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Abstract 

Oxygen bioavailability is declining in aquatic systems worldwide due to climate change and 1 

other anthropogenic stressors. For aquatic organisms, the consequences are poorly known but 2 

are likely to reflect both direct effects of declining oxygen bioavailability and interactions among 3 

oxygen and other stressors, including two – warming and acidification – that have received 4 

substantial attention in recent decades. Here, we briefly summarize three unifying themes that 5 

underlie this special issue dedicated to the multifaceted effects of oxygen. First, evidence for 6 

natural and anthropogenic changes in aquatic oxygen levels: Although organisms are the result 7 

of long evolutionary histories during which they were exposed to natural oxygen regimes, 8 

superimposed anthropogenic change is now exposing them to more extreme conditions and 9 

novel combinations of low oxygen with other stressors. Second, we identify behavioral and 10 

physiological mechanisms that underlie the interactive effects of oxygen with other stressors. 11 

This synthesis leads to the conclusion that metabolism and energetics provide a powerful and 12 

unifying framework. Declining oxygen levels and the other stressors alter not only the 13 

bioavailability of oxygen, but also energy requirements and hence metabolic demand for oxygen 14 

to cope with stressors, with consequences for how energy as a limiting resource is allocated 15 

among competing processes. Third, we assess the range of potential organismal responses, 16 

which occur across all levels of biological organization and over multiple time scales. These 17 

include rapid behavioral and physiological responses, which can occur on timescales of 18 

seconds to minutes, as well as longer-term responses, including acclimation (days-weeks), 19 

plasticity (weeks - months), and evolution (years). We conclude by outlining a set of approaches 20 

for maximizing the effectiveness of future work, including better reporting of experimental 21 

conditions and units, focusing more on long-term experiments using biologically realistic 22 

variation in experimentally manipulated factors, and taking truly cross-disciplinary and 23 

integrative approaches to understanding and predicting future effects.  24 
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Introduction 

To humans, the detrimental effects of lack of molecular oxygen (hereafter oxygen) are obvious, 25 

as encapsulated by the American Lung Association’s adage: “When you can't breathe - nothing 26 

else matters” (American Lung Association, 2013). In terrestrial habitats, oxygen typically occurs 27 

at high concentrations in a medium (air) that is easily renewed or mixed, and from which oxygen 28 

can be obtained relatively easily. In aquatic habitats, by contrast, oxygen is dissolved at low 29 

concentrations in a dense, viscous medium (water) from which it is more difficult to extract. In 30 

these freshwater and marine systems, oxygen bioavailability can be low and variable, requiring 31 

sophisticated morphologies, physiologies, and behaviors for extracting it at rates high enough to 32 

support aerobic metabolism.  33 

It is concerning, therefore, that oxygen concentrations in lakes and oceans have declined on 34 

average by about 2% in the past 50 years (Schmidtko et al., 2017; Jane et al., 2021), with declines 35 

of up to 7% predicted by 2100 (Keeling et al., 2010). Declines are even greater in some parts of 36 

the ocean (Schmidtko et al., 2017; Levin, 2018), and extreme hypoxic events are occurring more 37 

frequently (Hughes et al., 2020). Here, we use the term hypoxia to describe partial pressures of 38 

oxygen (PO2) that are generally lower than 21 kPa, which is the PO2 of air-saturated water at 39 

sea level. Other, more specific meanings of hypoxia may be appropriate in other contexts 40 

(Vaquer-Sunyer and Duarte, 2011).  41 

In a recent meta-analysis, Sampaio et al. (2021) wrote “[C]urrent global change-related 42 

research efforts should pay far more attention to the role of oxygen concentration as a stressor.” 43 

Indeed, although two other climate-related stressors – warming and acidification – have 44 

received more attention in recent years, the biological effects of deoxygenation may be even 45 

more substantial but are rarely addressed. Their meta-analysis (Sampaio et al., 2021), for 46 

example, suggests that realistic changes in oxygen availability often have larger effects on 47 

biological performance traits, including growth, development, survival, metabolic rates, and 48 

reproduction, than do realistic changes in temperature and pH. Likewise, oxygen has more 49 

power to explain patterns of species diversity than other conditions (e.g.temperature or 50 

CO2/carbonate chemistry) in coastal ecosystems (Sperling et al., 2016) and high altitude streams 51 

(Jacobsen et al., 2003). Moreover, deoxygenation interacts with warming, acidification, and other 52 

abiotic and biotic stressors (Reddin et al., 2020). Unfortunately, potential interactions have been 53 

understudied, despite widespread recognition that they are important in aquatic ecosystems 54 

(Ormerod et al., 2010; Hewitt et al., 2016; Rillig et al., 2019).  55 
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This article serves three purposes. First, it introduces the symposium volume. Collectively, the 56 

symposium articles examine responses of a diverse set of aquatic systems to declining levels of 57 

oxygen. The studies focus on different levels of biological organization and use multiple 58 

approaches, including experimental manipulation of oxygen availability in the lab, longer-term 59 

observations of correlations among oxygen levels with the distribution and abundance of 60 

populations in nature, and historical studies of deep-time correlations among fossil communities 61 

and ocean conditions reconstructed from biogeochemical records. Rather than summarizing 62 

individual efforts here, we attempt to integrate them into a cohesive perspective that illuminates 63 

links among symposium papers and to other recent research.    64 

Second, the article takes an animal-centered point of view. Such a focus facilitates examining 65 

mechanistic interactions among deoxygenation and other stressors. It also promotes studying 66 

links between temporal and spatial scales of environmental change across a large suite of 67 

critical organismal responses, which range from movement to avoid hypoxic zones to the 68 

modification of phenotypes via plasticity (Piersma and van Gils, 2010). Ultimately, it is these 69 

multiple organism-level effects of deoxygenation that scale up to drive higher-level population 70 

and ecosystem effects. 71 

Third, we identify priorities for future research. Like other recent studies (Reddin et al., 2020; 72 

Gruber et al., 2021), we call for more research on interactions among deoxygenation (both 73 

external and internal) and other stressors. These should include tests of acute environmental 74 

hypoxia, but we especially call for longer-term manipulations of oxygen and potential interactors 75 

that more closely approximate the magnitudes, variability, and durations of exposure that 76 

individuals and communities are experiencing in nature. Such efforts will be time- and resource-77 

intensive yet they are essential to understanding the spectrum of potential responses at 78 

timescales relevant to organisms and populations. 79 

Temporal and spatial scales of environmental change 

In both lakes and oceans, oxygen levels can be highly variable in space and time, driven 80 

primarily by patterns of circulation, solubility, ventilation, photosynthesis, and respiration (Jane et 81 

al., 2021; Pitcher et al., 2021; Stramma and Schmidtko, 2021). It is important to distinguish natural 82 

patterns of variation – with which populations may have long ecological or evolutionary histories 83 

– versus anthropogenic change, which is superimposed onto these natural patterns.  84 
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Natural patterns of oxygen variability. Natural processes drive important patterns of oxygen 85 

variability in time and space in ways that are often predictable. Changes in surface wind 86 

velocity, for example, can trigger upwelling events that transport nutrient-rich, less-oxygenated 87 

water from depths to the surface, sometimes causing surface waters to become hypoxic in a 88 

matter of hours (Roegner et al., 2011) or stimulating primary production of organic matter whose 89 

decay consumes oxygen over days to weeks. Reef structures can restrict flow dynamics, 90 

hindering oxygen replenishment and creating steep oxygen gradients on the scale of meters 91 

(Hughes et al., 2020). Another major predictable kind of variation is light-driven fluctuations of 92 

photosynthetic oxygen production and consumption that occur in almost all shallow aquatic 93 

systems (Nelson & Altieri, 2019; Pacella et al., 2018; Saderne et al., 2019; Lucey et al, this issue); 94 

oxygen levels can become hyperoxic during the day and hypoxic at night and this fluctuation is 95 

amplified in warm, vegetated, or nutrient-rich conditions. Light-driven photosynthetic oxygen 96 

production in aquatic systems can, therefore, be broadly predicted from a combination of factors 97 

like latitude, depth, and turbidity. Low-oxygen areas can also persist for long durations over both 98 

small spatial scales (e.g., low oxygen conditions encountered by aquatic animals living in 99 

organic sediments) and very large spatial scales (e.g., profundal zones of stratified lakes and 100 

oxygen minimum zones in oceans). 101 

Anthropogenic changes in oxygen availability. Superimposed on the variation described above 102 

are additional effects stemming from human activity, which can exacerbate exposure to low 103 

oxygen. Agricultural runoff, for example, increases nutrient levels in streams, lakes and coastal 104 

areas. These increased nutrients cause algal blooms, which in turn can cause oxygen minima 105 

when the algae die off (Stramma et al., 2012). The extent of ‘dead zones’ stemming from 106 

anthropogenic nutrient inputs are increasing over time and are distributed worldwide (Breitburg 107 

et al., 2018).  108 

On longer time scales, total oxygen content is declining and distributions are shifting in oceans 109 

and lakes. As we continue to release carbon dioxide and warm the planet, lakes and oceans 110 

hold less oxygen due to lower solubility of oxygen in warmer water. Additionally, they become 111 

more thermally stratified, and therefore oxygen replenishment is reduced (Reinhard and 112 

Planavsky, 2022). Rising temperatures also stimulate metabolic demand by biotic communities 113 

throughout the water column, which, together with increased stratification, further reduce 114 

oxygen levels. This additional reduction adds up to and frequently exceeds the magnitude of the 115 

outgassing of oxygen from its reduced solubility alone (Figure 1). This overall oxygen reduction 116 
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creates a positive feedback loop that makes acute and localized deoxygenation events even 117 

more intense (Breitburg et al., 2018). At the same time, other global-scale effects of climate 118 

change are predicted to lengthen the upwelling season and increase upwelling intensity (Wang 119 

et al., 2015). Organisms that are adapted to variable oxygen environments generally have 120 

physiological mechanisms to increase oxygen uptake or reduce demand in the short term. 121 

These mechanisms require energy, which can draw significantly on an organism’s energy 122 

budget and negatively impact fitness, especially during long-term or repeated exposure to 123 

hypoxia (Woods and Moran, 2020). The ability of aquatic organisms to cope with natural 124 

fluctuations in oxygen, in both the short and long term, will strongly influence their resilience to 125 

climate-change-induced deoxygenation during the Anthropocene. It is likely that organisms that 126 

have evolved in environments with natural oxygen fluctuation will be better able to respond to 127 

deoxygenation.     128 

Mechanisms underlying the organismal consequences of interactions between low 

oxygen and other stressors 

Hypoxia, acidification (and associated hypercapnia, which refers to elevated levels of CO2), and 129 

warmer temperatures often co-occur, constituting ‘the deadly trio’ (Figure 1). In combination, 130 

these and other stressors can synergistically impact organismal performance and survival 131 

(Verberk, Durance, et al., 2016; Howard et al., 2020; Lucey et al., 2020; Tomasetti et al., 2021). One 132 

approach to understanding the consequences of stressor combinations, and to predicting their 133 

impacts during future climate change, is to better understand the physiological mechanisms by 134 

which interactions among stressors are manifest within organisms. Here, as a start, we identify 135 

a number of two-way interactions involving oxygen, with the goal of highlighting relevant 136 

physiological processes that underlie interaction effects. 137 

Oxygen-temperature interactions. With increasing temperature, metabolic demand for oxygen 138 

generally rises. Increases in demand reflect in part the acute effects of temperature on the 139 

thermodynamics of chemical reactions, but higher metabolic rates typically are observed even 140 

after thermal acclimation (Seebacher et al., 2015). This reflects the pervasive effects of warming 141 

on multiple life processes, such as feeding, activity, growth and reproduction, all of which 142 

increase with warming up to a point and stimulate energy demands (Clarke and Fraser, 2004).  143 

With increasing temperature, the solubility of oxygen declines (Dejours, 1981), and this is often 144 

cited as a source of hypoxic stress for organisms. What is often overlooked, however, is that as 145 
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solubility decreases with temperature, maximum rates of diffusion increase (Woods, 1999; 146 

Verberk et al., 2011; Boag et al., 2018). Warmer water is also less viscous, which thins the 147 

boundary layers that act as diffusion barriers and thereby lowers the cost of ventilating 148 

respiratory surfaces (Couturier et al., 2007; Verberk and Atkinson, 2013). All else being equal, the 149 

net effect is therefore a rise in oxygen bioavailability with temperature (see Figure 1; Atkinson et 150 

al., this issue). With increasing temperature, however, rising metabolic demand for oxygen due 151 

to increased physiological rates (Q10 ~2-3 even after acclimation (Seebacher et al., 2015)) 152 

typically outpaces increases in oxygen bioavailability (Q10 ~1.1-1.4). Depending on organism-153 

specific gas exchange and delivery mechanisms, some aquatic organisms in warmer waters 154 

may therefore become oxygen-limited. Such oxygen limitation arises not because of decreasing 155 

bioavailability but because the increase in supply cannot keep up with the increase in demand, 156 

or the costs of supply are exceedingly high (Verberk and Atkinson, 2013; Audzijonyte et al., 2019; 157 

Rubalcaba et al., 2020). 158 

Thermally driven mismatches between oxygen supply and oxygen demand have been proposed 159 

as a unifying concept to explain thermal tolerance and geographic patterns of distribution d 160 

(Pörtner, 2012; Deutsch et al., 2015). Although detrimental effects of hypoxia are widely 161 

acknowledged to be exacerbated by warming, whether or not oxygen becomes limiting under 162 

normoxia has been debated (Verberk, Overgaard, et al., 2016; Lefevre et al., 2018; Pauly and Cheung, 163 

2018; Jutfelt et al., 2020; Seibel and Deutsch, 2020; Wootton et al., 2022). A nuance here is that not 164 

all organisms are equally at risk from oxygen-temperature interactions (Verberk, Durance, et al., 165 

2016). Differences among organisms in their efficiency and regulation of oxygen uptake suggest 166 

that although thermal effects can sometimes be understood from an oxygen perspective, this is 167 

not a one-size fits all theory (Verberk et al., 2018; Ern, 2019). 168 

A slightly different take on oxygen-temperature interactions is seen in intertidal systems, in 169 

which organisms of marine origin are exposed to aerial temperatures for extended periods. 170 

During these periods, oxygen uptake can be inhibited due to a need for water conservation or 171 

because animals have aquatic-adapted gas exchange mechanisms that function poorly in air 172 

(Barnes et al., 1963; Newell, 1973; Davenport and Irwin, 2003). Many intertidal organisms have 173 

evolved behavioral, physiological, and biochemical mechanisms that confer high tolerance to 174 

internal hypoxia during these times ((Falfushynska et al., 2020), but warming temperatures are 175 

likely to increase the cost of deploying these mechanisms and to exacerbate associated oxygen 176 

deficits through increased metabolic rates (Horn et al., 2021). 177 
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Interactions between oxygen and hypercapnia/acidification. Increasing levels of atmospheric 178 

CO2 (hypercapnia) alter the carbonate chemistry of seawater and reduce ocean pH (ocean 179 

acidification). Locally, acidification and hypoxia often co-occur, since rising rates of biological 180 

respiration lead to both increased O2 consumption and increased CO2 production, which can 181 

accelerate declines in pH in hypoxic areas (Feely et al., 2010). Moreover, oxygen and pH co-vary 182 

naturally as both are affected by light and stratification of the water column (see above). 183 

The combined and interactive effects of hypoxia and acidification remain poorly understood, 184 

although they share common links to respiration (Gobler and Baumann, 2016). Low 185 

environmental oxygen can directly depress oxygen content of blood and tissues, while high 186 

CO2/low pH in the environment, if directly translated into the interior of the organism, can 187 

modulate the oxygen-binding affinity and capacity of oxygen transport proteins (when present). 188 

Thus, both stressors can elicit compensatory changes in ventilation, circulation, and acid-base 189 

status with associated changes in metabolism (Lehtonen and Burnett, 2016). Models based on 190 

bioenergetics and aerobic scope may thus prove useful for understanding and predicting 191 

organismal responses to the interactive effects of low oxygen/high CO2. 192 

Reduced oxygen bioavailability and acidification generally have negative additive or synergistic 193 

effects on fitness-related parameters such as survival, growth, activity, and metabolism (Gobler 194 

and Baumann, 2016; Sui et al., 2016; Gu et al., 2019), with responses varying among species, life 195 

stages, and exposure histories. In contrast, some studies have shown that elevated CO2 can 196 

enhance the oxygen affinity of respiratory pigments (Mangum and Burnett, 1986), improve 197 

aerobic performance in hypoxia (Stover et al., 2013; Lehtonen and Burnett, 2016) , and increase 198 

hypoxia tolerance (Montgomery et al., 2019). Alone or in combination, low oxygen and 199 

acidification can also perturb the complex mechanisms employed by multicellular aquatic 200 

organisms to defend themselves against microbial infection by altering key components of the 201 

immune system (e.g., the generation of reactive oxygen species (ROS) - unstable molecules 202 

containing oxygen that are implicated in cell signaling and cell damage; see Box 1) as well as 203 

changing the abundance, distribution, and pathogenicity of microbial populations (Burnett and 204 

Burnett, this volume). 205 

Mounting an immune response has been shown to impair metabolism in some crustaceans and 206 

to reduce levels of circulating oxygen (Burnett and Burnett, 2015). Fundamental questions 207 

remain about how aquatic organisms sense and respond to hypoxia (Sokolova, 2018; de Lima et 208 

al., 2021) as well as how and to what extent they balance the competing energetic demands of 209 
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maintaining immunity and fitness while responding to changes in oxygen, acidification, 210 

temperature, and salinity (Lucey et al., 2020).  211 

Oxygen-osmoregulation interactions. Gas-exchange surfaces generally are highly permeable. In 212 

fishes and many other water-breathing ectotherms, gills are the sites of both oxygen uptake and 213 

of water and ion movement. To maintain oxygen uptake, fishes exposed to aquatic hypoxia 214 

compensate by mechanically hyperventilating their gills (Farrell and Richards, 2009) or, over 215 

longer periods of time, remodeling gill structures in ways that enhance oxygen uptake, a form of 216 

plasticity (Nilsson et al., 2012). Because gills are also a major site of ion and water exchange, 217 

hyperventilation also increases the cost of osmoregulation by increasing the diffusive movement 218 

of ions across the gills and thus the rate of compensatory active transport required for 219 

maintaining blood osmolality (Perry et al., 2003; Evans et al., 2005; Grosell et al., 2010) (increased gill 220 

area may also raise the risk of infection; (Nilsson et al., 2012). This trade-off between gill 221 

structures optimized for oxygen uptake (i.e., sufficiently high surface area and low diffusion 222 

resistance) and for ion regulation (i.e., low surface area and high diffusion resistance) is called 223 

the osmorespiratory compromise (Randall et al., 1972; Nilsson et al., 2012). Likewise in aquatic 224 

insects, differences in breathing modes (from aquatic gills to aerial gas exchange) are 225 

associated with sensitivity to salt (Verberk et al., 2020). In euryhaline fishes, the cost of 226 

osmoregulation appears to be species-specific, with estimates ranging from virtually zero to 227 

one-third of standard metabolism (reviewed by (Ern et al., 2014); see also (Nilsson et al., 2012)). 228 

Furthermore, increasing salinity has been associated with reduced hypoxia tolerance in fish 229 

(Rogers et al., 2016). In coastal and estuarine marine invertebrates, similarly high costs of 230 

osmoregulation may be incurred, especially when organisms hyperregulate in low-salinity water 231 

(Rivera-Ingraham and Lignot, 2017). Aquatic deoxygenation may thus have a broad array of 232 

effects on osmoregulatory capacities and energetics.  233 

Oxygen-light interactions. Irradiance can strongly influence levels of dissolved oxygen in aquatic 234 

ecosystems due to its effects on photosynthesis (as described above). The intrinsic covariance 235 

of light and photosynthetically-produced oxygen affects organisms in both positive and negative 236 

ways. As one example, coral reefs may be among the most vulnerable ecosystems to light 237 

conditions, especially in combination with the deadly trio of deoxygenation, warming, and 238 

acidification. Hermatypic, or calcifying, corals (Scleractinia) can tolerate considerable variation 239 

in light and oxygen, which naturally co-vary due to the diel cycle in oxygen availability via 240 

photosynthesis during the day and respiration at night. However, excess light (among other 241 
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factors) can cause corals to expel their symbionts (bleaching), especially when they are (Verberk 242 

et al., 2020) thermally stressed (Fitt et al., 2001; Bhagooli and Hidaka, 2004). The reasons for 243 

symbiont expulsion remain unresolved, but one prominent hypothesis implicates increased 244 

production of ROS by symbionts when they are stressed by too much heat or light, which 245 

causes oxidative stress in both coral and symbiont tissues (Downs et al., 2002; Curran and Barnard, 246 

2021).  247 

Via photosynthesis, light can also improve the availability of oxygen to developing embryos in 248 

egg masses ((Phillips and Moran, 2015)) and to the tissues of heat-stressed animals that harbor 249 

kleptoplastically “stolen” chloroplasts (Laetz et al., this issue). On a broader scale, hyperoxia in 250 

surface waters (due to light-driven photosynthesis) may offset some of the increased metabolic 251 

costs that come with warmer temperatures in coastal waters (Giomi et al., 2019). Finally, in the 252 

water column, light is required for highly visual marine animals, and oxygen stress can disrupt 253 

their visual physiology, behavior, and ecology (McCormick & Levin, 2017; McCormick et al., this 254 

issue). Hypoxia-impaired vision may impact essential behaviors such as feeding, reproduction, 255 

vertical distribution, and predator avoidance in visual organisms. 256 

Metabolism and energetics as central integrators. Although the interactions discussed above 257 

emerge from diverse physiological mechanisms, they are linked into a common framework via 258 

their effects on energy. Much of the energy that aquatic organisms use to combat stressors 259 

comes from aerobic metabolism, which of course depends on adequate supplies of oxygen. The 260 

effects of deoxygenation may be manifest not just as direct physiological impacts on the 261 

organisms (e.g., anaerobiosis, reduced growth and reproduction), but also in how metabolic 262 

energy is allocated among other functions when organisms are under stress, like growth, 263 

reproduction, vision, locomotion, anti-predator defense, etc. (e.g., Roman et al., 2019). To be 264 

adaptive, organismal responses must not only help the organism tolerate or avoid the stress, 265 

but must do so in ways that minimize overall reductions in fitness. For example, if an organism 266 

behaviorally responds to oxygen limitation by moving from hypoxic to better-oxygenated areas, 267 

oxygen gains may be traded-off against other ecological costs of changing location (e.g., 268 

increased risks of predator encounter, Roman et al., 2019). 269 

How often does oxygen rather than energy limit performance or fitness? The answer will depend 270 

on the temporal and spatial distribution of metabolic demand relative to the size of safety 271 

margins protecting the organism from immediate impacts of resource budget deficits. In the 272 

short-term, organisms are expected to die much sooner from suffocation than from starvation, 273 
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as stores of oxygen typically are negligible compared with stores of energy. On somewhat 274 

longer time scales, an important safety margin is the aerobic scope, which is defined as the 275 

difference between maximum and standard metabolic rates (the latter is the minimal metabolic 276 

rate needed to sustain bodily processes). Via effects on aerobic scope, each leg of the deadly 277 

trio can be linked explicitly to energetics (Figure 1; (Jacobsen et al., 2003; Pörtner and Knust, 2007; 278 

Verberk, Durance, et al., 2016; Deutsch et al., 2020; Rubalcaba et al., 2020; Seibel and Deutsch, 2020). 279 

Each stressor narrows the aerobic scope, either by depressing oxygen supplies (e.g., 280 

deoxygenation effect beyond the temperature effect on oxygen solubility) or by increasing 281 

metabolic demands (e.g. rising temperature, increases in acidification or pollution, changes in 282 

salinity). The narrowing of aerobic scope limits the energy available to organisms for fitness-283 

enhancing activities like growth and reproduction. 284 

Short-term experiments will likely be biased towards finding oxygen rather than food limitation, 285 

although the intensity of the challenge will also play a role. This observation, however, does not 286 

mean that oxygen is in general more limiting than food. Indeed, low-intensity but chronic 287 

increases in metabolic demand (e.g., from a prolonged infection, rising temperatures, or more 288 

time away from feeding areas) may result in longer-term limitation of food rather than oxygen. 289 

Time scales and biological levels of response 

Potential responses to deoxygenation and associated environmental stressors occur at all levels 290 

of biological organization and temporal scales, ranging from rapid molecular and behavioral 291 

responses to long-term evolutionary responses. Understanding and predicting future responses 292 

will thus likely emerge from integrative studies that work across scales, investigating how 293 

interacting effects of oxygen affect the performance of organisms, as well as the physiological 294 

mechanisms that give rise to these responses. The effectiveness of different responses likely 295 

varies with the temporal scale and intensity of hypoxia. In addition, organisms generally employ 296 

a suite of responses (each with their own time scale) which in combination alleviate the worst 297 

negative effects of hypoxia. In most cases, no single response can completely alleviate the 298 

problems, but even relatively small benefits can add up to large cumulative effects on fitness 299 

over time. As a result, it is important to evaluate the chronic, sublethal effects of mild hypoxia 300 

and the organismal responses to avoid these effects.  301 

From another perspective, organisms that are part of communities associated with low-oxygen 302 

habitats such as oxygen minimum zones often have a broad range of mechanisms and 303 
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phenotypes for coping with low oxygen levels, and these can act on a wide variety of time 304 

scales (see Box 2). 305 

Behavioral responses. Behavioral responses to hypoxia can be employed nearly 306 

instantaneously and are often a first line of defense. One example is movement among oxygen 307 

microhabitats; different habitats offer gradients in oxygen availability across distinct spatial and 308 

temporal scales, which organisms can exploit in different ways depending on their stage, life 309 

history, body size and mobility, analogous to how organisms can exploit mosaics of locally 310 

available temperatures (Woods et al., 2015). When faced with hypoxia, for example, mobile 311 

aquatic organisms may move to areas of higher oxygen, but this can expose them to other 312 

stressors such as increased temperature near the surface, higher irradiance, or predation 313 

(Koslow et al., 2011; Larsson and Lampert, 2011). Hypoxia may also drive changes in visually-based 314 

behaviors, including photobehavior (McCormick et al., this issue), and alter how readily 315 

predators detect or capture prey as well as the ability of prey to detect and avoid predators 316 

(Breitburg et al., 1994). By contrast, some aquatic organisms move into hypoxic areas to escape 317 

from predators that cannot tolerate low oxygen (e.g., Daphnia pulicaria, (Larsson and Lampert, 318 

2011). 319 

Another potential behavioral response to hypoxia is reduced feeding activity. Many organisms, 320 

for example, including fish (Thetmeyer et al., 1999; Magnoni et al., 2018), crustaceans (e.g., , 321 

molluscs (e.g., Das & Stickle, 1993), and annelids (Llanso and Diaz, 1994) feed at lower rates in 322 

hypoxia. Physiological effects of low oxygen on reproductive behaviors and investment are also 323 

possible (Wu and Or, 2005), although these effects are understudied. 324 

Molecular responses and oxygen transport proteins. Although smaller organisms (<1 mm) can 325 

fulfill their metabolic needs by accessing oxygen through diffusion alone, larger organisms 326 

require circulatory systems and often oxygen transport proteins (OTPs) (Decker and van Holde, 327 

2010), which enhance oxygen carrying capacity of blood and hemolymph by more than an order 328 

of magnitude. The active sites of OTPs contain pro-oxidative metals – either iron (hemoglobins, 329 

hemerythrins) or copper (hemocyanins in arthropods and molluscs) – that not only enable the 330 

binding and transfer of O2, but also restrict the production of harmful reactive oxygen species 331 

like hydroxyl radicals (·OH; Decker & van Holde, 2010). 332 

How will OTPs interact with and respond to deoxygenation, warming, and acidification? First, 333 

OTPs demonstrate impressive resistance to thermal denaturation: hemoglobins and 334 
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hemocyanins remain undissociated >50 °C and >90 °C, respectively (e.g., (Georgieva et al., 1998; 335 

Carvalho et al., 2013). The structure-function relationships of OTPs thus are likely to withstand 336 

substantial changes in ocean conditions (see Coates et al., this volume). Second, many 337 

organisms can plastically increase OTP expression or alter the molecular structure of OTPs to 338 

change oxygen affinity in adaptive ways (Decker and Föll, 2000; Brown-Peterson et al., 2005). These 339 

changes typically occur on the time scale of hours to days; for example, Pacific whiteleg shrimp 340 

(Penaeus vannamei) exposed to low oxygen levels alone or in combination with elevated 341 

carbon dioxide for 24 hours altered their mRNA profiles to include a novel hemocyanin isoform 342 

among other oxygen-associated regulatory pathways (Johnson et al., 2015). Third, temperature-343 

driven increases in metabolic demand by tissues can lead to rising levels of CO2 and lactic acid, 344 

and the accompanying decreases in pH lowers the oxygen-affinity of OTPs, thereby promoting 345 

release of oxygen (the Bohr effect; Weber et al., 2008). Such changes are virtually 346 

instantaneous (within minutes), facilitated by the built-in sensitivity of OTPs to pH and the 347 

species-specific heterogeneity of OTP subunits that underlie functional adaptations to their 348 

environments (e.g., living in the intertidal zone). Long-term increases in water temperature, 349 

however, may lead to metabolic fatigue or even derangement (uncontrolled release of oxidizing 350 

and nitrosative radicals), which enhances the susceptibility of organisms to disease (reviewed 351 

by (Coates and Söderhäll, 2021). OTPs clearly have the capacity to assist organisms in coping 352 

with the most extreme predictions of temperature and deoxygenation. What is unclear (and 353 

unstudied), however, is how OTPs will contribute intergenerationally, especially in long lived 354 

organisms (e.g., decapod crustaceans and shelled molluscs).  355 

Physiological acclimation. On slightly longer timescales, organisms can recruit a variety of 356 

physiological mechanisms to help cope with the effects of hypoxia (Fry, 1971; Harrison et al., 357 

2018). In general, these mechanisms fall into three categories: those that increase oxygen 358 

uptake and transport, supporting aerobic metabolism by helping to maintain cellular oxygen 359 

supply; those that support metabolism by increasing reliance on anaerobic processes; and 360 

those that reduce cellular oxygen demand by depressing metabolism (Farrell and Richards, 361 

2009; Richards, 2009). These mechanisms are not mutually exclusive, and a given species will 362 

employ one or more at different levels of oxygen stress or over different time-courses of 363 

exposure. In addition, species may utilize differing strategies, depending on the duration and 364 

intensity of the hypoxic stress naturally experienced (Mandic and Regan, 2018). This suggests 365 

some degree of evolutionary matching between environmental conditions and the ability of 366 

species to mount effective responses. However, the flip side is that there will be increasing 367 
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mismatches as organisms encounter increased environmental stressors and novel 368 

combinations of stressors as a result of climate change, for which their acclimatory coping 369 

responses may no longer be sufficient. 370 

The capacity for acclimation to hypoxia also varies substantially among species, with some 371 

species showing little capacity and others demonstrating much greater plasticity (Borowiec et al., 372 

2020). The process of acclimation to higher temperatures may also be relevant to an organism’s 373 

ability to cope with subsequent exposure to hypoxia. Across a range of taxa, acclimation to 374 

moderately increased temperature generally tends to either have no effect on or to improve 375 

performance in moderate hypoxia and often increases tolerance of subsequent extreme hypoxia 376 

(Collins et al., 2021). However, relatively few studies have used designs suitable for rigorously 377 

assessing these patterns (Collins et al., 2021). There are even fewer studies that examine the 378 

capacity for acclimation to combinations of increased temperature and reduced oxygen. This is 379 

an area that is ripe for further investigation.  380 

In addition, much of what we know about the ability of organisms to adjust to hypoxia comes 381 

from laboratory studies that use constant rather than fluctuating oxygen conditions. In nature, 382 

fluctuating oxygen conditions are common, yet much less is known about the capacity for 383 

physiological plasticity in this type of exposure (Remen et al., 2012; Williams et al., 2019). The 384 

relatively limited data that exist suggest that different mechanisms may be recruited depending 385 

on the pattern of exposure, and thus that the strategies for coping with constant and intermittent 386 

hypoxia may differ. For example, in Atlantic killifish (Fundulus heteroclitus), acclimation to 387 

constant, but not intermittent, hypoxia was associated with physiological changes that may 388 

reduce the costs of ionoregulation, suggesting an overall strategy of metabolic suppression. In 389 

contrast, acclimation to intermittent hypoxia was associated with physiological changes that 390 

improved the capacity to recover from hypoxia during intervening normoxic periods (Borowiec et 391 

al., 2015, 2018). 392 

Acclimation and evolution of body size. Higher developmental temperatures generally cause 393 

ectotherms to grow faster but to mature earlier at smaller sizes (Ray, 1960; Atkinson, 1994; 394 

Ohlberger, 2013), a phenomenon known as the temperature-size rule, or TSR (Atkinson, 1996). 395 

Support for a role for oxygen comes from the observation that TSR is more common and 396 

pronounced in aquatic ectotherms (Forster and Hirst, 2012; Horne et al., 2015), for which oxygen 397 

bioavailability is substantially lower than in aerial systems (Verberk & Atkinson, 2013), and that 398 
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experimental reduction in oxygen availability can lead to a more pronounced TSR (Frazier et al., 399 

2001; Hoefnagel et al., 2018). However, evidence from experimental studies is still limited and 400 

connections to oxygen are debated (Audzijonyte et al., 2019; Verberk et al., 2021). One interesting 401 

experimental example is Lecane inermis, a rotifer, for which, like most animals, fecundity 402 

increases with body size. However, under a combination of high temperature and low oxygen 403 

conditions, smaller individuals were more fecund than larger ones, indicating that size-404 

reductions with warming constituted an adaptive response to temperature-dependent oxygen 405 

conditions (Walczyńska et al., 2015). Temperature-dependent changes in body size involved 406 

changes in cell size (Walczyńska et al., 2015). However, changes in cell size do not fully explain 407 

the suite of TSR-like phenotypes (Angilletta et al., 2004), and it remains unclear how well the 408 

mechanisms for TSR observed in rotifers translate to those in other organisms.  409 

Traditional explanations for the TSR invoke proximate mechanisms such as physiological 410 

constraints on the uptake of oxygen or other resources, which can be modeled with supply and 411 

demand-type growth models (Pütter, 1920). The TSR, however, can also occur in the absence 412 

of changes in baseline metabolic rate or in experiments with ample oxygen and food, 413 

suggesting that explanations need not invoke temperature-driven oxygen or food deficits 414 

(Hoefnagel et al., 2018; Wootton et al., 2022). Similarly, supply-and-demand models do not account 415 

for processes such as maturation and allocation of resources to reproduction versus other 416 

functions (Audzijonyte et al., 2019; Marshall & White, 2019; Verberk et al., 2021). Moreover, cause 417 

and effect can be difficult to disentangle. For example, debate around the role of oxygen in the 418 

TSR in fish revolves around the question of whether the relatively smaller gill surface areas of 419 

larger fish is a physiological constraint on oxygen uptake (i.e., a cause) or whether it reflects 420 

lower oxygen requirements in larger fish (i.e., a consequence). Organisms generally have 421 

multiple mechanisms to enhance oxygen uptake, and these can confound experimental tests of 422 

oxygen-limited performance at high temperatures and large body sizes (e.g.,(Shishido et al., 423 

2019). 424 

Ultimate explanations rooted in life-history theory suggest instead that changes in body size 425 

should be viewed from the perspective of optimizing growth, reproduction, and fitness. For the 426 

TSR, this could be related not just to constraints but also to temperature-dependent rates of 427 

mortality, relationships between size and fecundity, or costs of reproduction (Kozłowski et al., 428 

2004; Arendt, 2011). Indeed, temperature-driven changes in oxygen demand and supply could 429 

themselves select for optimal reaction norms as encapsulated by the Ghost-of-Oxygen-430 
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Limitation past hypothesis, which postulates that organisms have evolved to maintain oxygen 431 

provisioning under a range of conditions by different means (reducing activity, reducing growth, 432 

reducing cell size, early maturation at a smaller size) and that past phenotypes that did not 433 

accurately predict and prepare for oxygen limitation would be selected against (Verberk et al., 434 

2021). The life-history optimization model presented in this issue (Audzijonyte et al.) shows that 435 

neither life-history optimization nor physiological changes alone are likely to explain TSR 436 

responses, but that both are operating simultaneously. These results suggest that although 437 

oxygen constraints may shape adult body size in warmer conditions, they operate within a set of 438 

life-history processes and growth and reproduction trade-offs. 439 

Similar questions arise on longer time scales. The role of oxygen in the evolution of body size 440 

was first suggested by comparative analyses of arthropods achieving larger (even giant) size 441 

whenever available levels of oxygen are high. One example is paleogigantism of dragonflies 442 

and other insect species during the Carboniferous, when oxygen levels in the atmosphere may 443 

have exceeded 31% (Berner et al., 2007). Another (contemporary) example is polar gigantism, 444 

which aligns with generally greater oxygen availability in water toward the poles (Chapelle and 445 

Peck, 1999; Moran and Woods, 2012; Lane et al., 2017). Although the physiological mechanisms 446 

underlying the two patterns are not completely analogous (Verberk and Atkinson, 2013), 447 

together they have led to broader analyses of correlations between body size and oxygen 448 

availability. 449 

Evolution may be tracked as either a process or a product; the former can reveal mechanisms 450 

while the latter shows their context-dependent outputs. From the process perspective, evolution 451 

of smaller body size under hypoxia has been experimentally demonstrated in some taxa (Zhou et 452 

al., 2007; Klok and Harrison, 2009)Walczyńska and Sobczyk, this issue). Natural experiments 453 

(product) have also shown correlations between environmental oxygen levels and body size 454 

within taxa (Chapelle & Peck, 2004) (Chapelle & Peck, 2004; Walczyńska et al., 2021), and, in intense 455 

oxygen minimum zones (see Box 2), benthic metazoan meiofauna and small macrofauna 456 

dominate whereas larger invertebrate taxa are rare, creating body size gradients (Levin, 2003; 457 

Gooday et al., 2010). These experiments and patterns suggest that, at least from the perspective 458 

of small ectotherms, observed global declines in body size, which increasingly are thought to be 459 

driven by climate warming (Daufresne et al., 2009), reflect functional oxygen deficiencies or 460 

functional hypoxia (Harrison et al., 2018). So far, no data for evolutionary patterns are available 461 

for larger ectotherms, which prevents developing more universal conclusions. 462 
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Population ecology. Organismal-level effects that stem from rising temperatures and 463 

deoxygenation readily scale up to influence the population ecology and ranges of both pelagic 464 

and benthic species (Levin et al., 2009; Cheung et al., 2013; Roman et al., 2019; Pinsky et al., 2020; 465 

McGinty et al., 2021). Shifts in population structure and ecology may result from multiple factors, 466 

including altered patterns of migration and dispersal, changes to timing of reproduction and 467 

allocation of resources among offspring (with tradeoffs between size and number), and biotic 468 

interactions among community members. As one example, warmer, hypoxic waters typically 469 

depress the body sizes of zooplankton and fish (Pörtner and Knust, 2007), driving 470 

corresponding decreases in fecundity (Blueweiss et al., 1978). Likewise, non-lethal but warmer, 471 

hypoxic waters can depress the efficiency of prey capture, growth, and reproduction, which 472 

together impact the productivity of populations. Recent evidence and models suggest that 473 

ocean warming and deoxygenation will progressively move and compress suitable habitats for 474 

marine organisms, with strong impacts on future species distributions (Deutsch et al., 2015; Pinsky 475 

et al., 2020). 476 

Recommendations for future studies 

Report measured conditions more comprehensively and in standard units. One problem 477 

impeding progress is lack of standardized approaches to reporting units and experimental 478 

approaches (Hofmann et al., 2011). Some fields such as physics, biogeochemistry, and ecology 479 

tend to work in terms of oxygen concentrations, whereas others, such as physiology and 480 

organismal biology, use percent air saturation or partial pressures. Oxygen concentration is less 481 

useful for the purposes of predicting organismal performance, because the bioavailability of 482 

oxygen is affected not just by concentration but also by factors like solubility, viscosity, and 483 

temperature (Denny, 1993; Woods, 1999; Verberk et al., 2011) and because oxygen moves into 484 

organisms down gradients of partial pressure. Likewise, bioavailability is distinct from 485 

concentration because it also involves the interplay between diffusion and water convection 486 

(Rubalcaba et al., 2020; Frakes et al., 2021) (Atkinson et al., this issue). As a result, data on 487 

environmental oxygen should be reported with associated parameters (temperature, 488 

atmospheric and hydrostatic pressure/depth, salinity, and flow fields if available) so that values 489 

can be compared across locations, units, and organisms. More broadly, we need more 490 

comprehensive reporting of environmental conditions in space and time. Such approaches will 491 

better facilitate meaningful meta-analyses of biological data.   492 
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Do longer, multifactorial experiments using realistic environmental conditions. This synthesis 493 

leads to two conclusions about the kinds of studies needed going forward. Echoing other 494 

authors working on multifactorial approaches (Boyd et al., 2018; Wootton et al., 2022), we 495 

recommend that studies consistently build in interactions among oxygen and other relevant 496 

stressors. Such an approach rapidly expands the necessary number of treatment groups, 497 

although there are ways to avoid full-factorial experiments using, e.g., experimental versions of 498 

a Morris analysis (implementing just subsets of all possible factorial treatments (Morris, 1991) or 499 

other ways of rationalizing and implementing fewer treatments (Boyd et al., 2018). 500 

Second, we need more long-term experiments, especially those that address inter-generational 501 

acclimation across at least 3-4 generations. Short-term experiments are easier to carry out and 502 

typically less expensive. Nonetheless, it is critical to carry out experiments that mimic the sorts 503 

of long-term changes we see in nature (Brown et al., 2001; Kuebbing et al., 2018) to determine not 504 

just whether organisms can tolerate or compensate for short-term environmental change, but 505 

also the long-term effects of small, long-lasting changes within an organisms’ short-term 506 

tolerance range. For example, emergency physiological responses to hypoxia may allow 507 

organisms to withstand short-term exposures but may become energetically unsustainable over 508 

longer periods of time (Woods and Moran, 2020). Also important is understanding the effects of 509 

increasing frequency of moderate or extreme stressors like marine heat waves and hypoxic 510 

events. One potential approach would be to adopt for oxygen (and its interactions) the tolerance 511 

landscapes approach used for temperature (Rezende et al., 2014), in which one analyzes 512 

responses to progressively longer exposures and then estimates responses to even longer 513 

exposures by projection (Figure 3). Note also that longer-term experiments can more easily 514 

accommodate ranges of experimental hypoxia that are relevant to the system in question. 515 

Clearly, such efforts will require more time and money, and we urge funding agencies to 516 

prioritize this sort of work. 517 

Need for integrative work across levels of biological organization. 518 

“Integrative biology is both an approach to and an attitude about the practice of science.” 519 

(Wake, 2003) 520 

The importance of integrative biology, as proposed in this paper, is widely recognized; yet, the 521 

term has diverse interpretations. Integrative biology can mean a multidisciplinary approach that 522 

incorporates diverse fields of science or subdisciplines of biology, or a multilevel approach that 523 
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bridges different levels of biological organization (Wake, 2003). Similarly, research can integrate 524 

across time scales or life history stages (Wake, 2008; Lailvaux and Husak, 2017). The basic, 525 

essential need of organisms for oxygen means that to fully understand its effects on biological 526 

systems, oxygen effects must be approached integratively from every angle. This is particularly 527 

important since other major environmental drivers, like temperature and CO2, influence oxygen 528 

dynamics at all levels. 529 

Today, society seeks to understand the effects of climate change on emergent ecosystem 530 

properties such as fish biomass or production, biodiversity, or phenology. Several integrative 531 

indices and concepts have been proposed to address the effects of deoxygenation and 532 

associated warming on these issues. These include the metabolic index (Deutsch et al., 2015), 533 

the aerobic growth index (Clarke et al., 2021), and the oxygen and capacity-limited thermal 534 

tolerance model (Pörtner et al., 2017) as well as varied ecosystem models. Application of most of 535 

these indices requires process measurements on individual organisms, sometimes at different 536 

life stages or temperatures, and thus integration across levels is inherent to addressing many 537 

scientific questions and societal needs (Pörtner, 2021). We suggest that there remains 538 

significant scope for developing even broader indices derived from more diverse perspectives. 539 

The papers in this volume highlight the importance of oxygen interactions, including their effects 540 

on the function of oxygen transport proteins (Coates et al., this issue), immune defense (Burnett 541 

and Burnett, this issue), organismal performance and survival (Laetz et al., Lucey et al., this 542 

issue), life-history optimization (Audzijonyte et al., Atkinson et al., this issue) and plastic and 543 

evolutionary responses over multiple timescales (Roman & Pierson; Walczyńska and Sobczyk, 544 

Schulte et al., Sperling et al., Borges et al., this issue). Other factors less often considered, like 545 

light, can also interact with oxygen availability to affect organismal performance in surprising 546 

ways (Laetz et al., McCormick et al., this issue).    547 

Integrative biology comes with substantial logistical hurdles. Experiments that measure the 548 

physiological and energetic effects of oxygen interactions, particularly among the “deadly trio,” 549 

are essential to making general predictions about climate change effects at higher levels; yet, 550 

these types of integrative projects require substantially more time, effort, and resources than 551 

single-stressor science. Effectively working across levels of organization (e.g. molecular, cell, 552 

organism, ecosystem) requires both broad and deep expertise in different fields of science. In 553 

addressing ocean ecosystems, assessments by the Intergovernmental Panel on Climate 554 

Change (IPCC) are increasingly recognizing the importance of understanding combined effects 555 
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of multiple stressors, and integration of those effects across life stages, different levels of 556 

biological organization and trophic levels (Cooley et al. in press). Our hope is that, as happened 557 

with carbon dioxide and ocean acidification in the beginning of the 21st century, the fundamental 558 

importance of oxygen in driving biological responses to climate change will eventually inform 559 

multiple levels of management and policy.  560 

Acknowledgments. Thanks to Ken Halanych and the rest of the editorial team at The 

Biological Bulletin for supporting this symposium volume and helping us to define the direction 

and scope of the work. Thanks also to Carol Schachinger for wrangling authors, papers, and 

editors alike. 

 

  561 



21 
 

References cited 

Angilletta, M. J., T. D. Steury and M. W. Sears. 2004. Temperature, growth rate, and body size in 562 

ectotherms: Fitting pieces of a life-history puzzle. Integrative and Comparative Biology 44: 498–563 

509. 564 

Arendt, J. D. 2011. SIZE-FECUNDITY RELATIONSHIPS, GROWTH TRAJECTORIES, AND THE TEMPERATURE-565 

SIZE RULE FOR ECTOTHERMS. Evolution (N Y) 65: 43–51. John Wiley & Sons, Ltd. 566 

Atkinson, D. 1994. Temperature and organism size - a biological law for ectotherms? Advances in 567 

Ecological Research 25: 1–58. 568 

Atkinson, D. 1996. Ectotherm life-history responses to developmental temperature. In: Animals and 569 

Temperature, pp. 183–204. Cambridge University Press. 570 

Audzijonyte, A., D. R. Barneche, A. R. Baudron, J. Belmaker, T. D. Clark, C. T. Marshall, J. R. 571 

Morrongiello and I. van Rijn. 2019. Is oxygen limitation in warming waters a valid mechanism to 572 

explain decreased body sizes in aquatic ectotherms? Global Ecology and Biogeography 28: 64–77. 573 

Blackwell Publishing Ltd. 574 

Barnes, H., D. M. Finlayson and J. Piatigorsky. 1963. The Effect of Desiccation and Anaerobic Conditions 575 

on the Behaviour, Survival and General Metabolism of Three Common Cirripedes. The Journal of 576 

Animal Ecology 32: 233. 577 

Berner, R. A., J. M. VandenBrooks and P. D. Ward. 2007. Oxygen and evolution. Science (1979) 316: 578 

557–558. 579 

Bhagooli, R. and M. Hidaka. 2004. Release of zooxanthellae with intact photosynthetic activity by the 580 

coral Galaxae fascicularis in response to high temperature stress. Marine Biology 145: 329–337. 581 

Blueweiss, L., H. Fox, V. Kudzma, D. Nakashima, R. Peters and S. Sams. 1978. Relationships between 582 

body size and some life history parameters. Oecologia 1978 37:2 37: 257–272. Springer. 583 

Boag, T. H., R. G. Stockey, L. E. Elder, P. M. Hull and E. A. Sperling. 2018. Oxygen, temperature and the 584 

deep-marine stenothermal cradle of Ediacaran evolution. Proceedings of the Royal Society B: 585 

Biological Sciences 285. Royal Society Publishing. 586 

Boardman, L., J. S. Terblanche, S. K. Hetz, E. Marais and S. L. Chown. 2012. Reactive oxygen species 587 

production and discontinuous gas exchange in insects. Proceedings of the Royal Society B: 588 

Biological Sciences 279: 893–901. Royal Society. 589 

Borowiec, B. G., K. L. Darcy, D. M. Gillette and G. R. Scott. 2015. Distinct physiological strategies are 590 

used to cope with constant hypoxia and intermittent hypoxia in killifish (Fundulus heteroclitus). 591 

Journal of Experimental Biology 218: 1198–1211. Company of Biologists Ltd. 592 

Borowiec, B. G., R. D. Hoffman, C. D. Hess, F. Galvez and G. R. Scott. 2020. Interspecific variation in 593 

hypoxia tolerance and hypoxia acclimation responses in killifish from the family Fundulidae. Journal 594 

of Experimental Biology 223. Company of Biologists Ltd. 595 



22 
 

Borowiec, B. G., G. B. McClelland, B. B. Rees and G. R. Scott. 2018. Distinct metabolic adjustments arise 596 

from acclimation to constant hypoxia and intermittent hypoxia in estuarine killifish (Fundulus 597 

heteroclitus). Journal of Experimental Biology 221. Company of Biologists Ltd. 598 

Boyd, P. W., S. Collins, S. Dupont, K. Fabricius, J. P. Gattuso, J. Havenhand, D. A. Hutchins, U. Riebesell, 599 

M. S. Rintoul, M. Vichi, et al. 2018. Experimental strategies to assess the biological ramifications of 600 

multiple drivers of global ocean change—A review. Blackwell Publishing Ltd. 601 

Breitburg, D., L. A. Levin, A. Oschlies, M. Grégoire, F. P. Chavez, D. J. Conley, V. Garçon, D. Gilbert, D. 602 

Gutiérrez, K. Isensee, et al. 2018. Declining oxygen in the global ocean and coastal waters. Science 603 

(1979) 359. American Association for the Advancement of Science. 604 

Breitburg, D., N. Steinberg, S. DuBeau, C. Cooksey and E. Houde. 1994. Effects of low dissolved oxygen 605 

on predation on estuarine fish larvae. Marine Ecology Progress Series 104: 235–246. 606 

Brown, J. H., T. G. Whitham, S. K. Morgan Ernest and C. A. Gehring. 2001. Complex species interactions 607 

and the dynamics of ecological systems: Long-term experiments. Science (1979) 293: 643–650. 608 

American Association for the Advancement of Science. 609 

Brown-Peterson, N., P. Larkin, N. Denslow, C. King, S. Manning and M. Brouwer. 2005. Molecular 610 

indicators of hypoxia in the blue crab Callinectes sapidus. Marine Ecology Progress Series 286: 203–611 

215. 612 

Burnett, K. G. and L. E. Burnett. 2015. Respiratory and Metabolic Impacts of Crustacean Immunity: Are 613 

there Implications for the Insects? Integrative and Comparative Biology 55: 856–868. 614 

Carvalho, J. W. P., F. A. O. Carvalho, P. S. Santiago and M. Tabak. 2013. Thermal denaturation and 615 

aggregation of hemoglobin of Glossoscolex paulistus in acid and neutral media. International 616 

Journal of Biological Macromolecules 54: 109–118. 617 

Chapelle, G. and L. S. Peck. 1999. Polar gigantism dictated by oxygen availability. Nature 398: 114–115. 618 

Chapelle, G. and L. S. Peck. 2004. Amphipod crustacean size spectra: new insights in the relationship 619 

between size and oxygen. Oikos 106: 167–175. John Wiley & Sons, Ltd. 620 

Cheung, W. W. L., J. L. Sarmiento, J. Dunne, T. L. Frölicher, V. W. Y. Lam, M. L. D. Palomares, R. Watson 621 

and D. Pauly. 2013. Shrinking of fishes exacerbates impacts of global ocean changes on marine 622 

ecosystems. Nature Climate Change 3: 254–258. 623 

Childress, J. J. and B. A. Seibel. 1998. Life at stable low oxygen levels: Adaptations of animals to oceanic 624 

oxygen minimum layers. Journal of Experimental Biology 201: 1223–1232. 625 

Clarke, A. and K. P. P. Fraser. 2004. Why does metabolism scale with temperature? Functional Ecology 626 

18: 243–251. 627 

Clarke, T. M., C. C. C. Wabnitz, S. Striegel, T. L. Frölicher, G. Reygondeau and W. W. L. Cheung. 2021. 628 

Aerobic growth index (AGI): An index to understand the impacts of ocean warming and 629 

deoxygenation on global marine fisheries resources. Progress in Oceanography 195. Elsevier Ltd. 630 

Coates, C. J. and K. Söderhäll. 2021. The stress–immunity axis in shellfish. Journal of Invertebrate 631 

Pathology 186: 107492. 632 



23 
 

Collins, M., M. Truebano, W. C. E. P. Verberk and J. I. Spicer. 2021. Do aquatic ectotherms perform 633 

better under hypoxia after warm acclimation? Journal of Experimental Biology 224. Company of 634 

Biologists Ltd. 635 

Couturier, C. S., A. Rouault, D. McKenzie, R. Galois, S. Robert, L. Joassard and G. Claireaux. 2007. 636 

Effects of water viscosity upon ventilation and metabolism of a flatfish, the common sole Solea 637 

solea (L.). Marine Biology 152: 803–814. 638 

Curran, A. and S. Barnard. 2021. What is the role of zooxanthellae during coral bleaching? Review of 639 

zooxanthellae and their response to environmental stress. South African Journal of Science 117. 640 

Das, T. and W. Stickle. 1993. Sensitivity of crabs Callinectes sapidus and C. similis and the gastropod 641 

Stramonita haemastoma to hypoxia and anoxia. Marine Ecology Progress Series 98: 263–274. 642 

Daufresne, M., K. Lengfellner and U. Sommer. 2009. Global warming benefits the small in aquatic 643 

ecosystems. Proc Natl Acad Sci U S A 106: 12788–12793. 644 

Davenport, J. and S. Irwin. 2003. Hypoxic life of intertidal acorn barnacles. Marine Biology 143: 555–645 

563. 646 

de Lima, T. M., L. E. M. Nery, F. E. Maciel, H. Ngo-Vu, M. T. Kozma and C. D. Derby. 2021. Oxygen 647 

sensing in crustaceans: functions and mechanisms. Journal of Comparative Physiology A 207: 1–15. 648 

Decker, H. and R. Föll. 2000. Temperature adaptation influences the aggregation state of hemocyanin 649 

from Astacus leptodactylus. Comparative Biochemistry and Physiology Part A: Molecular & 650 

Integrative Physiology 127: 147–154. 651 

Decker, H. and K. van Holde. 2010. Oxygen and the Evolution of Life. 652 

Dejours, P. 1981. Principles of comparative respiratory physiology. Elsevier North Holland. 653 

Denny, M. W. 1993. Air and water: the biology and physics of life’s media. Princeton University Press. 654 

Deutsch, C., A. Ferrel, B. Seibel, H. O. Pörtner and R. B. Huey. 2015. Climate change tightens a 655 

metabolic constraint on marine habitats. Science (1979) 348: 1132–1135. American Association for 656 

the Advancement of Science. 657 

Deutsch, C., J. L. Penn and B. Seibel. 2020. Metabolic trait diversity shapes marine biogeography. Nature 658 

585: 557–562. 659 

Downs, C. A., J. E. Fauth, J. C. Halas, P. Dustan, J. Bemiss and C. M. Woodley. 2002. Oxidative stress and 660 

seasonal coral bleaching. Free Radical Biology and Medicine 33: 533–543. 661 

Dröge, W. 2002. Free radicals in the physiological control of cell function. Physiological Reviews 82: 47–662 

95. American Physiological Society. 663 

Ern, R. 2019. A mechanistic oxygen- And temperature-limited metabolic niche framework. Philosophical 664 

Transactions of the Royal Society B: Biological Sciences 374. Royal Society Publishing. 665 

Ern, R., D. T. T. Huong, N. v. Cong, M. Bayley and T. Wang. 2014. Effect of salinity on oxygen 666 

consumption in fishes: A review. Journal of Fish Biology 84: 1210–1220. Blackwell Publishing Ltd. 667 



24 
 

Evans, D. H., P. M. Piermarini and K. P. Choe. 2005. The multifunctional fish gill: Dominant site of gas 668 

exchange, osmoregulation, acid-base regulation, and excretion of nitrogenous waste. Physiological 669 

Reviews 85: 97–177. 670 

Falfushynska, H., H. Piontkivska and I. M. Sokolova. 2020. Effects of intermittent hypoxia on cell 671 

survival and inflammatory responses in the intertidal marine bivalves Mytilus edulis and 672 

Crassostrea gigas. Journal of Experimental Biology 223. Company of Biologists Ltd. 673 

Farrell, A. P. and J. G. Richards. 2009. Chapter 11 Defining Hypoxia. In: Elsevier, pp. 487–503. 674 

Feely, R. A., S. R. Alin, J. Newton, C. L. Sabine, M. Warner, A. Devol, C. Krembs and C. Maloy. 2010. The 675 

combined effects of ocean acidification, mixing, and respiration on pH and carbonate saturation in 676 

an urbanized estuary. Estuarine, Coastal and Shelf Science 88: 442–449. 677 

Fenn, W. O., M. Henning and M. Philpott. 1967. Oxygen Poisoning in Drosophila. Journal of General 678 

Physiology 50: 1693–1707. 679 

Fitt, W., B. Brown, M. Warner, R. D.-C. reefs and undefined 2001. 2001. Coral bleaching: interpretation 680 

of thermal tolerance limits and thermal thresholds in tropical corals. Springer 20: 51–65. 681 

Forster, J. and A. G. Hirst. 2012. The temperature-size rule emerges from ontogenetic differences 682 

between growth and development rates. Functional Ecology 26: 483–492. 683 

Foyer, C. H. 2018. Reactive oxygen species, oxidative signaling and the regulation of photosynthesis. 684 

Environmental and Experimental Botany 154: 134–142. Elsevier B.V. 685 

Frakes, J. I., J. H. Birrell, A. A. Shah and H. A. Woods. 2021. Flow increases tolerance of heat and 686 

hypoxia of an aquatic insect. Biology Letters 17. Royal Society Publishing. 687 

Frazier, M. R., H. A. Woods and J. F. Harrison. 2001. Interactive effects of rearing temperature and 688 

oxygen on the development of Drosophila melanogaster. Physiological and Biochemical Zoology 689 

74. 690 

Fridovich, I. 1998. Oxygen toxicity: a radical explanation. Journal of Experimental Biology 201: 1203–691 

1209. 692 

Fry, F. E. J. 1971. The Effect of Environmental Factors on the Physiology of Fish. In: Elsevier, pp. 1–98. 693 

Georgieva, D. N., S. Stoeva, S. Abid Ali, A. Abbasi, N. Genov and W. Voelter. 1998. Circular dichroism 694 

study of the hemocyanin thermostability. Spectrochimica Acta Part A: Molecular and Biomolecular 695 

Spectroscopy 54: 765–771. 696 

Gilly, W. F., U. Markaida, C. H. Baxter, B. A. Block, A. Boustany, L. Zeidberg, K. Reisenbichler, B. 697 

Robison, G. Bazzino and C. Salinas. 2006. Vertical and horizontal migrations by the jumbo squid 698 

Dosidicus gigas revealed by electronic tagging. Marine Ecology Progress Series 324: 1–17. 699 

Giomi, F., A. Barausse, C. M. Duarte, J. Booth, S. Agusti, V. Saderne, A. Anton, D. Daffonchio and M. 700 

Fusi. 2019. Oxygen supersaturation protects coastal marine fauna from ocean warming. Science 701 

Advances 5. American Association for the Advancement of Science. 702 



25 
 

Gobler, C. J. and H. Baumann. 2016. Hypoxia and acidification in ocean ecosystems: Coupled dynamics 703 

and effects on marine life. Biology Letters 12. Royal Society of London. 704 

Gooday, A. J., B. J. Bett, E. Escobar, B. Ingole, L. A. Levin, C. Neira, A. v. Raman and J. Sellanes. 2010. 705 

Habitat heterogeneity and its influence on benthic biodiversity in oxygen minimum zones. Marine 706 

Ecology 31: 125–147. 707 

Goss, R. and D. Latowski. 2020. Lipid Dependence of Xanthophyll Cycling in Higher Plants and Algae. 708 

Frontiers in Plant Science 11. Frontiers Media S.A. 709 

Grosell, M., A. Farrell and C. Brauner. 2010. Fish physiology: the multifunctional gut of fish. 710 

Gruber, N., P. W. Boyd, T. L. Frölicher and M. Vogt. 2021. Biogeochemical extremes and compound 711 

events in the ocean. Nature 600: 395–407. Nature Research. 712 

Gu, H., Y. Shang, J. Clements, S. Dupont, T. Wang, S. Wei, X. Wang, J. Chen, W. Huang, M. Hu, et al. 713 

2019. Hypoxia aggravates the effects of ocean acidification on the physiological energetics of the 714 

blue mussel Mytilus edulis. Marine Pollution Bulletin 149: 110538. 715 

Harrison, J. F., J. S. Waters, T. A. Biddulph, A. Kovacevic, C. J. Klok and J. J. Socha. 2018. Developmental 716 

plasticity and stability in the tracheal networks supplying Drosophila flight muscle in response to 717 

rearing oxygen level. Journal of Insect Physiology, doi: 10.1016/j.jinsphys.2017.09.006. 718 

Hewitt, J. E., J. I. Ellis and S. F. Thrush. 2016. Multiple stressors, nonlinear effects and the implications of 719 

climate change impacts on marine coastal ecosystems. Glob Chang Biol 22: 2665–2675. Blackwell 720 

Publishing Ltd. 721 

Hoefnagel, K. N., E. H. J. L. de Vries, E. Jongejans and W. C. E. P. Verberk. 2018. The temperature-size 722 

rule in Daphnia magna across different genetic lines and ontogenetic stages: Multiple patterns and 723 

mechanisms. Ecology and Evolution 8: 3828–3841. John Wiley and Sons Ltd. 724 

Hofmann, A. F., E. T. Peltzer, P. M. Walz and P. G. Brewer. 2011. Hypoxia by degrees: Establishing 725 

definitions for a changing ocean. Deep-Sea Research Part I: Oceanographic Research Papers 58: 726 

1212–1226. 727 

Horn, K. M., M. E. H. Fournet, K. A. Liautaud, L. N. Morton, A. M. Cyr, A. L. Handley, M. M. 728 

Dotterweich, K. N. Anderson, M. L. Zippay and K. M. Hardy. 2021. Effects of intertidal position on 729 

metabolism and behavior in the acorn barnacle, Balanus glandula. Integrative Organismal Biology 730 

3. Oxford University Press. 731 

Horne, C. R., A. G. Hirst and D. Atkinson. 2015. Temperature-size responses match latitudinal-size clines 732 

in arthropods, revealing critical differences between aquatic and terrestrial species. Ecology Letters 733 

18: 327–335. 734 

Howard, E. M., J. L. Penn, H. Frenzel, B. A. Seibel, D. Bianchi, L. Renault, F. Kessouri, M. A. Sutula, J. C. 735 

McWilliams and C. Deutsch. 2020. Climate-driven aerobic habitat loss in the California Current 736 

System. Science Advances 6. American Association for the Advancement of Science. 737 



26 
 

Hughes, D. J., R. Alderdice, C. Cooney, M. Kühl, M. Pernice, C. R. Voolstra and D. J. Suggett. 2020. Coral 738 

reef survival under accelerating ocean deoxygenation. Nature Climate Change 10: 296–307. Nature 739 

Research. 740 

Jacobsen, D., S. Rostgaard and J. J. Vásconez. 2003. Are macroinvertebrates in high altitude streams 741 

affected by oxygen deficiency? Freshwater Biology 48: 2025–2032. 742 

Jane, S. F., G. J. A. Hansen, B. M. Kraemer, P. R. Leavitt, J. L. Mincer, R. L. North, R. M. Pilla, J. T. 743 

Stetler, C. E. Williamson, R. I. Woolway, et al. 2021. Widespread deoxygenation of temperate 744 

lakes. Nature 594: 66–70. Nature Research. 745 

Johnson, J. G., M. R. Paul, C. D. Kniffin, P. E. Anderson, L. E. Burnett and K. G. Burnett. 2015. High CO2 746 

alters the hypoxia response of the pacific whiteleg shrimp (Litopenaeus vannamei) transcriptome 747 

including known and novel hemocyanin isoforms. Physiological Genomics 47: 548–558. American 748 

Physiological Society. 749 

Jutfelt, F., T. Norin, E. R. Åsheim, L. E. Rowsey, A. H. Andreassen, R. Morgan, T. D. Clark and B. Speers-750 

Roesch. 2020. Aerobic scope protection reduces ectotherm growth under warming. EcoEvoRXiv. 751 

Keeling, R. F., A. Körtzinger and N. Gruber. 2010. Ocean deoxygenation in a warming world. Annual 752 

Review of Marine Science 2: 199–229. 753 

Klok, C. J. and J. F. Harrison. 2009. Atmospheric hypoxia limits selection for large body size in insects. 754 

PLoS ONE 4. 755 

Koslow, J., R. Goericke, A. Lara-Lopez and W. Watson. 2011. Impact of declining intermediate-water 756 

oxygen on deepwater fishes in the California Current. Marine Ecology Progress Series 436: 207–757 

218. 758 

Kozłowski, J., M. Czarnołȩski and M. Dańko. 2004. Can optimal resource allocation models explain why 759 

ectotherms grow larger in cold? Integrative and Comparative Biology 44: 480–493. 760 

Kuebbing, S. E., A. P. Reimer, S. A. Rosenthal, G. Feinberg, A. Leiserowitz, J. A. Lau and M. A. Bradford. 761 

2018. Long-term research in ecology and evolution: a survey of challenges and opportunities. 762 

Ecological Monographs 88: 245–258. Ecological Society of America. 763 

Lailvaux, S. P. and J. F. Husak. 2017. Introduction to the symposium: Integrative life-history of whole-764 

organism performance. Integrative and Comparative Biology 57: 320–324. Oxford University Press. 765 

Lane, N. 2002. Oxygen: the molecule that made the world. 766 

Lane, S. J., C. M. Shishido, A. L. Moran, B. W. Tobalske, C. P. Arango and H. A. Woods. 2017. Upper 767 

limits to body size imposed by respiratory – Structural trade-offs in antarctic pycnogonids. 768 

Proceedings of the Royal Society B: Biological Sciences 284. 769 

Larsson, P. and W. Lampert. 2011. Experimental evidence of a low-oxygen refuge for large zooplankton. 770 

Limnology and Oceanography 56: 1682–1688. 771 

Lefevre, S., D. J. McKenzie and G. E. Nilsson. 2018. In modelling effects of global warming, invalid 772 

assumptions lead to unrealistic projections. Global Change Biology 24: 553–556. Blackwell 773 

Publishing Ltd. 774 



27 
 

Lehtonen, M. P. and L. E. Burnett. 2016. Effects of Hypoxia and Hypercapnic Hypoxia on Oxygen 775 

Transport and Acid–Base Status in the Atlantic Blue Crab, Callinectes sapidus, During Exercise. 776 

Journal of Experimental Zoology Part A: Ecological Genetics and Physiology 325: 598–609. John 777 

Wiley and Sons Inc. 778 

Levin, L. A. 2003. Oxygen minimum zone benthos: adaptation and community response to hypoxia. 779 

Oceanography and Marine Biology: An Annual Review 41: 1–45. 780 

Levin, L. A. 2018. Manifestation, Drivers, and Emergence of Open Ocean Deoxygenation. Annual Review 781 

of Marine Science 10: 229–260. 782 

Levin, L. A., W. Ekau, A. J. Gooday, F. Jorissen, J. J. Middelburg, S. W. A. Naqvi, C. Neira, N. N. Rabalais 783 

and J. Zhang. 2009. Effects of natural and human-induced hypoxia on coastal benthos. 784 

Biogeosciences 6: 2063–2098. European Geosciences Union. 785 

Llanso, R. J. and R. J. Diaz. 1994. Tolerance to low dissolved oxygen by the tubicolous polychaete Loimia 786 

medusa. Journal of the Marine Biological Association of the United Kingdom 74: 143–148. 787 

Lucey, N., E. Haskett and R. Collin. 2020. Multi-stressor Extremes Found on a Tropical Coral Reef Impair 788 

Performance. Front Mar Sci 7. Frontiers Media S.A. 789 

Magnoni, L. J., E. Eding, I. Leguen, P. Prunet, I. Geurden, R. O. A. Ozório and J. W. Schrama. 2018. 790 

Hypoxia, but not an electrolyte-imbalanced diet, reduces feed intake, growth and oxygen 791 

consumption in rainbow trout (Oncorhynchus mykiss). Scientific Reports 8: 4965. 792 

Mandic, M. and M. D. Regan. 2018. Can variation among hypoxic environments explain why different 793 

fish species use different hypoxic survival strategies? Journal of Experimental Biology 221. 794 

Mangum, C. P. and L. E. Burnett. 1986. THE CO 2 SENSITIVITY OF THE HEMOCYANINS AND ITS 795 

RELATIONSHIP TO Cl - SENSITIVITY . The Biological Bulletin 171: 248–263. University of Chicago 796 

Press. 797 

Marshall, D. J. and C. R. White. 2019. Aquatic Life History Trajectories Are Shaped by Selection, Not 798 

Oxygen Limitation. Trends in Ecology and Evolution 34: 182–184. Elsevier Ltd. 799 

McCormick, L. R. and L. A. Levin. 2017. Physiological and ecological implications of ocean deoxygenation 800 

for vision in marine organisms. Philosophical Transactions of the Royal Society A: Mathematical, 801 

Physical and Engineering Sciences 375. Royal Society Publishing. 802 

McGinty, N., A. D. Barton, N. R. Record, Z. v. Finkel, D. G. Johns, C. A. Stock and A. J. Irwin. 2021. 803 

Anthropogenic climate change impacts on copepod trait biogeography. Global Change Biology 27: 804 

1431–1442. Blackwell Publishing Ltd. 805 

Montgomery, D. W., S. D. Simpson, G. H. Engelhard, S. N. R. Birchenough and R. W. Wilson. 2019. 806 

Rising CO2 enhances hypoxia tolerance in a marine fish. Scientific Reports 9. Nature Publishing 807 

Group. 808 

Moran, A. L. and H. A. Woods. 2012. Why might they be giants? Towards an understanding of polar 809 

gigantism. Journal of Experimental Biology 215: 1995–2002. 810 



28 
 

Morris, M. D. 1991. Factorial Sampling Plans for Preliminary Computational Experiments. Technometrics 811 

33: 161. 812 

Murphy, M. P. 2009. How mitochondria produce reactive oxygen species. Biochemical Journal 417: 1–813 

13. 814 

Nakabeppu, Y., D. Tsuchimoto, A. Ichinoe, M. Ohno, Y. Ide, S. Hirano, D. Yoshimura, Y. Tominaga, M. 815 

Furuichi and K. Sakumi. 2004. Biological Significance of the Defense Mechanisms against Oxidative 816 

Damage in Nucleic Acids Caused by Reactive Oxygen Species. Mitochondrial Pathogenesis 101–111. 817 

Springer Berlin Heidelberg. 818 

Nelson, H. R. and A. H. Altieri. 2019. Oxygen: the universal currency on coral reefs. Coral Reefs 38: 177–819 

198. Springer Verlag. 820 

Newell, R. C. 1973. Factors Affecting the Respiration of Intertidal Invertebrates. American Zoologist 13: 821 

513–528. 822 

Nilsson, G. E., A. Dymowska and J. A. W. Stecyk. 2012. New insights into the plasticity of gill structure. 823 

Ohlberger, J. 2013. Climate warming and ectotherm body size - from individual physiology to 824 

community ecology. Functional Ecology 27: 991–1001. 825 

Ormerod, S. J., M. Dobson, A. G. Hildrew and C. R. Townsend. 2010. Multiple stressors in freshwater 826 

ecosystems. Freshwater Biology 55: 1–4. 827 

Pacella, S. R., C. A. Brown, G. G. Waldbusser, R. G. Labiosa and B. Hales. 2018. Seagrass habitat 828 

metabolism increases short-term extremes and long-term offset of CO2 under future ocean 829 

acidification. Proc Natl Acad Sci U S A 115: 3870–3875. National Academy of Sciences. 830 

Paital, B. 2016. Longevity of animals under reactive oxygen species stress and disease susceptibility due 831 

to global warming. World Journal of Biological Chemistry 7: 110. 832 

Pauly, D. and W. W. L. Cheung. 2018. Sound physiological knowledge and principles in modeling 833 

shrinking of fishes under climate change. Global Change Biology 24: e15–e26. Blackwell Publishing 834 

Ltd. 835 

Perry, S. F., A. Shahsavarani, T. Georgalis, M. Bayaa, M. Furimsky and S. L. Y. Thomas. 2003. Channels, 836 

Pumps, and Exchangers in the Gill and Kidney of Freshwater Fishes: Their Role in Ionic and Acid-837 

Base Regulation. Journal of Experimental Zoology Part A: Comparative Experimental Biology 300: 838 

53–62. John Wiley and Sons Inc. 839 

Phillips, N. E. and A. L. Moran. 2015. Oxygen production from macrophytes decreases development 840 

time in benthic egg masses of a marine gastropod. Hydrobiologia 757: 251–259. Springer 841 

International Publishing. 842 

Piersma, T. and J. van Gils. 2010. The flexible phenotype: a body-centered integration of ecology, 843 

physiology, and behaviour. Oxford University Press, Oxford. 844 

Pinsky, M. L., R. L. Selden and Z. J. Kitchel. 2020. Climate-Driven Shifts in Marine Species Ranges: Scaling 845 

from Organisms to Communities. Annual Review of Marine Science 12: 153–179. 846 



29 
 

Pitcher, G. C., A. Aguirre-Velarde, D. Breitburg, J. Cardich, J. Carstensen, D. J. Conley, B. Dewitte, A. 847 

Engel, D. Espinoza-Morriberón, G. Flores, et al. 2021. System controls of coastal and open ocean 848 

oxygen depletion. Progress in Oceanography 197. Elsevier Ltd. 849 

Pörtner, H. 2012. Integrating climate-related stressor effects on marine organisms: unifying principles 850 

linking molecule to ecosystem-level changes. Marine Ecology Progress Series 470: 273–290. 851 

Pörtner, H. O. 2021. Climate impacts on organisms, ecosystems and human societies: integrating OCLTT 852 

into a wider context. Journal of Experimental Biology 224. Company of Biologists Ltd. 853 

Pörtner, H. O., C. Bock and F. C. Mark. 2017. Oxygen- & capacity-limited thermal tolerance: Bridging 854 

ecology & physiology. Journal of Experimental Biology 220: 2685–2696. Company of Biologists Ltd. 855 

Pörtner, H. O. and R. Knust. 2007. Climate change affects marine fishes through the oxygen limitation of 856 

thermal tolerance. Science (1979) 315: 95–97.         American Association for the Advancement of 857 

Science      . 858 

Pütter, A. 1920. Studien über physiologische Ähnlichkeit VI. Wachstumsähnlichkeiten. Pflügers Archiv 859 

für die Gesamte Physiologie des Menschen und der Tiere 180: 298–340. Springer-Verlag. 860 

Randall, D. J., D. Baumgarten and M. Malyusz. 1972. The relationship between gas and ion transfer 861 

across the gills of fishes. Comparative Biochemistry and Physiology Part A: Physiology 41: 629–637. 862 

Ray, C. 1960. The application of Bergmann’s and Allen’s rules to the poikilotherms. Journal of 863 

Morphology 106: 85–108. 864 

Reddin, C. J., P. S. Nätscher, Á. T. Kocsis, H.-O. Pörtner and W. Kiessling. 2020. Marine clade 865 

sensitivities to climate change conform across timescales. Nature Climate Change 10: 249–253. 866 

Nature Research. 867 

Reinhard, C. T. and N. J. Planavsky. 2022. The History of Ocean Oxygenation. Annual Review of Marine 868 

Science 14: 331–353. Annual Reviews Inc. 869 

Remen, M., F. Oppedal, T. Torgersen, A. K. Imsland and R. E. Olsen. 2012. Effects of cyclic 870 

environmental hypoxia on physiology and feed intake of post-smolt Atlantic salmon: Initial 871 

responses and acclimation. Aquaculture 326–329: 148–155. Elsevier. 872 

Rezende, E. L., L. E. Castañeda and M. Santos. 2014. Tolerance landscapes in thermal ecology. 873 

Functional Ecology 28: 799–809. 874 

Richards, J. G. 2009. Chapter 10 Metabolic and Molecular Responses of Fish to Hypoxia. In: Elsevier, pp. 875 

443–485. 876 

Rillig, M. C., M. Ryo, A. Lehmann, C. A. Aguilar-Trigueros, S. Buchert, A. Wulf, A. Iwasaki, J. Roy and G. 877 

Yang. 2019. The role of multiple global change factors in driving soil functions and microbial 878 

biodiversity. Science (1979) 366: 886–890. American Association for the Advancement of Science. 879 

Rivera-Ingraham, G. A. and J. H. Lignot. 2017. Osmoregulation, bioenergetics and oxidative stress in 880 

coastal marine invertebrates: Raising the questions for future research. Company of Biologists Ltd. 881 



30 
 

Roegner, G. C., J. A. Needoba and A. M. Baptista. 2011. Coastal upwelling supplies oxygen-depleted 882 

water to the columbia river estuary. PLoS ONE 6. 883 

Rogers, N. J., M. A. Urbina, E. E. Reardon, D. J. McKenzie and R. W. Wilson. 2016. A new analysis of 884 

hypoxia tolerance in fishes using a database of critical oxygen level ( P crit ). Conservation Physiology 885 

4: cow012. 886 

Roman, M. R., S. B. Brandt, E. D. Houde and J. J. Pierson. 2019. Interactive effects of Hypoxia and 887 

temperature on coastal pelagic zooplankton and fish. Front Mar Sci 6. Frontiers Media S.A. 888 

Rosa, R. and B. A. Seibel. 2008. Synergistic effects of climate-related variables suggest future 889 

physiological impairment in a top oceanic predator. Proc Natl Acad Sci U S A 105: 20776–20780. 890 

Rubalcaba, J. G., W. C. E. P. Verberk, A. Jan Hendriks, B. Saris and H. Arthur Woods. 2020. Oxygen 891 

limitation may affect the temperature and size dependence of metabolism in aquatic ectotherms. 892 

Proc Natl Acad Sci U S A 117: 31963–31968. National Academy of Sciences. 893 

Saderne, V., K. Baldry, A. Anton and S. Agustí. 2019. Characterization of the CO2 system in a coral reef, 894 

a seagrass meadow and a mangrove forest in the central Red Sea Vincent Saderne1, Kimberlee 895 

Baldry1, 2. Article in Journal of Geophysical Research 124: 7513–7528. Oceans ·. 896 

Sampaio, E., C. Santos, I. C. Rosa, V. Ferreira, H. O. Pörtner, C. M. Duarte, L. A. Levin and R. Rosa. 2021. 897 

Impacts of hypoxic events surpass those of future ocean warming and acidification. Nature Ecology 898 

and Evolution 5: 311–321. Nature Research. 899 

Schmidtko, S., L. Stramma and M. Visbeck. 2017. Decline in global oceanic oxygen content during the 900 

past five decades. Nature 542: 335–339. Nature Publishing Group. 901 

Seebacher, F., C. R. White and C. E. Franklin. 2015. Physiological plasticity increases resilience of 902 

ectothermic animals to climate change. Nature Climate Change 5: 61–66. 903 

Seibel, B. A. and C. Deutsch. 2020. Oxygen supply capacity in animals evolves to meet maximum 904 

demand at the current oxygen partial pressure regardless of size or temperature. Journal of 905 

Experimental Biology 223. Company of Biologists Ltd. 906 

Shishido, C. M., H. A. Woods, S. J. Lane, M. W. A. Toh, B. W. Tobalske and A. L. Moran. 2019. Polar 907 

gigantism and the oxygen-temperature hypothesis: A test of upper thermal limits to body size in 908 

Antarctic pycnogonids. Proceedings of the Royal Society B: Biological Sciences 286: 20190124. 909 

Sokolova, I. 2018. Mitochondrial Adaptations to Variable Environments and Their Role in Animals’ Stress 910 

Tolerance. Integrative and Comparative Biology 58: 519–531. 911 

Sperling, E. A., C. A. Frieder and L. A. Levin. 2016. Biodiversity response to natural gradients of multiple 912 

stressors on continental margins. Proceedings of the Royal Society B: Biological Sciences 283. Royal 913 

Society of London. 914 

Stover, K. K., K. G. Burnett, E. J. McElroy and L. E. Burnett. 2013. Locomotory fatigue during moderate 915 

and severe hypoxia and hypercapnia in the Atlantic blue crab, Callinectes sapidus. Biological 916 

Bulletin 224: 68–78. Marine Biological Laboratory. 917 



31 
 

Stramma, L., E. D. Prince, S. Schmidtko, J. Luo, J. P. Hoolihan, M. Visbeck, D. W. R. Wallace, P. Brandt 918 

and A. Körtzinger. 2012. Expansion of oxygen minimum zones may reduce available habitat for 919 

tropical pelagic fishes. Nature Climate Change 2: 33–37. 920 

Stramma, L. and S. Schmidtko. 2021. Spatial and Temporal Variability of Oceanic Oxygen Changes and 921 

Underlying Trends. Atmosphere - Ocean 59: 122–132. Taylor and Francis Ltd. 922 

Sui, Y., H. Kong, Y. Shang, X. Huang, F. Wu, M. Hu, D. Lin, W. Lu and Y. Wang. 2016. Effects of short-923 

term hypoxia and seawater acidification on hemocyte responses of the mussel Mytilus coruscus. 924 

Marine Pollution Bulletin 108: 46–52. 925 

Thetmeyer, H., U. Waller, K. D. Black, S. Inselmann and H. Rosenthal. 1999. Growth of European sea 926 

bass (Dicentrarchus labrax L.) under hypoxic and oscillating oxygen conditions. Aquaculture 174: 927 

355–367. 928 

Tomasetti, S. J., J. R. Kraemer and C. J. Gobler. 2021. Brief Episodes of Nocturnal Hypoxia and 929 

Acidification Reduce Survival of Economically Important Blue Crab (Callinectes sapidus) Larvae. 930 

Front Mar Sci 8. Frontiers Media S.A. 931 

Trübenbach, K., T. Teixeira, M. Diniz and R. Rosa. 2013. Hypoxia tolerance and antioxidant defense 932 

system of juvenile jumbo squids in oxygen minimum zones. Deep Sea Research Part II: Topical 933 

Studies in Oceanography 95: 209–217. Pergamon. 934 

Vaquer-Sunyer, R. and C. M. Duarte. 2011. Temperature effects on oxygen thresholds for hypoxia in 935 

marine benthic organisms. Global Change Biology 17: 1788–1797. 936 

Verberk, W. C., D. B. Buchwalter and B. J. Kefford. 2020. Energetics as a lens to understanding aquatic 937 

insect’s responses to changing temperature, dissolved oxygen and salinity regimes. Current Opinion 938 

in Insect Science 41: 46–53. 939 

Verberk, W. C. E. P. and D. Atkinson. 2013. Why polar gigantism and Palaeozoic gigantism are not 940 

equivalent: Effects of oxygen and temperature on the body size of ectotherms. Functional Ecology 941 

27: 1275–1285. Blackwell Publishing Ltd. 942 

Verberk, W. C. E. P., D. Atkinson, K. N. Hoefnagel, A. G. Hirst, C. R. Horne and H. Siepel. 2021. Shrinking 943 

body sizes in response to warming: explanations for the temperature–size rule with special 944 

emphasis on the role of oxygen. Biological Reviews 96: 247–268. John Wiley & Sons, Ltd. 945 

Verberk, W. C. E. P., D. T. Bilton, P. Calosi and J. I. Spicer. 2011. Oxygen supply in aquatic ectotherms: 946 

Partial pressure and solubility together explain biodiversity and size patterns. Ecology 92: 1565–947 

1572. 948 

Verberk, W. C. E. P., I. Durance, I. P. Vaughan and S. J. Ormerod. 2016. Field and laboratory studies 949 

reveal interacting effects of stream oxygenation and warming on aquatic ectotherms. Global 950 

Change Biology 22: 1769–1778. John Wiley & Sons, Ltd. 951 

Verberk, W. C. E. P., R. S. E. W. Leuven, G. van der Velde and F. Gabel. 2018. Thermal limits in native 952 

and alien freshwater peracarid Crustacea: The role of habitat use and oxygen limitation. Functional 953 

Ecology 32: 926–936. Blackwell Publishing Ltd. 954 



32 
 

Verberk, W. C. E. P., J. Overgaard, R. Ern, M. Bayley, T. Wang, L. Boardman and J. S. Terblanche. 2016. 955 

Does oxygen limit thermal tolerance in arthropods? A critical review of current evidence. 956 

Wake, M. 2003. What is “Integrative Biology”? Integrative and Comparative Biology 241: 239–241. 957 

Wake, M. H. 2008. Integrative biology: Science for the 21st century. BioScience 58: 349–353. 958 

Walczyńska, A., A. M. Labecka, M. Sobczyk, M. Czarnoleski and J. Kozłowski. 2015. The Temperature–959 

Size Rule in Lecane inermis (Rotifera) is adaptive and driven by nuclei size adjustment to 960 

temperature and oxygen combinations. Journal of Thermal Biology 54: 78–85. Pergamon. 961 

Wang, D., T. C. Gouhier, B. A. Menge and A. R. Ganguly. 2015. Intensification and spatial 962 

homogenization of coastal upwelling under climate change. Nature 518: 390–394. 963 

Weber, R. E., J. W. Behrens, H. Malte and A. Fago. 2008. Thermodynamics of oxygenation-linked proton 964 

and lactate binding govern the temperature sensitivity of O2 binding in crustacean( Carcinus 965 

maenas ) hemocyanin. Journal of Experimental Biology 211: 1057–1062. 966 

Williams, K. J., A. A. Cassidy, C. E. Verhille, S. G. Lamarre and T. J. MacCormack. 2019. Diel cycling 967 

hypoxia enhances hypoxia tolerance in rainbow trout (Oncorhynchus mykiss): Evidence of 968 

physiological and metabolic plasticity. Journal of Experimental Biology 222. Company of Biologists 969 

Ltd. 970 

Woods, H. A. 1999. Egg-mass size and cell size: Effects of temperature on oxygen distribution. American 971 

Zoologist 39: 244–252. 972 

Woods, H. A., M. E. Dillon and S. Pincebourde. 2015. The roles of microclimatic diversity and of 973 

behavior in mediating the responses of ectotherms to climate change. Journal of Thermal Biology 974 

54. 975 

Woods, H. A. and A. L. Moran. 2020. Reconsidering the oxygen-temperature hypothesis of polar 976 

gigantism: Successes, failures, and nuance. Integrative and Comparative Biology 60: 1438–1453. 977 

Wootton, H. F., J. R. Morrongiello, T. Schmitt and A. Audzijonyte. 2022. Smaller adult fish size in 978 

warmer water is not explained by elevated metabolism. Ecology Letters 25: 1177–1188. John Wiley 979 

and Sons Inc. 980 

Wu, R. and Y. Or. 2005. Bioenergetics, growth and reproduction of amphipods are affected by 981 

moderately low oxygen regimes. Marine Ecology Progress Series 297: 215–223. 982 

Zelko, I. N., T. J. Mariani and R. J. Folz. 2002. Superoxide dismutase multigene family: a comparison of 983 

the CuZn-SOD (SOD1), Mn-SOD (SOD2), and EC-SOD (SOD3) gene structures, evolution, and 984 

expression. Free Radical Biology and Medicine 33: 337–349. 985 

Zhou, D., J. Xue, J. Chen, P. Morcillo, J. D. Lambert, K. P. White and G. G. Haddad. 2007. Experimental 986 

Selection for Drosophila Survival in Extremely Low O2 Environment. PLOS ONE 2: e490. Public 987 

Library of Science. 988 

  



33 
 

 

  



34 
 

Box 1: Causes and consequences of Reactive Oxygen Species (ROS) 

Reactive Oxygen Species (ROS) are small molecules and free radicals derived from molecular 989 

oxygen, e.g., the superoxide anion (•O2
-) and hydrogen peroxide (H2O2). ROS are highly 990 

reactive, reacting with the first molecule with which they come into contact and thus causing 991 

damage to proteins, lipids and DNA, a situation referred to as oxidative stress. Although low 992 

levels of ROS may be necessary for normal functioning as regulatory mediators in signaling 993 

processes (Dröge, 2002; Boardman et al., 2012), oxidative stress contributes to senescence and 994 

ultimately death (Fenn et al., 1967; Fridovich, 1998; Lane, 2002).  995 

 996 

ROS can come from exogenous or endogenous sources. A primary exogenous source is high 997 

light intensities, especially in the ultraviolet part of the spectrum. Primary endogenous sources 998 

are mitochondria and chloroplasts (Murphy, 2009; Foyer, 2018). During the normal process of 999 

oxidative phosphorylation by mitochondria, for example, electrons leak and interact with 1000 

molecular oxygen to form ROS. Rates of ROS production increase with mitochondrial 1001 

membrane potential and are therefore minimized when rates of oxygen delivery to mitochondria 1002 

(O2 supply) match rates of oxygen utilization (O2 demand). Consequently, oxygen delivery and 1003 

utilization have to be tightly regulated to balance the generation of energy with the production of 1004 

toxic oxidants. This is seen as a primary reason that oxygen delivery is regulated at many levels 1005 

(e.g. reversible oxygen binding with hemoglobin, dynamic regulation of both blood flow and 1006 

ventilation).   1007 

 1008 

Due to the cytotoxic nature of ROS, many organisms have evolved mechanisms to prevent or 1009 

neutralize them, and to repair the damage they cause. For example, many organisms produce 1010 

pigments that absorb and then dissipate excess light energy to prevent exogenous ROS 1011 

production (i.e. melanin, xanthophyll; (Goss and Latowski, 2020). Similarly, uncoupling proteins 1012 

reduce mitochondrial membrane potential and ROS production. Once ROS are formed, cells 1013 

can utilize antioxidant enzymes such as superoxide dismutase, peroxidase and catalase, 1014 

transforming them into less reactive molecules (Zelko et al., 2002). Cells also have mechanisms 1015 

to limit or repair the damage that occurs due to oxidative stress, including the mobilization of 1016 

molecular chaperones, hydrolyzed nucleotides and DNA repair enzymes (Nakabeppu et al., 1017 

2004).  1018 

 1019 
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Although a direct link between the deoxygenation of aquatic ecosystems and oxidative stress in 1020 

aquatic organisms has not been established, both deoxygenation and oxidative stress are 1021 

increasing due to global warming (Paital, 2016), meaning that aquatic organisms will 1022 

increasingly face each of these stressors and their compound effects as global temperatures 1023 

rise. 1024 

 

Box 2: An integrative example: multiple responses by pelagic organisms in oxygen 

minimum zones 

 

Organisms that inhabit oxygen minimum zones (OMZs) for much or all of their lives typically 1025 

have morphological and physiological adaptations allowing them to maximize O2 extraction, 1026 

including enhanced capacity for ventilation and circulation, high gill surface area, high O2 1027 

binding capacity and affinity of oxygen transport proteins, and a large Bohr effect (Childress and 1028 

Seibel, 1998). Moreover, organisms that move transiently into OMZs typically are oxyregulators 1029 

that maintain O2 consumption rates when ambient levels of oxygen remain above some critical 1030 

partial pressure (Pcrit). A well-documented example is the jumbo squid, Dosidicus gigas, which 1031 

migrates vertically on a daily basis into the OMZ in the Eastern Tropical Pacific (Gilly et al., 2006). 1032 

It copes with hypoxia by suppressing its metabolism and changing its swimming behavior (Rosa 1033 

and Seibel, 2008). At environmental PO2 (below 1.6 kPa; at depths below 150 m), D. gigas 1034 

switches from aerobic to anaerobic pathways (Rosa and Seibel, 2008). Similar responses have 1035 

been described in other vertically migrating organisms. An additional challenge for diel migrators 1036 

is the generation of reactive oxygen species (see Box 1), promoted by reoxygenation as they 1037 

move into surface waters at night. Jumbo squid minimize damage from ROS by enhancing the 1038 

heat shock protein response and the activity of key antioxidant enzymes (Trübenbach et al., 1039 

2013). 1040 

 

  1041 
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Figure legends 1042 

Figure 1. Schematic showing how components of the deadly trio – deoxygenation, warming, 1043 

and acidification – combine to affect oxygen supply:demand relationships. (A) Aerobic 1044 

organisms use oxygen to support their metabolisms, and demand for oxygen typically rises 1045 

rapidly with warming over the short term, at least prior to acclimation or evolutionary adaptation. 1046 

Simultaneously, the physical processes affecting rates of oxygen supply (solubility and diffusion 1047 

coefficient of oxygen, shown as dotted lines; additional effects of temperature on viscosity of 1048 

water are not shown) combine to cause rates of supply to increase approximately linearly with 1049 

temperature but often much less steeply than demand. The aerobic scope (difference between 1050 

resting metabolic demand and potential rate of oxygen supply, green line) defines the amount of 1051 

metabolic power that can be devoted to tasks other than basal maintenance. Here, the historical 1052 

range of temperatures is marked in blue, corresponding to a large aerobic scope. (B) Climate 1053 

change is causing oxygen levels in oceans to decline, both from temperature-related declines in 1054 

solubility but also shifts in respiration by community members and changes in patterns of 1055 

stratification and oxygen transport. Combined, these effects are depressing functional rates of 1056 

oxygen supply to organisms. In addition, warmer temperatures (range indicated in orange) are 1057 

stimulating short-term demand for oxygen more than they are increasing supplies. Finally, 1058 

acidification has a wide range of direct effects but likely also is raising metabolic demand for 1059 

oxygen by increasing costs of pH homeostasis and calcification. Organisms experiencing one or 1060 

more conditions in the deadly trio may engage in greater overall levels of activity in attempts to 1061 

find better conditions locally. Together, these effects may strongly narrow the aerobic scope.    1062 

 1063 

Figure 2. Natural oxygen regime is hypothesized to shape oxygen performance curves and 1064 

vulnerability to deoxygenation. Reductions in performance likely differ for species that have 1065 

evolved under variable oxygen conditions (a) and those form more stable conditions (b). In both 1066 

panels, historic variability in oxygen conditions is indicated in green, while red indicates the new 1067 

oxygen regime, which has the same fluctuation but a lower mean. Owing to differences in the 1068 

breadth of the oxygen performance curve, loss of performance is less pronounced in species 1069 

from variable oxygen conditions. Performance in hyperoxia (oxygen levels higher than 1070 

normoxic) has been explored less than in hypoxia, and can be highly variable among organisms 1071 

and situations, with some organisms performing well and others showing performance 1072 

decrements. 1073 
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Figure 3. Physiological performance and temporal scale. Effects of oxygen on performance are 1074 

modulated by temporal scale, with specific physiological processes changing on specific time-1075 

scales. (A) For example, anaerobic metabolism will be used most at low PO2 and can 1076 

supplement energy budgets on short temporal scales only. (B) In addition, a given physiological 1077 

process (e.g., maximum metabolic rate) may be affected by oxygen availability differently when 1078 

it has to be sustained for minutes, hours, or weeks and long-term exposure to hyperoxia could 1079 

even reduce performance due to toxicity effects (Box 1).   1080 
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