarasota Bay, Florida, where baseline samples could be obtained from an accessible, well-studied, long-term resident community of wild dolphins, studied since 1970, and including individuals observed over decades, along with five generations of their descendants (Wells, 2009, 2014, 2020), where the health of the resident dolphins has been followed since 1988 (Wells et al., 2004). While this collaboration began with a simple objective, it soon expanded to include investigation into the cardiorespiratory physiology, and energy requirements of bottlenose dolphins.

Prior to this collaboration, physiological studies on cetaceans had mainly used tools and knowledge from work done with animals managed under human care (Ridgway et al., 1969; Ridgway and Howard, 1979; Williams et al., 1993, 1999; Houser et al., 2010; Fahlman et al., 2015). Expanding this work to free-ranging dolphins provided baseline data on respiratory mechanics, lung function, and metabolic requirements on both shallow- and deep-diving common bottlenose dolphins (Fahlman et al., 2015, 2018a,b,c). These studies have provided a framework to better understand the eco-physiology of cetaceans, how changes in the environment may affect cetacean survival, and how man-made stress may cause the development of gas emboli. The ability to study free-ranging dolphins from different habitats, e.g., shallow vs. deep, has allowed empirical testing of the Scholander balloon-pipe model of passive collapse (Scholander, 1940; Bostrom et al., 2008). These studies have suggested that passive collapse is not sufficient to explain the lack of GEP in breath-hold-diving marine species, and that alternative physiological mechanisms are likely to help manage gases during diving (García-Párraga et al., 2018b; Fahlman et al., 2020b).

In this review, we provide a brief summary of current decompression theory, and the pathophysiology of gas emboli. We look at how knowledge from research in terrestrial mammals translates to marine mammals, and how a mixture of theoretical modeling and empirical studies has enabled an investigation of the proposed mechanism of alveolar collapse to protect against diving-related problems. These studies have resulted in the selective gas exchange hypothesis, which provides an explanation for how marine species may have evolved to allow selective exchange of O2 and CO2 while preventing uptake of N2, and how stress may cause this mechanism to fail (Farhi, 1967; García-Párraga et al., 2018b; Fahlman et al., 2020b).



DIVING, GAS EMBOLI AND DECOMPRESSION SICKNESS (DCS)/GAS EMBOLIC PATHOLOGY (GEP)

Human underwater scuba diving involves exposure to elevated pressures, with the return to the normobaric environment recognized as one of the most dangerous parts of diving due to the risk of the so-called “bends,” or DCS. While DCS has also been reported in human breath-hold divers, both during extreme single dives and during repeated diving, it is still poorly investigated (Paulev, 1965; Schipke et al., 2006; Fitz-Clarke, 2009b; Lemaitre et al., 2009). Symptoms of DCS are not only limited to diving, but are also problematic for caisson workers and during aerospace flights, or any other reduction in atmospheric pressure (Mahon and Regis, 2014). It was proposed that breath-hold diving marine mammals have physiological and anatomical adaptations, such as a collapsible chest and atelectatic alveoli, that would help reduce uptake of N2 and thereby reduce the risk of formation of gas emboli and GEP (Scholander, 1940). However, Scholander (1940) described how repeated breath-hold diving could potentially result in excessive N2 uptake and the formation of gas emboli, and also performed an experiment in hooded seals that resulted in GEP following a single dive. Since the beginning of this millennium there has been a growing concern that marine mammals, and also turtles, may experience gas emboli that result in trauma, and death under unusual circumstances, such as exposure to sonar or being trapped in a net (Jepson et al., 2003; Fernandez et al., 2005; Cox et al., 2006; Moore et al., 2009; Van Bonn et al., 2011, 2013; Hooker et al., 2012; García-Párraga et al., 2014; Fahlman et al., 2017a; Fernández et al., 2017; Portugues et al., 2018; Bernaldo de Quirós et al., 2019; Parga et al., 2020). So how is N2 taken up and removed during breath-hold diving, and what variables affect the risk of gas emboli and GEP?



UPTAKE, AND REMOVAL OF N2, AND HOW BUBBLES FORM IN SCUBA AND BREATH-HOLD DIVERS

During exposure to elevated pressure, increased levels of gas dissolve in the tissues of air-breathing animals. The amount of gas dissolved in the tissues is a function of the pressure and duration of the changed pressure. For a scuba diver with a continuous supply of air which is at ambient pressure for the duration of the dive, N2 is taken up during most of the dive and bubbles can cause DCS symptoms following a single dive. For a breath-hold diver, with a limited supply of air and N2, the dynamics are more complicated. While there have been reports of DCS and GEP in human breath-hold divers and marine mammals following a single dive (Scholander, 1940; Lemaitre et al., 2009), risk appears to accumulate during repeated dives with short surface intervals (dive bouts) and may explain why diving species sometimes stop diving for periods of time (Paulev, 1965; Schipke et al., 2006; Fahlman et al., 2007; Hooker et al., 2009).

The N2 tension (PN2) of a specific tissue is determined by the tissue half-time (τtiss1/2), which is the duration to 50% tissue gas equilibrium (Boycott et al., 1908). Following an increase in environmental pressure, the tissue tension of dissolved gas continues to increase until reaching equilibrium with the environment, at which time the organism is said to be saturated (Figure 1A). For an inert gas like N2, the total concentration in a tissue depends on the total tissue volume, the local blood flow rate, and the solubility of N2 (Boycott et al., 1908; Fahlman et al., 2006; Schipke et al., 2006). For O2, which is continuously utilized and converted and exhaled as CO2, saturation of the tissues will eventually occur but will not only depend on the inhaled gas tension, but also on the diver’s O2 consumption and CO2 production rates (Parker et al., 1998; Fahlman et al., 2009). When the diver is returning to the surface and the pressure is decreasing, the blood and tissue gas tensions will eventually exceed the partial pressure of the inhaled gas at which time the diver is becoming supersaturated (Figure 1A). At this point, the gas may come out of solution and form bubbles. While asymptomatic microbubbles can occur even during decompressions from shallow depth (Eckenhoff et al., 1990), if the supersaturation is excessive they may grow and could cause either direct tissue or vascular damage or blockage, or initiate an immune response (Ward et al., 1987, 1990; Kayar et al., 1997; Thom et al., 2011, 2012, 2013, 2015). It is known that terrestrial mammals and humans can cope with some supersaturation and asymptomatic gas bubble formation, but any decompression has a finite probability of DCS (Berghage et al., 1974; Weathersby et al., 1984; Lillo et al., 2002; Fahlman, 2017). Asymptomatic bubbles may also be common in breath-hold diving marine vertebrates (Van Bonn et al., 2011, 2013; Dennison et al., 2012a, b), and may over a lifetime of repeated diving cause osteonecrosis in some species (Moore and Early, 2004), or symptomatic GEP in unusual circumstances (Fernandez et al., 2005; García-Párraga et al., 2014; Fernández et al., 2017).
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FIGURE 1. The effect of the tissue half-time (τtiss1/2, τ in figure legend) on gas tension following a step change in ambient pressure. (A) shows a single dive to 5 ATA (40 m) with a step change in pressure. Black solid line shows the ambient pressure, and the red lines show changes in tension for a τtiss1/2 of 5 s (τ5, solid red line) and 20 s (τ20, broken red line). The area under the curve following decompression is the level of supersaturation and the greater the area the greater the likelihood of bubble formation (Berghage et al., 1974; Weathersby et al., 1984; Fahlman, 2017). (B) shows 18 repeated compression and decompression events to 5 ATA with time at pressure at 30 s and time at 1 ATA at 10 s. The solid and broken red lines are the tensions for a τtiss1/2 of 5 s (τ5) and 50 s (τ50), respectively.


For an air breathing organism with a supply of air, e.g., scuba, it has been shown that O2 can contribute to DCS during rapid decompressions (Lillo, 1988; Lillo and Maccallum, 1991; Parker et al., 1998). However, O2 is not considered a potent gas for DCS in recreational scuba divers since decompressions are generally slow enough to allow sufficient time for the O2 to be metabolized and the partial pressure of O2 is limited to avoid O2 toxicity. In breath-hold divers, the O2 partial pressure will be elevated during a brief period during descent, but rapidly metabolized and therefore not increasing DCS/GEP risk. Excessive levels of CO2 may initiate and increase the rate of bubble formation (McElroy et al., 1944; Harris et al., 1945; Harvey, 1945; Behnke, 1951). It is well established both in humans and marine mammals that blood and tissue CO2 levels increase during diving, and may be exacerbated when disturbed as the animal tries to escape (Rahn and Yokoyama, 1965; Kooyman et al., 1973; Reed et al., 1994; Boutilier et al., 2001; Fahlman et al., 2008; DeRuiter et al., 2013). Interestingly, elevated levels of CO2 have been reported in stranded cetaceans, and it was suggested that elevated levels of CO2, through elevated metabolism, could have helped initiate gas bubble formation and exacerbated symptoms (Bernaldo de Quirós et al., 2012). Thus, to better understand and predict the potential risk of DCS and formation of N2 gas emboli, understanding blood flow and the metabolic rate are important.



SYMPTOMS AND SUSCEPTIBILITY

The first hyperbaric studies originated at the beginning of the twentieth century, where it was shown that a rapid decompression in man to half the pressure appeared to be safe (Boycott et al., 1908). From these studies, the concept of a critical supersaturation ratio was introduced and the first dive tables were developed. The etiology of DCS is still poorly understood, and there is considerable within- and between-subject variability in susceptibility and detectable venous gas emboli post-dive (Berghage et al., 1974; Weathersby et al., 1984; Fahlman, 2017). Furthermore, even when the best developed guidelines are followed, DCS still occurs on occasion. While it is generally accepted that the symptoms are caused by the bubbles formed during the decompression phase, the large variation in risk may indicate secondary issues such as variation in blood flow (Berghage et al., 1979; Fahlman, 2017), involvement of the immune system (Ward et al., 1987, 1990; Kayar et al., 1997; Thom et al., 2013), and modification of the endothelial surface of blood vessels (Mollerlokken et al., 2006; Yang et al., 2011). It has also been shown that the probability of DCS is seldom certain for any hyperbaric exposure (Berghage et al., 1974; Weathersby et al., 1984; Fahlman, 2017), but it is well established that the risk varies with the total pressure (depth of the dive), the dive duration, and the ascent rate (Figure 2; Flynn and Lambertsen, 1971; Weathersby et al., 1992; Fahlman et al., 2001; Fahlman, 2017). It is known that the risk of DCS varies with body mass, and larger species, at least in the laboratory, are more susceptible for the same degree of supersaturation (Berghage et al., 1979; Lillo et al., 2002; Fahlman, 2017). As metabolic rate and blood flow, and thereby gas uptake or removal, correlate with body mass, it has been suggested that this variation in risk among species is mainly due to variation in cardiac output (Fahlman, 2017). The importance of blood flow to alter risk may also explain other proposed risk factors such as exercise, adiposity, age, and sex (Robertson, 1992; Broome et al., 1994, 1995; Vann et al., 2011), but among these, body mass is the only risk factor without conflicting results (Berghage et al., 1979; Fahlman et al., 2001; Lillo et al., 2002; Fahlman and Kayar, 2003; Fahlman, 2017).
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FIGURE 2. Risk factors for gas bubble formation and Gas Emboli Pathology (GEP), and 3 hypothetical regions [Shallow (0–~30 m), Intermediate (~30–~200 m), and Deep (beyond ~200 m)]. In the Shallow region, tissue and blood PN2 begins to exceed ambient PN2, and N2 is removed. In the intermediate region, ambient PN2 exceeds tissue and blood PN2 and N2 is taken up until the alveoli collapse in the Deep region. Following collapse, N2 is being redistributed from fast tissues to slow tissues. On the left hand side, the balloon/pipe model proposed by Scholander (1940) is shown for how increasing dive depth causes alveolar compression and collapse. This initially causes an increase in the gas diffusion rate in the shallow region as the lung partial pressure increases. In the intermediate region the compression of the alveoli results in an increasing shunt and reduced diffusion rate that eventually result in cessation as the alveoli collapse. On the right side the arrows illustrate how diving alters heart rate, stroke volume and cardiac output (the dive response). During descent (arrow down), the heart rate, stroke volume and cardiac output decreases (red color), with a greater reduction with increasing dive duration and depth (thickness of arrow). During ascent (arrow up), the dive response is maintained until the animal approaches the surface, where the heart rate, stroke volume and cardiac output begin to increase to prepare the animal to rapidly restore the O2 stores, and remove CO2 and N2.




GAS BUBBLE FORMATION IN AIR-BREATHING MARINE VERTEBRATES

The formation of bubbles in human divers has been reported following saturation dives of less than 3 m of depth (Eckenhoff et al., 1990). Bubble formation is thought to originate from heterogenous micronuclei, and vary greatly within and between individuals, even following the same dive sequence (Ljubkovic et al., 2012; Papadopoulou et al., 2018). It is possible that individual variability in these micronuclei could be one reason for the variation in venous gas emboli (Katsenelson et al., 2009). Asymptomatic bubbles appear to be a regular occurrence in stranded dolphins (Dennison et al., 2012b), and in deep-diving species repeated exposure to microbubbles may result in cumulative dysbaric osteonecrosis (Moore and Early, 2004). While the supersaturation required to initiate bubble growth is certainly important, the level of supersaturation that causes symptomatic bubbles differs with animal size, most likely due to the allometric variation in metabolism and blood flow (Berghage et al., 1979; Fahlman, 2017). Thus, if risk of symptomatic gas emboli (DCS/GEP) varies with body mass, it is reasonable to suggest that larger marine mammals will be more susceptible as compared with smaller ones for the same level of supersaturation (Figure 3), but the overall blood and tissue N2 levels are likely to be lower in larger sized animals due to the longer τtiss1/2 in a larger animal. However, the blood and tissue tensions will ultimately depend on the previous dive sequence, metabolic rate, the level of blood flow, and the relationship between changes in alveolar and arterial gas exchange, i.e., pulmonary shunt, caused by alveolar compression, and depth (Kooyman and Sinnett, 1982; Fahlman et al., 2006, 2007; Hooker et al., 2009; McDonald and Ponganis, 2012).
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FIGURE 3. The median N2 saturation pressure (ATA) causing 50% (ED50) severe decompression sickness (DCS) in a range of terrestrial mammals following rapid decompression (Berghage et al., 1979; Fahlman, 2017; García-Párraga et al., 2018b). Also included are the estimated end-dive mixed venous N2 tension for the Steller sea lion (Hodanbosi et al., 2016) and bottlenose dolphin using a previously published gas dynamics models (Fahlman et al., 2006, 2009, 2018b; Hooker et al., 2009; Kvadsheim et al., 2012; Hodanbosi et al., 2016). Black circles are ED50 (saturation pressure giving 50% DCS) for terrestrial mammals, the solid line indicates the best-fit regression logED50 = 0.730–0.205 logMb. The triangles and squares are the estimated end-dive mixed venous N2 tension for the dolphin (Mb = 294 kg; Fahlman et al., 2018b) and Steller sea lion (Mb = 210 kg; Hodanbosi et al., 2016), respectively. The blue symbols represent model estimates with structural lung parameters from terrestrial mammals as presented previously (Bostrom et al., 2008), and the red with species-specific parameters (Hodanbosi et al., 2016; Fahlman et al., 2018b). The dolphin data represent the end-dive mixed venous N2 tension following a single dive to 140 m, while sea lion 4 repeated dives to 40 m.



Scholander’s Balloon/Pipe Model and Alveolar Compression

In his seminal work, Per Scholander (1940) developed the idea that the rigid upper airways together with a flexible chest and alveolar space would result in alveolar compression and collapse as the ambient pressure increases with depth. This collapsible balloon and incompressible pipe (balloon-pipe model, Figure 2) would limit gas exchange at depth and thereby reduce N2 uptake during breath-hold dives (Scholander, 1940). To be a protective mechanism against excessive uptake of N2 and gas bubble formation, the depth where the alveoli collapse and gas exchange ceases is important and has been the subject of a number of studies. Scholander’s balloon-pipe model of the respiratory system suggested that the alveolar collapse depth in whales and seals [Northern bottlenose whale (Hyperoodon ampullatus), hooded seal, gray seal (Halichoerus grypus), fin whale (Balaenoptera physalus), harbor porpoise (Phocaena communis/phocaena)], would range from 30 to 210 m depending on the initial diving lung volume (Scholander, 1940).

The balloon-pipe model suggested that the alveolar collapse depth could be estimated from the relative volume of each of the parts of the respiratory system using Boyle’s law (Scholander, 1940). Later, calculations showed that even if the upper airways did compress, there was movement of air from the alveoli into the upper airways as long as the conducting airways were stiffer as compared with the alveolar space (Denison and Kooyman, 1973). Two independent models were developed to estimate how the respiratory system behaves during breath-hold dives in humans (Fitz-Clarke, 2009a) and air breathing marine vertebrates (Bostrom et al., 2008). These theoretical models suggested that compression of the respiratory system and increased partial pressure initially cause an increased diffusion rate. As depth increases, a pulmonary shunt develops that reduces the diffusion rate (Scholander, 1940; Bostrom et al., 2008). When the alveoli close and gas exchange ceases, the gas tensions in the systemic arteries will be the same as in the pulmonary artery, and there will be a drop in systemic arterial PO2 (Bostrom et al., 2008; Fahlman et al., 2009). Recent studies in the California sea lion (Zalophus californianus) provided empirical evidence for these theoretical results, and suggested that the alveolar collapse depth occurs at depths exceeding 200 m (McDonald and Ponganis, 2012, 2013). The theoretical modeling (Bostrom et al., 2008; Fahlman et al., 2009, 2018b; Hodanbosi et al., 2016), based on data from studies that defined the structural properties of the respiratory system (Denison et al., 1971; Denison and Kooyman, 1973; Leith, 1976; Piscitelli et al., 2010; Fahlman et al., 2011, 2014a, 2015, 2018a,c, 2020a,c; Moore C. et al., 2014; Fahlman and Madigan, 2016; Denk et al., 2020), agrees with these empirical estimates for alveolar collapse depths and cessation of gas exchange in the California sea lion, and also the elephant seal (Mirounga angustirostris), and Weddell seal (Leptonychotes weddellii) (Kooyman et al., 1972; Kooyman and Sinnett, 1982; Fahlman et al., 2009; Hodanbosi et al., 2016).

While theoretical models are limited by assumptions, they allow new hypotheses to be formulated that can be empirically tested. For example, these theoretical models suggest that the level of supersaturation depends on the alveolar collapse depth, the cardiac output, and blood flow distribution (Fahlman et al., 2006, 2009). Furthermore, improving model accuracy can help forecast the potential consequences of acute and chronic disturbances, and provide important information for conservation efforts for marine species.



Assessing Risk of Gas Bubbles in Air-Breathing Marine Vertebrates

With the development of bio-logging tools, the diving capabilities of air-breathing vertebrates are now being studied, and many species are able to perform deep and long dives without apparent GEP symptoms (Laidre et al., 2003; Miller et al., 2007; Robinson et al., 2012; Schorr et al., 2014; Fahlman et al., 2018b; Shearer et al., 2019; Quick et al., 2020). However, more remarkable still are the extensive foraging bouts of many diving mammals and birds (Miller et al., 2004; Aguilar Soto et al., 2008; Aoki et al., 2011; Robinson et al., 2012; Schorr et al., 2014; Fahlman et al., 2018c; Quick et al., 2020). Theoretical models agree with the suggestion made by Scholander (1940), that the repeated diving behavior with short surface intervals result in accumulation of blood and tissue of N2, with increasing risk for supersaturation, gas bubble formation, and GEP (Figure 1B; Fahlman et al., 2007; Hooker et al., 2009). A growing number of studies are concluding that air-breathing marine vertebrates may in fact experience symptomatic gas bubbles similar to those found in commercial human scuba divers (Jepson et al., 2003, 2005; Moore and Early, 2004; Moore et al., 2009; Van Bonn et al., 2011, 2013; Bernaldo de Quirós et al., 2012; Dennison et al., 2012b; García-Párraga et al., 2014; Fernández et al., 2017). Gas bubbles have been found in both live and deceased specimens, and reports suggest that asymptomatic gas bubbles may be more common than formerly thought (Moore and Early, 2004; Van Bonn et al., 2011, 2013; Dennison et al., 2012b). However, one study was unable to detect gas bubbles using ultrasound in repeatedly diving bottlenose dolphins (Houser et al., 2010). It is possible that the number of repeated dives that the dolphins performed was not sufficient to allow detection of N2 levels, or could provide evidence that diving-adapted species have a mechanism that helps reduce the inert gas uptake (García-Párraga et al., 2018b; Fahlman et al., 2020b).

Modeling studies have shown that the level of gas exchange and cardiac output are the two variables that have the largest effect on gas dynamics (Section “Scholander’s Balloon/Pipe Model and Alveolar Compression”) (Fahlman et al., 2006, 2009). The pulmonary shunt that develops and reduces gas exchange with depth depends on the structural properties of the respiratory system (Bostrom et al., 2008; Fitz-Clarke, 2009a). Initial studies used parameters for the structural properties of the respiratory system from terrestrial mammals, resulting in model estimates that suggested that symptomatic gas bubbles should occur more than 50% of the time (Figure 3 blue symbols). Measurement of species-specific structural properties for the respiratory system in the sea lion and bottlenose dolphin for excised tissues (Denison et al., 1971; Denison and Kooyman, 1973; Kooyman and Sinnett, 1982; Fahlman et al., 2011, 2014a; Moore C. et al., 2014), in live animals under human care (Fahlman et al., 2015, 2019a, b, 2020c; Fahlman and Madigan, 2016), and in the wild (Hurley and Costa, 2001; Fahlman et al., 2008, 2013, 2018a,c; Hindle et al., 2010) have shown that both the anatomy and physiology of marine mammals help to minimize N2 exchange (Figure 3 red symbols).




HOW TO AVOID GAS EMBOLIC PATHOLOGY (GEP)

There are a number of alternatives for how breath-hold diving vertebrates avoid symptomatic GEP. One is to avoid uptake of N2, and there are a few possible ways to minimize or reduce N2 uptake (section “Avoiding N2 Uptake”). (1) The first is to dive with a low diving lung volume which reduces the total N2 that can be absorbed (section “Diving With a Low Lung Volume”), or (2) a respiratory system that allows for the alveoli to be gas-free at shallow depth [alveolar collapse (section “Alveolar Collapse and the Importance of Managing Gas Exchange”)], or (3) cardiovascular management of pulmonary and systemic blood flow to minimize N2 uptake (section “The Effect of Variation in Cardiac Output and Blood Flow Distribution in GEP Risk”). The selective gas exchange hypothesis proposes a combination of 2 and 3 where selective management of gas exchange is made possible by matching pulmonary blood flow to non-ventilated (collapsed) regions of the lung, which allows selective exchange of gases (Figure 4, section “The Selective Gas Exchange Hypothesis”). In the case marine mammals accumulate N2 during repeated dives, the second option would be to manage the dissolved N2 to reduce the supersaturation (section “Ways to Manage Blood and Tissue N2”). It is also possible that air-breathing marine vertebrates have adaptations that reduce the effect of the gas bubbles (Scholander, 1940; Kooyman, 1973; Leith, 1989; section “Adaptations That Help Reduce the Effect of Bubbles; Anatomical or Immunological Adaptations”).
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FIGURE 4. The selective gas exchange hypothesis proposes that ventilation and perfusion matching in the lung during diving allows animals to selectively exchange O2 and CO2 while preventing exchange of N2. Based on the lung architecture, with extensive collateral ventilation, there is a distinct separation between a collapsed and open lung region. The collateral ventilation helps facilitate air escaping to the uppermost areas due to gravity and lower regions being atelectatic. With hypoxic pulmonary vasodilation, the lung is perfused in the lower region. This helps to provide a ventilation/perfusion match that favors exchange of O2 and CO2 but little or no exchange of N2. These differences will have a major impact on gas exchange and when properly matched provide selective exchange of gases. This model may explain heart rate arrythmias described in cetaceans, that may help increase O2 and CO2 exchange during periods of exercise.



Avoiding N2 Uptake


Diving With a Low Lung Volume

It is generally thought that many species of seals reduce the diving lung volume at the start of a dive, while cetaceans and sea lions generally dive on inhalation (Ponganis, 2011; Piscitelli et al., 2013; Fahlman et al., 2017b). Whether an animal dives on inhalation or exhalation may not be as important as the diving lung volume (Fahlman et al., 2009). While this has been difficult to study in free-ranging species, development of bio-logging tools has provided some recent estimates. For example, fur seals appear to exhale during the ascent (Hooker et al., 2005). It was suggested that ascent exhalation is a behavioral strategy to sustain the pulmonary shunt as the animal approaches the surface and the pulmonary gas expands, which would help prevent gas exchange and shallow water blackout (Hooker et al., 2005; Bostrom et al., 2008). In cetaceans, and diving birds, glide portions during ascents have provided a method to estimate the diving lung volume from the changes in buoyancy as the lungs are expanding (Sato et al., 2003, 2011; Miller et al., 2004, 2016; Aoki et al., 2017; Narazaki et al., 2018). However, recent theoretical modeling, which accounted for the large variation in blood and tissue gas solubility between O2, CO2, and N2, suggested that the pulmonary mass-balance of gas changes throughout the dive. For this reason, the diving lung volume at the same depth will not be the same at the beginning and end of the dive (Fahlman et al., 2020d). Using these results and those from past studies, it was suggested that it is likely that the diving lung volume in cetaceans could be close to the estimated total lung capacity (Kooyman, 1973; Fahlman et al., 2011, 2020d). Thus, future studies to better estimate diving lung volume may be warranted as it affects the risk of GEP (Fahlman et al., 2009; Fitz-Clarke, 2009a, b). In both humans and dolphins, respiratory sinus arrythmia has been shown to be one possible indirect method to estimate breathing frequency and tidal volume (Hirsch and Bishop, 1981; Cauture et al., 2019). Phonospirometry, or breath sound recording, is another method that has been used to determine breathing frequency and respiratory flow (Sumich, 2001; Sumich and May, 2009; Rojano-Doñate et al., 2018), and may provide future capabilities to estimate diving lung volume in free-swimming species. Such developments to directly measure physiology in free-ranging animals, physio-logging, will enable improved understanding of the physiological plasticity of marine vertebrates, and how pressure affects gas exchange.



Alveolar Collapse and the Importance of Managing Gas Exchange

During the dive, the pressure will compress the alveoli and alter the pulmonary shunt (Figure 2; Kooyman and Sinnett, 1982; Bostrom et al., 2008; Fahlman et al., 2009; Fitz-Clarke, 2009a; McDonald and Ponganis, 2012). For passive alveolar collapse, the structural properties of the respiratory system, and the diving lung volume will affect the alveolar collapse depth (Kooyman and Sinnett, 1982; Bostrom et al., 2008; Fahlman et al., 2009; Fitz-Clarke, 2009a; McDonald and Ponganis, 2012). A number of studies have defined the structural properties from excised tissues, anesthetized and awake animals (Denison and Kooyman, 1973; Tarasoff and Kooyman, 1973; Leith, 1976; Kooyman and Sinnett, 1979; Cozzi et al., 2005; Piscitelli et al., 2010; Bagnoli et al., 2011; Davenport et al., 2013, 2014; Fahlman et al., 2014a, 2015, 2017b, 2018c; Moore C. et al., 2014; Fahlman and Madigan, 2016). In general, both lung and chest compliance, measures of structural compressibility, are greater in marine as compared with terrestrial mammals (Olsen et al., 1969; Denison et al., 1971; Denison and Kooyman, 1973; Tarasoff and Kooyman, 1973; Leith, 1976, 1989; Kooyman and Sinnett, 1979; Cozzi et al., 2005; Piscitelli et al., 2010; Bagnoli et al., 2011; Fahlman et al., 2011, 2014a, 2017b, 2018b; Davenport et al., 2013; Moore C. et al., 2014; Denk et al., 2020). One study looking at the anatomy and structural properties of the airways suggested that the compliance of the trachea was related to dive behavior (Moore C. et al., 2014). However, another study reported that there was no difference in lung compliance in shallow as compared with deep-diving bottlenose dolphins, possibly suggesting that passive alveolar collapse is not sufficient to protect against diving related problems (Fahlman et al., 2018c). In addition, in cetaceans, the intraluminal transitional epithelia have venous vessels that have been proposed to be able to engorge with blood (Cozzi et al., 2005; Costidis and Rommel, 2012). Such engorgement may dynamically alter the observed compliance during the dive, making predictions of alveolar compression difficult to make without a better understanding of the anatomy and function of this tissue. Thus, there may be large differences in functional compliance among species, which in turn will affect the pulmonary shunt, and thereby the level of gas exchange.



The Effect of Variation in Cardiac Output and Blood Flow Distribution in GEP Risk

Inert gas uptake and removal is perfusion-limited, i.e., it depends on cardiac output and not minute ventilation, and therefore the cardiovascular changes seen during diving significantly alter inert gas dynamics (Farhi, 1967; Farhi and Yokoyama, 1967). Some have suggested that the reduced heart rate during the dive helps reduce inert gas uptake, while the tachycardia during ascent improves removal (Irving, 1935; Scholander, 1940; Berkson, 1967; Ponganis et al., 1999; Fahlman et al., 2007). Coupling physiology with behavior may be an important strategy to reduce uptake and enhance removal (see section “Managing Accumulated N2 to Reduce Supersaturation; Coupling Behavior and Physiology”), and conditioned variation in heart rate has been shown in several species, suggesting that they may have control over blood flow that helps manage gas exchange (Elsner, 1965; Elsner et al., 1966; Jones et al., 1973; Casson and Ronald, 1975; Ridgway et al., 1975; Elmegaard et al., 2016; Fahlman et al., 2020b).



The Selective Gas Exchange Hypothesis

In 2018, based on past studies both in mammals and reptiles (section “From Model to Tests With Free-Ranging Animals”), the selective gas exchange hypothesis was introduced (Figure 4; García-Párraga et al., 2018b). This hypothesis suggested that in addition to passive lung compression and alveolar collapse, an active mechanism that helps alter the perfusion and ventilation matching during diving would allow breath-hold divers to selectively exchange O2 and CO2 during diving, while at the same time minimizing exchange of N2. This mechanism relied on the large differences in gas solubility between O2, CO2, and N2, and on conditioned capacity to selectively alter pulmonary blood flow to atelactic regions during diving. This hypothesis also explains how failure of this mechanism, during periods of excessive stress, could result in increased exchange of N2 which could result in GEP and strandings (García-Párraga et al., 2018b; Fahlman et al., 2020b).




Ways to Manage Blood and Tissue N2

Where N2 is taken up, there are a number of physiological adaptations that may help manage the inert gas burden, which include: (a) tissue and blood N2 solubility and a special N2 absorbing tissue, and (b) coupled physiology and behavior to reduce the formation of gas bubbles in case the blood and tissue N2 tension is elevated.

Many air breathing vertebrates that dive have extended periods when they perform repeated breath-holds which are separated by relatively short surface intervals. During these dive bouts, the mixed venous blood and tissue N2 levels, a measure of the whole body N2 levels, tend to slowly increase as the slow tissues accumulate N2 during repeated dives (Houser et al., 2001; Fahlman et al., 2006, 2007; Zimmer and Tyack, 2007; Fitz-Clarke, 2009b; Hooker et al., 2009). As mentioned earlier (section “Uptake, and Removal of N2, and How Bubbles Form in Scuba and Breath-Hold Divers”), the dynamics of N2 uptake and removal depend on the total tissue volume, the local blood flow rate, and the solubility of N2 (Fahlman et al., 2006). The blood and tissue solubility of N2 is very low, but similar in seals and humans (Kooyman, 1973). The N2 solubility is approximately 5 times higher in lipids as compared to water and blood (Kooyman, 1973; Weathersby and Homer, 1980; Koopman and Westgate, 2012; Gabler-Smith et al., 2020), but the solubility differs considerably between lipid types where some deep diving species with a higher proportion of waxy esters have 73% higher N2 solubility in blubber (Koopman and Westgate, 2012). In addition, not only does the τtiss1/2 differ among tissues due to varying solubility and tissue volume, but it varies throughout the dive due to the changes in cardiac output, blood flow distribution, and the pulmonary shunt (Fahlman et al., 2006, 2007, 2019b; Zimmer and Tyack, 2007; Fitz-Clarke, 2009b).

Most diving mammals have large amounts of subcutaneous fat that reduces heat loss and acts as an energy reservoir during extended periods without food (Iverson, 2009). The higher N2 solubility, and the low blood flow in blubber results in a long τtiss1/2 for adipose tissue (Fahlman et al., 2006, 2007; Hooker et al., 2009). The overall effect is that a “fast” tissue (Figure 1, τ5), with high perfusion and low N2 solubility, experiences high N2 tensions during the dive, but these are rapidly cleared and these tissues seldom experience excessive supersaturations that may result in gas bubble formation (Fahlman et al., 2007, 2009; Zimmer and Tyack, 2007; Hooker et al., 2009). A “slow” tissue, like blubber (Figure 1, τ50), on the other hand, slowly accumulates N2 with repeated dives until a steady-state is reached at which time the tissue N2 levels are more or less constant throughout the dive bout (Fahlman et al., 2007, 2009; Zimmer and Tyack, 2007; Hooker et al., 2009). Thus, blubber may initially help “absorb” N2 and may help reduce bubble formation during deep and short dives (Behnke et al., 1935; Fahlman et al., 2007). However, during a long dive bout the blubber PN2 may continue to increase and eventually become a liability (Fahlman et al., 2007). The dynamics of N2 are clearly complex and depend on a number of physiological factors, many that are poorly investigated, especially across species.


Managing Accumulated N2 to Reduce Supersaturation; Coupling Behavior and Physiology

Behavior coupled with physiology may provide alternative and complementary means to reduce the inert gas burden. Both diving birds and mammals reduce their ascent rate when approaching the surface (Hooker and Baird, 1999; Sato et al., 2004; Tyack et al., 2006), and some also have been shown to couple this with an increase in heart rate (Andrews et al., 1997; Froget et al., 2004), which will help reduce the end-dive blood and tissue PN2 (Fahlman et al., 2006, 2007). A theoretical study estimated that this physiological coupling to behavior close to the surface could reduce the inert gas burden by up to 45% before surfacing (Fahlman et al., 2006). However, the results also suggested that the reduction in blood flow may not always be protective, but depends on the τtiss1/2, and maximum end-dive PN2 levels for all tissues were observed when τtiss1/2 was similar to the average dive duration (Fahlman et al., 2007). Thus, to minimize tissue PN2, each tissue should avoid blood flow rates that result in a τtiss1/2 close to the dive duration. However, perfusion also depends on the necessity to remove CO2 and supply O2. The diving cardiac output and blood flow distribution is a complex trade-off between the need to reduce the end-dive tissue and blood PN2, while at the same time supply sufficient O2 for aerobic metabolism and to remove CO2 to avoid build up and disturbing the acid-base balance.

Another behavioral feature that may help reduce supersaturation and the risk of gas bubble formation is the short and shallow surface dives that are observed between deep dives or at the end of extended dive bouts in both diving birds and marine mammals (Figure 5; Fahlman et al., 2007, 2018b). These shallow dives have to be to a depth that allows removal of N2, and therefore not deeper than the tissue and mixed venous PN2, or generally not deeper than 30 m. Interestingly, in king penguins these decompression dives are deepest at the end of a dive bout and subsequently become more shallow (Fahlman et al., 2007). Unfortunately, many current and past ecological studies that use satellite-linked time-depth-recorders to study marine species only consider dives deeper than 50 m to be of interest (and/or to prolong tag life through reducing data transmissions), so these details are often lost. However, with technological improvements we are likely going to be able to get high resolution records of surface activity from a broader range of species to provide more empirical data to explore this suggestion.


[image: image]

FIGURE 5. Theoretical effect showing how the short and shallow dive following a series of repeated foraging dives (dive bout) helps to reduce the supersaturation in a king penguin (Aptenodytes patagonicus). The figure shows ambient pressure (ATA) and estimated mixed venous supersaturation [(PN2venous–PN2amb)⋅P N2amb–1] for short and shallow dives (red dots) or no shallow diving (blue dots) follow a dive bout. The figure is reproduced from Fahlman et al. (2007).





Adaptations That Help Reduce the Effect of Bubbles; Anatomical or Immunological Adaptations

It is also possible that marine mammals have anatomical or biochemical adaptations that help prevent trauma, or secondary effects from the presence of bubbles. This could include anatomical structures like rete mirabilia, that act as a gas bubble trap, or an immune response that does not respond to circulating gas bubbles.

If marine mammals experience repeated exposure to asymptomatic microbubbles it is conceivable that these species have evolved protective mechanisms that deal with these bubbles. One example is the thoracic and vertebral arterial retia mirabilia that is present in several diving species, e.g., bottlenose dolphin, narwhal (Monodon monoceros), sperm whale (Physeter macrocephalus), beluga (Delphinapterus leucas), and harbor porpoise (Vogl and Fisher, 1982; Melnikov, 1997). These highly tortuous vascular deltas are embedded in adipose tissue and may provide a protective structure that traps and dissolves microbubbles before reaching the brain (Blix et al., 2013). However, it is not only the direct effect of bubbles that may cause symptoms, but symptoms may also be due to secondary effects in response to invading bubbles.

Bubble formation is believed to be the crucial event in the etiology of DCS/GEP, where vascular bubbles may impair blood flow. Recompression treatment would shrink the bubbles by driving some of the gas back into solution in tissue fluids, and help to improve flow and oxygenation, minimize secondary effects, and also reduce the effect of bubbles that may form in tissues. Growing evidence suggests that a majority of symptoms are attributable to secondary effects induced by non-obstructive bubbles (Bove, 1982). It has become apparent that some of the symptoms are similar to those of other disease states (Ward et al., 1987, 1990; Kayar et al., 1997), with a recurring theme of an acute, non-specific inflammatory response initiated by the bubbles (Bove, 1982). Hematological studies have given birth to the idea that the circulating bubbles might induce activation of the clotting cascade, leading to the formation of a free-floating fibrin clot that would cause an embolus (Philp, 1974; Philp et al., 1972, 1979; Boussuges et al., 1998). In addition, activation of an acute immune response (Ward et al., 1990; Stevens et al., 1993; Yamashita et al., 1994; Kayar et al., 1997; Ersson et al., 1998), and the complementary cascade (Ward et al., 1986, 1987, 1990; Stevens et al., 1993), have been proposed to be involved in the development of DCS. These effects may help explain some of the variability in DCS susceptibility among individuals and why symptoms may develop several hours after they return to the surface (Temple et al., 1999). Nevertheless, it seems that the level of supersaturation is the primary factor that triggers DCS, both in terrestrial and marine vertebrates (Berghage et al., 1979; Lillo et al., 2002; Fitz-Clarke, 2009b; Bernaldo de Quirós et al., 2012; Fahlman, 2017; Fahlman et al., 2017a).

Could marine mammals have immunological, biochemical or molecular adaptations that allow them to be less prone to gas bubbles? It was shown that bottlenose dolphins and killer whales (Orcinus orca) both lack the Hageman factor (factor XII), one of the components in the clotting cascade, resulting in longer clotting duration (Robinson et al., 1969). This could be an adaptation for the blood to be less reactive toward circulating microbubbles. In addition, recent work on the immune function of blood cells in the beluga, has shown that Interleukin 2 receptor, monocytes and granulocytes respond differently to hyperbaric exposure as compared with human cells (Thompson and Romano, 2015, 2016, 2019). In another study with harbor seals (Phoca vitulina), gray seals (Halichoerus grypus), and harp seals (Phoca groenlandica), it was shown that immune and blood cell types respond differently to pressure and dive duration and that these responses are altered in sick animals (Thompson and Romano, 2019). Work on northern elephant seals, and Weddell seals suggests that there are anti-inflammatory properties in the blood in these species that may help prevent an almost continuous inflammatory response during repeated bouts of hypoxia during each repeated dive (Bagchi et al., 2018).

Recent work clearly shows that when stressed or disturbed, the normal physiological mechanism that helps breath-hold diving marine vertebrates minimize the risk of gas bubble disease fails (Jepson et al., 2003; Fernandez et al., 2005; Moore et al., 2009; Van Bonn et al., 2011, 2013; García-Párraga et al., 2014, 2018a; Fahlman et al., 2017a; Fernández et al., 2017; Bernaldo de Quirós et al., 2019; Parga et al., 2020). It is possible that the gas bubbles seen in stranded cetaceans and sea lions are caused by a multi-factorial etiology, and it is unclear how anthropogenic changes to the environment or acute stress affect different species. Since the turn of the century, we have seen escalating changes in the environment, with increasing human use of the ocean. To be able to avoid mass-extinction of marine mammals, there is an urgent need to improve our understanding of how physiology may limit survival. This is one of many reasons why long-term studies provide a vital place in conservation research as a platform to understand temporal change in environmental health.




FROM MODEL TO TESTS WITH FREE-RANGING ANIMALS

In 2012, a project was initiated that aimed to determine if MPs are a useful biomarker of decompression stress in marine mammals. This project aimed at measuring blood MP levels in healthy, wild bottlenose dolphins during capture-release operations, and contrasting these with levels in stranded cetaceans from Cape Cod. Blood MP levels in stranded common dolphins (Delphinus delphis), Atlantic white-sided dolphins (Lagenorhynchus acutus), and harbor porpoises were significantly different from those of shallow-diving (Sarasota), deep-diving (Bermuda) bottlenose dolphins, or bottlenose dolphins housed in managed care (Moore M. J. et al., 2014; Moore et al., 2015). While it is possible that this may reflect differences between species, it is more likely that the consistently higher blood levels of small MPs and lower concentrations of large MPs in the stranded dolphins as compared with healthy wild animals reflect differences in physiological status, possibly related to decompression stress and GEP. This suggestion is based on the fact that 95% of live-stranded dolphins (n = 22) scanned with B-mode ultrasound showed evidence of gas bubbles in the kidneys and hepatic portal vasculature, while none of the shallow-diving healthy wild dolphins showed any (n = 58) evidence of gas bubbles (Dennison et al., 2012b). It was suggested that the repetitive diving of healthy wild animals helps with recompression and to reduce gas bubble formation, unlike the situation in a stranded dolphin where the bubbles may be retained (Dennison et al., 2012b). While the results from the studies on blood MP levels are equivocal, this biomarker might serve as a diagnostic tool for stranding events that appears to reflect animals with circulating gas bubbles.

The ability to perform physiological measurements on wild dolphins also allowed studies on the respiratory function and lung mechanics in both shallow- and deep-diving bottlenose dolphins (Fahlman et al., 2018a,c). These data were important for testing the hypothesis formulated by Scholander (1940), that lung compression and alveolar collapse provides protection against GEP. If Scholander’s hypothesis was true, we would expect to see differences in lung mechanics in deeper diving animals as compared with those making shallower dives (Bostrom et al., 2008; Fahlman et al., 2009). Over a number of field seasons data were collected on resting metabolic rate, and lung mechanics and showed that neither the resting metabolic rate, nor the lung compliance were different in free-ranging shallow- or deep-diving dolphins, and these were also similar to the results for dolphins in managed care (van der Hoop et al., 2014; Fahlman et al., 2015, 2018a,b,c; Pedersen et al., 2020). Revised modeling results using the empirical results from live dolphins showed estimated blood and tissue N2 levels that were lower (Figure 3, compare blue and red symbols), but passive collapse still did not explain why cetaceans do not experience a significant number of GEP events. These results allowed us to formulate the Selective Gas Exchange hypothesis (see section “The Selective Gas Exchange Hypothesis”), where the level of gas exchange is not just assumed to be a process that passively changes due to alveolar compression, but an active cardiorespiratory mechanism that allow selective gas exchange throughout the dive (García-Párraga et al., 2018b) and studies are underway to help test the validity of the assumptions of this hypothesis, e.g., the heart rate response during diving depends on the anticipation of the dive (Fahlman et al., 2020b).



SUMMARY

While GEP in marine mammals is still controversial, it has been clearly shown in by-caught sea turtles where the severity of gas bubble score correlates with dive depth (García-Párraga et al., 2014; Fahlman et al., 2017a). The selective gas exchange hypothesis provides a mechanistic framework from which the variability in diving physiology and behavior can explain the risk of GEP, and that can be empirically tested. With the development of new physio-logging tools, the ability to better understand the physiological responses during diving will be enhanced. For such studies, opportunities to study wild animals where archival physio-logging tools can be recovered are likely to provide crucial data to understand the physiological responses to diving and how stress or disturbance alter this ability. In addition, the ability to study the physiological species differences within shallow- and deep-diving dolphins provides an important baseline to understand physiological plasticity. Such studies are likely to be crucial for conservation efforts of these marine megafauna.
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