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Abstract 17 

Despite the global ecological importance of climate change, controversy surrounds how 18 

oxygen affects the fate of aquatic ectotherms under warming. Disagreements extend to the 19 

nature of oxygen bioavailability, and whether oxygen usually limits growth under warming, 20 

explaining smaller adult size.  These controversies affect two influential hypotheses: Gill 21 

Oxygen Limitation, and Oxygen- and Capacity-Limited Thermal Tolerance.  Here, we 22 

promote deeper integration of physiological and evolutionary mechanisms.  We first clarify 23 

the nature of oxygen bioavailability in water, developing a new mass-transfer model that 24 

can be adapted to compare warming impacts on organisms with different respiratory 25 

systems and flow regimes. By distinguishing aerobic energy costs of moving oxygen from 26 

environment to tissues from costs of all other functions, we predict a decline in energy-27 

dependent fitness during hypoxia despite approximately constant total metabolic rate 28 

before reaching critically low environmental oxygen. A new measure of oxygen 29 

bioavailability that keeps costs of generating water convection constant, predicts a higher 30 

thermal sensitivity of oxygen uptake (Q10 ~1.24) in an amphipod model, than do previous 31 

oxygen supply indices. More importantly, by incorporating size- and temperature-32 

dependent costs of generating water flow, we propose that oxygen limitation at different 33 

body sizes and temperatures can be modelled mechanistically.  We then report little 34 

evidence for oxygen limitation of growth and adult size under benign warming. Yet 35 

occasional oxygen limitation, we argue, may, along with other selective pressures, help 36 

maintain adaptive plastic responses to warming. Finally, we discuss how to overcome flaws 37 

in a commonly-used growth model that undermine predictions of warming impacts.  38 

 39 
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Introduction 40 

One of the main global challenges facing humanity is how to mitigate and adapt to ongoing 41 

climate change (IPCC, 2021). Here, we focus on the role of oxygen in understanding and 42 

predicting impacts of warming, including heat waves, on water-breathing ectotherms.  For 43 

decades, warming, combined with nutrients discharged into aquatic systems, have led to 44 

strongly decreased oxygen availability in oceans and lakes by accelerated consumption of 45 

oxygen by microbial respiration, reduced oxygen solubility and a reduction in oxygen 46 

replenishment from the atmosphere to water beneath the surface (Breitburg et al., 2018). 47 

Impacts of low oxygen (i.e. hypoxia) are pervasive, affecting all level of biological 48 

organization (Woods et al., synthetic manuscript).  However, whether and how oxygen 49 

limitation is responsible for warming-induced changes in growth, adult size and survival 50 

outside such oxygen-depleted zones (i.e. under normoxia) is controversial (e.g. Schulte, 51 

2015; Verberk et al., 2016b; Lefevre et al., 2017; Pauly and Cheung, 2018; Pörtner et al., 52 

2017; Jütfelt et al., 2018; Audzijonyte et al., 2019; Pauly, 2021; Verberk et al., 2021), and is 53 

a major focus of this paper.  54 

 55 

Oxygen limitation arises when the oxygen supplied to tissues is insufficient to meet 56 

metabolic demands. But oxygen limitation may be manifest not just as direct physiological 57 

impacts on the organisms (e.g. anaerobiosis, reduced growth and reproduction), but also as 58 

changes in allocation of metabolic energy among different functions (e.g. locomotion or 59 

anti-predator defense; e.g. Roman et al., 2019).  Adaptive responses should therefore 60 

allocate energy or oxygen in ways that minimize (oxygen-dependent) reductions in fitness. 61 

 62 
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Warming-induced oxygen limitation is considered a particular risk for water-breathers, 63 

which rely strongly on the ability to move water - a dense and viscous medium - quickly 64 

over respiratory exchange surfaces (Forster et al., 2012; Verberk et al., 2011).  Addressing 65 

the many controversies in this field is beyond the scope of this paper, and we do not expect 66 

a consensus about the importance of warming-induced oxygen limitation until we have 67 

sufficient relevant data that includes not just measurements of organism performance 68 

across temperatures and oxygen bioavailabilities, preferably in field experiments, but also 69 

include other conditions found in nature that impose high levels of demand (e.g. large body 70 

sizes, high levels of locomotion and other metabolic activity) (Verberk et al., 2021).  71 

However, we will discuss two aspects of oxygen limitation where we both clarify concepts 72 

and propose ways to improve investigations: (i) how warming affects oxygen 73 

bioavailability to the tissues of animals, and (ii) whether warming causes oxygen limitation 74 

of animal growth and adult size under conditions typically experienced in the field.  75 

 76 

For the first aspect, related to the bioavailability of oxygen, we will account for the crucial 77 

but typically omitted role of water flow, by presenting a new mass-transfer model. Flowing 78 

water, whether imposed by the environment or by active ventilation, helps organisms to 79 

cope with warm and low-oxygen conditions, as demonstrated for anurans and salamanders 80 

(Pinder and Feder, 1990; Rollinson and Rowe, 2018), fishes (Rubalcaba et al., 2020; Dahlke 81 

et al., 2020, 2022) and aquatic insects (Verberk et al., 2016c; Jones et al. 2018; Frake et al., 82 

2021). But moving oxygen from the surrounding water to tissues can be costly, amounting 83 

to about 10% of resting metabolism in rainbow trout (Jones and Schwarzfeld, 1974), which 84 



5 
 

is likely to increase under challenges of reduced oxygen availability or increased demand, 85 

thus likely constituting an important component of oxygen limitation. 86 

 87 

 The second aspect, considering whether, under normoxia, oxygen generally limits aspects 88 

of organism performance at increased temperatures, has produced disagreements which 89 

we expect will be reduced when an evolutionary approach is incorporated into the 90 

physiological analysis. We specifically focus on controversies that arise from, firstly, not 91 

fully distinguishing proximate physiological from ultimate evolutionary factors and, 92 

secondly, from using a classic growth model that contains inappropriate assumptions, 93 

which lead to unrealistic predictions.   94 

 95 

1. Climate controversies: Oxygen bioavailability  96 

(i) Contrasting viewpoints, and an alternative approach to estimating oxygen 97 

bioavailability 98 

Ecologists and physiologists have traditionally emphasized the importance of different 99 

metrics of oxygen bioavailability and thus its environmental sensitivity. Ecologists have 100 

focused on correlating the concentration of oxygen in water with organismal properties 101 

such as their size, abundance and diversity. Chapelle and Peck (1999), for instance, 102 

demonstrated a positive linear relationship between maximum amphipod body length and 103 

oxygen concentration across a wide range of habitat salinities and temperatures. In 104 

contrast, physiologists have focused on the physical process of oxygen movement within 105 

water and across a diffusion barrier, and the importance of the oxygen partial pressure 106 

difference (ΔpO2) in driving the rate of oxygen diffusion (ṀO2) through media with different 107 
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oxygen-carrying properties, such as water and blood, and across a diffusion barrier (Piiper 108 

et al., 1971; Dejours, 1975; Spicer and Gaston, 1999). The partial pressure (pO2) and 109 

concentration of oxygen in water (cO2) are linked through the solubility coefficient of 110 

oxygen in water (αwO2) in Henry’s Law (cO2= αwO2.pO2).  111 

 112 

Verberk et al. (2011), attempted to reconcile these two viewpoints, applying Fick’s first law 113 

of diffusion to a static diffusion barrier (Piiper et al., 1971) to produce a metric of oxygen 114 

bioavailability (the Oxygen Supply Index, or OSI), which is proportional to the product of 115 

partial pressure of oxygen in water, and the solubility and diffusion (DwO2) coefficients of 116 

oxygen in water (OSI ∝ pO2.αwO2.DwO2). Verberk et al., (2011) estimated temperature effects 117 

on oxygen bioavailability by combining the thermal sensitivities of solubility and 118 

diffusivity, as was done previously (Woods, 1999; Atkinson et al., 2006). In this Oxygen 119 

Supply Index, reductions in oxygen solubility (here measured as the factorial change with 120 

10°C warming, Q10, ∼0.81 in freshwater and 0.83 in seawater of salinity 35 p. s. u.) are 121 

slightly outweighed by increases in diffusivity (thermal sensitivity, Q10, ∼1.3–1.4; see Table 122 

S1, Supplement S1, available online), thereby slightly increasing oxygen bioavailability 123 

according to the OSI (Q10 = 1.05–1.16). Consequently, they concluded that reductions in 124 

aerobic performance in warmer waters do not arise from lower oxygen concentrations, but 125 

instead through organismal oxygen demand exceeding supply. 126 

 127 

Although our theoretical analyses agree with this qualitative conclusion, our predictions 128 

are quantitatively different. Moreover, we will show that the OSI does not account for the 129 

complexities of oxygen delivery from water to blood, and how environmental sensitivity of 130 
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oxygen bioavailability crucially depends on water flow (Pinder and Feder, 1990; Frakes et 131 

al., 2021) including the diverse flow regimes involved in oxygen uptake by aquatic 132 

ectotherms. To illustrate, we provide an alternative, mass-transfer, perspective that 133 

accounts for different respiratory flow regimes and their energetic costs, and which can 134 

produce estimates of the thermal sensitivity of oxygen bioavailability different from that of 135 

the OSI.  136 

 137 

Mass-transfer formulae can incorporate combinations of convection and diffusion to 138 

describe the physical factors influencing the movement of solutes in flowing liquids, or 139 

through static layers (Cussler, 2009).   Although well established in industrial processes, 140 

such models have been applied only infrequently to gas transfer at respiratory surfaces 141 

despite the development of formulae that describe gas transfer scenarios applicable to at 142 

least some aquatic respiratory gas exchange systems (Cussler, 2009). Hills and Hughes 143 

(1970) applied the concept of mass transfer to the body mass-scaling of oxygen uptake at 144 

fish gills. Rubalcaba et al., (2020) used mass-transfer modelling to predict thermal 145 

sensitivity to oxygen delivery through an external boundary layer, balanced against 146 

metabolic oxygen demand. Deutsch et al. (2022) also used mass-transfer equations to 147 

model oxygen bioavailability across a size range from unicells to large fish. 148 

 149 

A benefit of applying mass-transfer models to oxygen transfer, from high to low partial 150 

pressure across a respiratory diffusion barrier, is a simplified quantitative estimation of the 151 

thermal sensitivity of multiple physical factors (including kinematic viscosity, diffusivity, 152 

solubility) affecting uptake. Empirically-derived and biologically-realistic mass-transfer 153 
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correlations (Cussler, 2009) enable the effects of environmental change, including 154 

temperature, on oxygen uptake to be quantified for organisms with different respiratory 155 

water flow regimes (e.g. laminar versus turbulent flow through open versus closed channels 156 

or along differently shaped surfaces).  157 

 158 

Our illustrative example of mass-transfer modeling (Supplement S1, available online) uses 159 

amphipods, a group of aquatic crustaceans that, at rest, generate a turbulent water current 160 

through a ventral groove via the rhythmic beating of their pleopods (Sutcliffe, 1984). 161 

Hemolymph flows through the lacunar space within gill plates, situated at the inward base 162 

of their thoracic limbs (Steele and Steele, 1991). These gill plates, suspended within the 163 

ventral groove, are assumed here to be the principal site of respiratory gas exchange in our 164 

idealized adult amphipod model, even though other, extrabranchial sites of respiratory gas 165 

exchange, may occur (Steele and Steele, 1991; Spicer & Gaston, 1999). 166 

 167 

The full derivation of the model is presented in Supplement S1, available online. Here, we 168 

focus on those salient features that help improve exploration and understanding of 169 

mechanism and the quantification of oxygen bioavailability in response to warming. 170 

 171 

(ii) Potential declines in partial pressure differences with warming 172 

 The fundamental equation that underlies the movement of oxygen across a respiratory gas 173 

exchange surface is: 174 

 175 
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 ṀO2/A= pO2w-h/RO2        176 

 [Equation 1] 177 

 178 

(Hills and Hughes, 1970), where ṀO2/A is rate of movement of oxygen (uptake, mol. s-1) per 179 

unit respiratory gas exchange surface area (A, cm2). pO2w-h is the oxygen partial pressure 180 

difference (atm) between water and blood, or hemolymph, on either side of the respiratory 181 

exchange surface, and RO2 is the total resistance  (s. atm. cm2. mol-1) to oxygen movement in 182 

the direction of the partial pressure gradient.  183 

 184 

Indices of oxygen bioavailability such as the OSI assume that the oxygen partial pressure 185 

difference is temperature independent because the effect of temperature on the total sum 186 

of all atmospheric gases via changes in water vapour pressure is negligible at sea level and 187 

across the realistic range of water temperatures (Verberk et al., 2011).  However, when 188 

applied along a path of water flow where oxygen is being extracted, as in the amphipod 189 

ventral groove (Fig. 1) this assumption may need to be revisited.  Although the system is 190 

open anatomically, it is treated physiologically as a closed gas exchange space, with no 191 

oxygen diffusion or admixture of water from outside, and a fully formed turbulent 192 

boundary layer within the ventral groove. 193 

 194 

As oxygen is extracted at the gill plates, the partial pressure of oxygen in inflowing water 195 

(pO2i) pumped through the ventral groove falls in line with the decline in the mass of 196 

dissolved oxygen. At lower solubilities (such as at higher temperature), pO2 will fall more 197 

rapidly for a fixed ṀO2 and rate of water volume flow V̇w. This effect cannot occur in 198 
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isolation, however, because the partial pressure difference between water and hemolymph 199 

across the gill diffusion barrier (ΔpO2w-h) will also decline, which decreases the potential 200 

driving oxygen movement from water to hemolymph, which reduces ṀO2 (Eqn. 1).  The 201 

model (Supplement S1, available online) therefore utilizes iteration to estimate how  202 

variation in environmental pO2, ṀO2, water volume flow (V̇w) and oxygen solubility 203 

coefficient (αwO2)  influences ΔpO2w-h,  and consequently feeds back to affect ṀO2, .   204 

 205 

(iii) The mass-transfer coefficient accounts for flow regime 206 

The product of the mass-transfer coefficient for oxygen in water (kwO2) and solubility 207 

coefficient of oxygen in water (αwO2) is inversely proportional to the resistance in the 208 

fundamental model of oxygen movement (RO2 in Eqn. 1; also Eqn. S3). In mass-transfer 209 

scenarios involving both forced convective flow and diffusion, convective flow is expressed 210 

using the Reynolds number (ratio of inertial to viscous forces, which increases with 211 

increasing linear water velocity and turbulence) (Cussler, 2009). Diffusion is expressed 212 

using the Schmidt number (ratio of momentum diffusivity, or kinematic viscosity, to 213 

molecular diffusivity) (Cussler 2009). These dimensionless numbers are combined to 214 

determine the mass-transfer coefficient k which is expressed within the dimensionless 215 

Sherwood number (ratio of convective mass transfer to diffusive mass transport) (Cussler, 216 

2009).  Thus: 217 

 218 

  Sherwood number = kwO2.h/DwO2 = Constant.(Reynolds number)x.(Schmidt number)y 219 

 [Equation 2] 220 
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where h is the width of the channel and DwO2 is the diffusion coefficient of oxygen in water. 221 

All mass-transfer coefficients are determined empirically using forms of the above equation 222 

that apply to different flow regimes and yield the exponents x and y for the Reynolds and 223 

Schmidt numbers, respectively (Cussler, 2009; e.g., Eqn. S10, Supplement S1, available 224 

online). 225 

 226 

The Sherwood number for turbulent water flow through a horizontal channel, which is 227 

applicable to the amphipod system (Figure 2), can be rearranged to derive a mass-transfer 228 

coefficient that is incorporated into the fundamental model of oxygen movement (Eqn. 1) 229 

for a constant environmental partial pressure of oxygen, thus: 230 

 231 

 ṀO2 ∝ pO2w-h.A.αwO2.DwO22/3.vw4/5/(υw 7/15.h1/5)  [Equation 3] 232 

Where αwO2 is the solubility coefficient of oxygen in water, vw is linear water velocity 233 

through the channel and υw is the kinematic viscosity of water (Supplement S1, available 234 

online). 235 

 236 

In conclusion, incorporating mass-transfer coefficients into oxygen uptake models, as in 237 

Eqn. 3, alters the temperature-sensitive contributions to oxygen uptake rate, relative to 238 

those predicted by the OSI. Here, for example, the contribution of the diffusivity coefficient 239 

to the temperature sensitivity of ṀO2 is now raised to the power of 2/3 rather than 1, and a 240 

dependency on warming-induced changes in the kinematic viscosity of water to the power 241 

of -7/15 is introduced. A further benefit is that the effects of phenotypic adjustments of 242 

organism-specific, structural features of gas exchange systems, such as the width h of the 243 
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respiratory water channel, on warming-induced changes in oxygen uptake rate can be 244 

assessed. 245 

 246 

(iv) Temperature-dependence of oxygen bioavailability – controlling for oxygen 247 

movement costs 248 

Incorporating the energy cost involved in generating the water flow is essential because 249 

the actual variation in oxygen available to the organism will be the whole-organism ṀO2 250 

minus the aerobic cost of generating that ṀO2, (residual ṀO2 = rṀO2). In our idealized 251 

amphipod example, we consider aerobic metabolism associated with ventilation of water 252 

(vṀO2), as an index of the aerobic costs of oxygen movement from environment to tissues 253 

(including ventilation and circulation).  The cost of ventilation is generally considered a 254 

potential limiting factor in hypoxia in fishes (e.g. Wood, 2018), and ventilatory costs are 255 

predicted to be considerably higher than circulatory costs in fishes (Farrell & Steffensen, 256 

1987). Moreover, information is currently insufficient to allow modeling of circulatory 257 

costs in amphipods; but future modeling of circulatory costs may be incorporated into 258 

costs of oxygen movement for species with more information on circulation, such as fishes. 259 

 260 

To compare oxygen bioavailability across temperatures for particular respiratory flow 261 

regimes, ṀO2 can be predicted where vṀO2 does not change: this is a measure of the 262 

temperature-dependence of oxygen bioavailability from the perspective of all metabolic 263 

functions other than those directly associated with the physical movement of oxygen. 264 

 265 
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The rate of aerobic energy expenditure or power used to pump water can be expressed in 266 

the same fundamental units as ṀO2. Therefore, changes in power spent pumping water 267 

through the central groove (Pw) and VṀO2 are directly interchangeable, assuming constant 268 

aerobic muscle efficiency. Vogel (1994) presented formulae expressing power spent in 269 

ventilation as proportional to the product of resistance to water flow and the square of the 270 

rate of flow of water volume; and in these equations the resistance to water flow through a 271 

narrow horizontal channel was presented as being proportional to the dynamic viscosity of 272 

water (µw). Therefore, when Pw is kept constant and body dimensions are unchanged, the 273 

rate of flow of water volume is proportion to µw-1/2 (Supplement S1, available online). When 274 

ratios of body dimensions are invariant, the rate of flow of water volume is also 275 

proportional to the linear water flow rate. 276 

 277 

By fixing Pw at a constant value and assuming body dimensions are invariant, Eqn. 3 can be 278 

modified (Eqn. S18, Supplement S1, available online) to indicate how ṀO2 and its 279 

contributory components vary with temperature when the aerobic cost of ventilating the 280 

ventral groove remains constant. These contributions of components of ṀO2 responses to 281 

temperature are shown in Fig. 3. 282 

 283 

(v) Thermal sensitivity of components of oxygen bioavailability with constant vṀO2 284 

Figure 4 contrasts the thermal sensitivities of uptake that relies on solubility alone; the 285 

combination of solubility, diffusivity and pO2 (the latter being constant) in the OSI (Verberk 286 

et al., 2011); and the variation in rṀO2 predicted in the amphipod system, with constant 287 

vṀO2.  288 
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 289 

Thus, when the amphipod makes no change in the ventilatory effort of physically moving 290 

oxygen from water towards tissues, warming from 0 to 30°C increases oxygen 291 

bioavailability for other aerobic metabolism (rṀO2) by about 90% (Q10 ~ 1.24) as a result of 292 

the interaction of the physical variables described in Fig. 3 and Eqn. 3.  The greater increase 293 

in oxygen bioavailability with temperature in amphipods, in comparison with the OSI, is 294 

largely due to the inclusion of decreasing water viscosity at higher temperatures, which not 295 

only directly increases ṀO2 in turbulent flow regimes, but also makes ventilation less costly 296 

and thus allows greater ventilation under a constant effort (see also Verberk and Atkinson, 297 

2013 for discussion of viscosity effects). Moreover, warming-induced increases in ṀO2 (and 298 

hence rṀO2) at constant vṀO2 may be greater still if the aerobic efficiency of muscle function 299 

increases with temperature.    300 

 301 

This mass-transfer modeling framework highlights how physiologically-realistic estimates 302 

of oxygen movement and associated energetics can provide a more realistic view of oxygen 303 

supply capacity and hence the (residual) energy available to an organism when faced with 304 

warmer water. The framework is flexible and can also include effects of increasing rates of 305 

oxygen movement in response to diverse and interacting factors (e.g. hypoxia, activity, 306 

increasing temperature or body size), and be used to partition oxygen bioavailability for all 307 

metabolic processes not associated with oxygen movement (e.g. maintenance, 308 

reproduction and growth). Consequently, it provides more general, mechanism-based 309 

predictions of the consequences of life history evolution. 310 

 311 
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(vi)  The importance of oxygen supply capacity 312 

When an increase in ventilation is unable to satisfy the requirements of residual 313 

metabolism, the oxygen supply capacity is reached, and oxygen becomes limiting.  314 

Therefore, mass-transfer models that incorporate the cost of increasing ventilation will 315 

determine not just oxygen bioavailability or supply that balances instantaneous demand, 316 

but also the oxygen supply capacity, hence the point at which oxygen becomes limiting.    317 

 318 

To prevent oxygen limitation, organisms must therefore be able to boost oxygen delivery to 319 

meet tissue oxygen demand. Aside from finding locations with greater oxygen availability 320 

(Kramer, 1987), organisms can boost oxygen bioavailability by: increasing ventilation that 321 

generates water convection over exchange surfaces; increasing the respiratory exchange 322 

surface area or conductance (Nilsson et al., 2012; Funk et al., 2021); and various 323 

adjustments in the internal oxygen exchange and delivery systems (Woods and Moran, 324 

2020).  Therefore, temperature effects on oxygen limitation should compare thermal 325 

sensitivity of metabolic rate (oxygen demand) with the thermal sensitivity of oxygen 326 

supply capacity, which accounts for organism’s behavioral and plastic responses to 327 

improve oxygen uptake with warming (Deutsch et al., 2015; Kielland et al., 2019; Seibel and 328 

Deutsch, 2020), rather than with simple measures of oxygen bioavailability (DO, pO2, OSI). 329 

 330 

 Uptake capacity may be estimated in conditions at or below critical oxygen partial 331 

pressures, pcritO2 from the change in oxygen uptake by the organism per unit increase in 332 

environmental oxygen partial pressure (Kielland et al., 2019; Seibel and Deutsch, 2020). 333 

The thermal sensitivity of oxygen supply capacity compares how temperature increases 334 
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this measure, However, although this empirical approach may be simpler than mechanistic 335 

mass-transfer modeling, it does not isolate the costs of moving oxygen, which our model 336 

predicts will increase as pO2 is reduced towards pcritO2. Consequently, rather than being 337 

constant, rṀO2 is predicted to decline as pO2 is reduced towards pcritO2.   338 

 339 

2. Climate controversies: Oxygen limitation  340 

 (i)  Limitation – proximate or ultimate? 341 

Oxygen limitation of aerobic scope (difference between maximum and standard metabolic 342 

rates) has been implicated in heat-induced reduction in organismal performance (Pörtner 343 

2010, 2017). Oxygen limitation has also been proposed as the proximate mechanism 344 

causing growth rates to decline in water-breathing ectotherms as size increases, especially 345 

at increased temperatures (Pauly,1981, 2010, 2021).  The widespread phenotypically 346 

plastic decline in late-ontogeny growth rate and a reduced mature or final body size under 347 

benign environmental warming, when stressfully high temperatures, food shortage and 348 

reduced environmental oxygen bioavailability are all avoided, has been called the 349 

Temperature-Size Rule (TSR; Atkinson, 1994). Under these benign conditions the idea of 350 

oxygen limitation as a proximate mechanism becomes contentious (Audzijonyte et al., 351 

2019; Seibel and Deutsch, 2020; Pauly 2021; Verberk et al., 2021; Wootton et al., 2022). 352 

 353 

 Experimental tests of direct oxygen limitation should employ increased oxygen 354 

bioavailability above levels normally experienced by the organisms (e.g.  hyperoxia for 355 

species adapted to normoxic conditions) at different temperatures.  If oxygen generally 356 

limits growth and mature size, such tests would reveal that hyperoxia enhances late growth 357 
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and causes animals to mature at a larger size, especially in the warm. But such tests using 358 

various air- and water-breathers do not provide strong support for oxygen limitation, as 359 

they have either produced no or very small increases in mature body sizes, in contrast to 360 

the much greater size response (reductions) under hypoxia (Verberk et al., 2021; Funk et 361 

al., 2021).  Experimental reduction in oxygen availability (growth responses reviewed in 362 

Verberk et al., 2021) are not appropriate tests of oxygen-limitation, as they only show that 363 

oxygen can become limiting if made less available, but not that oxygen becomes limiting 364 

under the warmer, normoxic conditions where declines in growth rate late in ontogeny or 365 

other measures of performance are still observed. This general principle of employing 366 

hyperoxia to test for oxygen limitation has also been adopted by Seibel and Deutsch (2020), 367 

who collated data on Maximum Metabolic Rate at different oxygen conditions, including 368 

hyperoxic conditions, to derive the critical oxygen partial pressures, pcritO2, of Maximum 369 

Metabolic Rate. Their findings, for terrestrial and shallow-living aquatic species (38 370 

species, mainly arthropods, mollusks and chordates) supported the idea that oxygen starts 371 

to limit Maximum Metabolic Rate below 100% air-saturation (i.e. normoxia), but again that 372 

100% air-saturation is not limiting within the normal temperature range of the species. 373 

 374 

Other evidence presented to support the idea that oxygen normally limits growth of water-375 

breathing ectotherms requires further scrutiny. One example is the assertion by Pauly 376 

(2021) that the change in enzymes in tissues from mainly oxidative to mainly glycolytic as 377 

water-breathers grow supports his hypothesis of Gill Oxygen Limitation. But a fuller 378 

evaluation of all relevant evidence would include identifying which tissues, hence which 379 

functions, are affected. If changes are mainly to white muscle, an alternative explanation to 380 
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gill oxygen limitation is maintaining length-specific burst speeds (Childress and Somero, 381 

1990). Also, in the context of climate warming, the role of temperature on any shift towards 382 

glycolysis with increased size should be included in the analysis, since the problem to be 383 

solved constitutes a three-way interaction between size, temperature and oxygen (Woods & 384 

Moran, 2020; Verberk et al., 2021). Moreover, alternative hypotheses should be evaluated, 385 

including that the lower mass-specific metabolic rate of large animals is not determined by 386 

oxygen limitation (Glazier, 2014); instead, these animals may have an advantage over small 387 

animals when having to rely on glycolysis because small animals will reach lethal levels of 388 

anaerobic end-products faster (Nilsson and Ostlund-Nilsson, 2008). 389 

 390 

Despite the poor support for oxygen limitation persistently slowing growth and reducing 391 

body size with warming within the physiological range and under oxygen partial pressures 392 

typical for a species, further evidence still suggests a role for oxygen. Warming-induced 393 

reductions in mass-scaling exponents of maximum but not resting metabolic rates in 394 

European Perch (Perca fluviatilils) (Christensen et al., 2020) and in a quantitative analysis 395 

of 286 fish species (Rubalcaba et al., 2020) did suggest that larger individuals may be more 396 

susceptible to oxygen limitation, especially if they are in warmer water and if they are 397 

active.   398 

 399 

To reconcile the apparently conflicting evidence, we propose that oxygen limitation may 400 

play mainly a selective (ultimate) role, rather than proximately limiting growth. When 401 

oxygen limitation is considered an ultimate factor, a reduction in growth rate during late 402 

ontogeny especially at warmer temperatures, evolves as a phenotypically plastic response 403 
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to temperature that helps maintain sufficient capacity for oxygen uptake (e.g. a safety 404 

margin, such as aerobic scope, see Atkinson et al., 2006) under a range of conditions. Most 405 

frequently these conditions will not tax an animal to its capacity limits and the animal is 406 

able to avoid oxygen limitation. But more extreme events could act as a selection pressure: 407 

these include episodes of hypoxia reducing oxygen bioavailability, or of events that 408 

increase oxygen demand such as extreme warming, disease, predator attack, or digestion of 409 

large meals (Jütfelt et al., 2021) or their combinations (i.e. warm water and high activity; 410 

Rubalcaba et al., 2020). During these selective events, actual, episodic oxygen limitation can 411 

occur. If large individuals with lower ratio of respiratory surface area to oxygen-consuming 412 

body mass are more likely disadvantaged, they will have been selected against during such 413 

events. This selection explains the evolution of phenotypes that reduce their growth rate 414 

during late ontogeny especially at warmer temperatures, hence maintaining safety margins 415 

for oxygen uptake - an idea termed ‘The Ghost of Oxygen Limitation Past’ (Verberk et al., 416 

2021).  417 

 418 

The finding that gill surface area does not generally decrease relative to standard, and 419 

maximum metabolic rate (MMR) as teleost fish grow (Scheuffele et al., 2021) provides 420 

more evidence (especially from MMR) against the Gill Oxygen Limitation hypothesis of 421 

Pauly (1981, 2010, 2021), which is based on a progressively increasing surface area 422 

limitation. The solitary empirical test of temperature effects (Li et al., 2018), shows the 423 

need for further such investigations. Li et al. (2018) appear to find a suggestion that gill 424 

surface area, when expressed as a ratio of standard metabolic rate, is reduced during the 425 

growth of goldfish (Carassius auratus) at higher (25°C) but not at lower (15°C) acclimation 426 
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temperature; but neither ontogenetic trend was significantly different from zero 427 

(Scheuffele et al., 2021).   Consequently, the available gill surface evidence does not support 428 

direct Gill Oxygen Limitation; yet it may not contradict the Ghost of Oxygen Limitation Past, 429 

which invokes selection producing phenotypes that have avoided oxygen limitation at all 430 

sizes. Thus, the selected fish could have gill surfaces that can normally satisfy oxygen 431 

uptake requirements throughout ontogeny via a combination of: (i) matching gill surface 432 

area and other contributions to oxygen uptake with maximum oxygen demand and (ii) 433 

body size reduction in warm water that avoids gill surface limitation of oxygen uptake at 434 

the largest sizes, where a geometric challenge of matching gill surface area to demand 435 

would become more difficult.   436 

 437 

Testing ultimate explanations or “seeing ghosts” can be challenging. The “Ghost of Oxygen 438 

Limitation Past” could be tested using experimental evolution (Atkinson et al., 2006; 439 

Walczynska and Sobczyk, this volume). Such experiments should decouple the proximate 440 

cause or environmental cue (temperature) from the ultimate cause (protecting aerobic 441 

scope from oxygen limitation). Thus, each selective regime would simulate fluctuations in 442 

both temperature and oxygen partial pressure, with regimes differing by having oxygen 443 

partial pressures either predictably positively, negatively or uncorrelated with 444 

temperature. Oxygen limitation in the warm would be reduced by a positive temperature-445 

partial pressure correlation and increased by a negative correlation, which is predicted to 446 

select for traits that would protect aerobic scope (e.g. a strong reduction in adult size with 447 

warming). As such experiments will be tightly controlled, and likely done in the laboratory, 448 

they can only demonstrate that the evolution of body size responses to temperature can be 449 
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generated by selection to protect aerobic scope, but would not demonstrate that this is the 450 

cause of the warming-induced reductions in late growth and adult size in the field.  451 

 452 

A remaining argument is that the “Ghost of Oxygen Limitation Past” may be deemed 453 

superfluous if there is little or no evidence for oxygen limitation across a wide range of 454 

body sizes and temperatures at field oxygen partial pressures, as described by Seibel and 455 

Deutsch (2020). A counter-argument to this is that, within each species, selection from 456 

extreme events on the oxygen budget, which may be infrequent, can help to maintain the 457 

adaptive match of oxygen supply to demand that is observed most of the time for all sizes, 458 

temperatures and activity levels. 459 

  460 

In conclusion, evidence does not favour oxygen usually limiting growth directly 461 

(proximately) under warming within the physiological range and under typical oxygen 462 

partial pressure, as proposed in the Gill Oxygen Limitation hypothesis (Pauly, 2021). But 463 

occasional oxygen limitation that produces evolutionary effects on growth rates at large 464 

sizes (‘the Ghost of Oxygen Limitation Past’) cannot be ruled out as an explanation for 465 

widespread warming-induced deceleration of growth and reduced adult size in aquatic 466 

ectotherms. Moreover, away from the benign conditions of a species’ normal oxygen 467 

bioavailability and physiological temperatures, environmental warming that places new 468 

and increased demands on an animal’s oxygen budget, may then lead to oxygen limitation.   469 

 470 

(ii) Avoiding critical flaws in growth models 471 
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Several models that explore how oxygen limits growth and which quantitatively predict the 472 

Temperature-size rule (TSR) have greatly overestimated warming-induced reductions in 473 

body size. For instance, the magnitude of warming-induced body size reduction in an 474 

aquatic crustacean, predicted from a model that assumed oxygen limitation, overestimated 475 

body size reductions by about an order of magnitude (Einum et al., 2021).  Similar 476 

overestimation of body size reduction occurs in fish (Cheung et al., 2013; Lefevre et al., 477 

2018). The quantitative mismatch between observed and predicted size reduction 478 

recorded by Einum et al., (2021) occurred even when they avoided problems of comparing 479 

demand with passive oxygen uptake by instead using their measure of oxygen supply 480 

capacity that accounts for improvements in uptake with warming (Kielland et al., 2019). 481 

 482 

One source of error comes from the choice of growth models used. For over a century, 483 

classic models of organism growth and metabolism have been used to predict reduced 484 

adult or final body size at increased temperatures (Pütter, 1920, von Bertalanffy, 1960; 485 

Cheung et al. 2013, Kearney 2021). These models express growth rate as the difference 486 

between the rate of surface-related acquisition of resources available to supply growth and 487 

other metabolic activities (variously considered as ‘anabolism’ (Pütter, 1920, von 488 

Bertalanffy, 1960) or ‘assimilation’ (first term on right side of Eqn. 4) and the rate of 489 

metabolic breakdown of organic resources (second term on right side of Eqn.4) -  490 

characterized as ‘catabolism’ (Pütter, 1920; von Bertalanffy, 1960) or ‘maintenance 491 

metabolism’ (Cheung et al., 2013; Kearney, 2021).  492 

 493 

 dm/dt = Hma -  Kmc          [Equation 4] 494 
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where m is mass, t is time, H and K are coefficients of anabolism (or assimilation) and 495 

catabolism (or maintenance metabolism) respectively, and a and c are their respective 496 

exponents. In these models, relative to the rates of anabolism (assimilation), the rate of 497 

catabolism (maintenance metabolism) scales more steeply with increasing body mass (c > 498 

a) and the coefficient for catabolism is more sensitive to temperature (dK/dT > dH/dT, 499 

where T is temperature) (Atkinson and Sibly, 1997; Kearney, 2021; Pauly, 2021). These 500 

models can predict the observed increase in initial growth rate with warming (Atkinson 501 

and Sibly, 1997) as well as the decrease in growth rate with warming later in ontogeny. 502 

 503 

However, it is important that any modeled decline in growth should allow for individuals to 504 

have sufficient capacity for oxygen uptake and energy acquisition in order to complete 505 

reproduction (Kozłowski et al., 2004; Kearney, 2019; Pauly, 2021). Moreover, growth 506 

models should incorporate the amount of resources diverted from late growth towards 507 

reproduction (Day and Taylor, 1997; Kozłowski et al., 2004; Kearney, 2019; Marshall and 508 

White, 2019), which is predicted by life-history optimization to arise from selection by 509 

external mortality (Kozłowski et al., 2004). We suggest that part of the ongoing controversy 510 

about what determines the shape of growth curves when resources are abundant (Pauly, 511 

2019; Marshall and White, 2019; Kearney, 2019; White and Marshall, 2019) may be 512 

reduced if: (i) explanations incorporating the ultimate (selective) effect of oxygen or other 513 

resource limitation (Section 2i, above) are prioritized over proximate constraints of oxygen 514 

or energy shortage on growth, which we have shown is unlikely to apply widely in 515 

favorable conditions, and (ii) the debate is not polarized as selection either on increased 516 
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reproduction or on avoiding oxygen (or other resource) limitation; both may need to be 517 

considered.    518 

 519 

Additionally, a particularly crucial flaw in these classic models, including the variant by 520 

Einum et al. (2021), is that they predict a reduction in growth efficiency with warming; this 521 

runs counter to the typically increased efficiency observed under benign conditions in the 522 

physiological temperature range (Angilletta and Dunham, 2003). However, it would be 523 

informative to investigate whether warming enhances efficiency at small but not at large 524 

sizes during ontogeny - which would mirror the observed effects of temperature on growth 525 

rate during ontogeny.   526 

 527 

It remains to be determined whether this failure to avoid unrealistic reductions in 528 

warming-induced growth efficiency applies also to a recent model that quantitatively 529 

predicts the TSR across a range of sizes from microbes to large fish (Deutsch et al., 2022).  530 

Observations used to parameterize this model indicate that hypoxia tolerance typically 531 

declines with size during growth - slightly in fish and more strongly in smaller species - and 532 

also with increased temperature. This model did not examine growth trajectories explicitly, 533 

though it is worth exploring whether its predicted warming-induced body size reduction 534 

arises from assumptions that match those used in the classic growth models. Specifically, 535 

does the greater temperature dependence and shallower mass-scaling of metabolic or 536 

oxygen demand than of oxygen supply efficacy also predict a warming-induced reduction in 537 

growth efficiency at all sizes? Such a finding would run counter to the observed warming-538 

enhanced growth efficiency under conditions relevant to the TSR (Angilletta and Dunham, 539 
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2003). Unlike the previous models of the TSR, that of Deutsch et al. (2022) predicts well the 540 

interspecific mean and variability of body size reduction with warming. It is therefore 541 

important to know whether unrealistic warming-induced reductions in growth efficiency 542 

are mostly avoided in this model, or whether the improved predictions of TSR emerge 543 

despite an unrealistic formulation.   544 

 545 

This problem with how the growth models are applied to predicting the TSR (Angilletta 546 

and Dunham, 2003) is not new, but the continued use of such models requires measures to 547 

overcome the problem. More generally, the models poorly capture effects of size and 548 

temperature on metabolism. Thus, instead of a simple difference in temperature-549 

dependence of assimilation and maintenance metabolism in the classic growth model, a 550 

more realistic growth model would capture changes in multiple costs, efficiencies and 551 

resource allocations with: (i) temperature (e.g. enzyme titers and efficiencies; viscosity 552 

effects on movement in water; Verberk and Atkinson, 2013); (ii) body size (e.g. size-scaling 553 

of costs of locomotion and ventilation); and (iii) combined size and temperature (e.g. 554 

viscosity effects on scaling of ventilation; Section 1; Verberk and Atkinson, 2013; Verberk et 555 

al., 2021). At different sizes and temperatures, adjustments may be made to the capacity 556 

for uptake of limiting resources (e.g. Sollid et al., 2005; Sollid and Nilsson, 2006) (the upper 557 

metabolic limit, considered the upper boundary of the oxygen supply safety margin above 558 

routine expenditure), to the size of the safety margin, and to the amount of other routine 559 

investment, which is not just tissue maintenance but may also include routine costs of 560 

locomotion and resource capture (Verberk et al., 2021). Not accounting for these 561 

adjustments and how they vary between species is likely to produce erroneous predictions 562 
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of warming-induced shrinkage in adult body size. However, modeling all these adjustments 563 

individually will likely be prohibitive, and therefore alternative ways of capturing size-564 

dependent responses to temperature will be required. One step towards resolving the 565 

problem could include allowing not just the coefficients to be temperature-dependent, but 566 

also the exponents, a and c as individuals grow larger (Kozłowski et al., 2004), which is 567 

more likely to reflect observed metabolic responses (e.g. Rubalcaba et al., 2020).  It is also 568 

important to correctly characterize empirically the two terms on the right side of Equation 569 

4, so that their difference equates to growth and nothing else.  For instance, if standard 570 

metabolic rate is used as a measure of maintenance metabolism or catabolism, its growth 571 

overheads will need to be accounted for (Rosenfeld et al., 2015). Moreover, an assumption 572 

of isometric scaling is not often supported for metabolism (hence catabolism) at various 573 

levels of activity including standard, resting and routine (Glazier, 2005.   574 

 575 

One potential solution to prevent overestimating warming-induced reductions of body size 576 

may be to incorporate mass-transfer dynamics. Einum et al. (2021) did not use such 577 

dynamics in their model that overestimated size reduction, and assumed that uptake 578 

capacity scaled with surface area (exponent around 0.67). However, Deutsch et al. (2022), 579 

used mass-transfer modeling to compare responses of species across the size range from 580 

aerobic microbes to large metazoans, examining the relative roles of convection and 581 

diffusion on oxygen movement through the stagnant boundary layer surrounding 582 

respiratory exchange surfaces. They predicted a much lower scaling exponent of around 583 

0.3 for microbes, leading to a lesser warming-induced body size reduction compared with 584 

that of larger metazoans, as is generally observed (Forster et al., 2012).  585 
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 586 

Conclusion 587 

To improve estimates of oxygen bioavailability and to provide mechanistic models of 588 

oxygen limitation, we have applied mass-transfer modeling to quantify how water flow 589 

regime at external gas exchange surfaces affects oxygen bioavailability. Applying this 590 

modeling framework to amphipods, we found a greater increase in oxygen bioavailability 591 

with warming (Q10 ~ 1.24) when costs of moving oxygen are kept constant, compared with 592 

using the Oxygen Supply Index (Verberk et al., 2011) (Q10 ~ 1.05-1.16). Unlike the OSI, our 593 

measure of oxygen bioavailability is not a single generic index, but can be customized to 594 

particular respiratory systems (e.g. laminar versus turbulent flow through open versus 595 

closed channels or along differently shaped surfaces) and levels of respiratory activity. The 596 

framework therefore provides a more complete mechanistic approach to understanding 597 

variation in oxygen bioavailability among diverse water-breathers. However, a full 598 

exploration of impacts of different flow regimes and respiratory structures will be the 599 

subject of future work. A major further benefit from such modelling arises from its 600 

potential to generate realistic estimates of both the rate of oxygen uptake, and the aerobic 601 

cost of achieving such uptake. Thus, maximizing the oxygen available for all metabolic 602 

processes not associated with oxygen movement (e.g. maintenance, reproduction and 603 

growth) (rṀO2) depends on how much oxygen is devoted to moving oxygen from the 604 

environment to tissues. A consequence of this distinction between types of metabolic cost 605 

is that we predict an increase in costs of moving water and oxygen while rṀO2 decreases as 606 

pO2 is reduced towards pcritO2.  This prediction challenges the idea that oxygen limitation of 607 

metabolic rate at pcritO2 reflects the start of oxygen limitation on fitness. Instead, we predict 608 
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that reductions in metabolic activities contributing to fitness occur before pcritO2 is reached. 609 

The appearance of an approximately invariant total metabolic rate as oxygen partial 610 

pressure is reduced below normoxia results from a simultaneous increase in investment in 611 

generating water and oxygen movement. The modeling framework can be developed 612 

further to provide mechanistic predictions of oxygen limitation and life history (e.g. body 613 

size). Thus, by incorporating into the models the costs of moving water and oxygen, and 614 

how these costs vary with size and temperature, oxygen limitation at different body sizes 615 

and temperatures can help predict combinations of body size and temperature that avoid 616 

oxygen limitation.  617 

   618 

We argue that a physiological understanding should be combined with evolutionary 619 

principles to clearly distinguish between oxygen as a proximate and as an ultimate factor.  620 

We describe how experimental treatments that increase rather than reduce oxygen tension 621 

should be used to test for proximate oxygen limitation. Under benign growth conditions 622 

within the normal range of oxygen tensions and physiological temperatures used to 623 

describe the Temperature-Size Rule, experimental hyperoxia provided little evidence that 624 

oxygen normally limited growth and adult size. Overall, we found little support for 625 

warming-induced oxygen limitation usually decelerating growth and producing small 626 

adults. However, evidence was consistent with oxygen as an ultimate or evolutionary factor 627 

leading to slowed growth and smaller size at increased temperatures that avoided oxygen 628 

limitation – termed the Ghost of Oxygen Limitation Past. We proposed that experiments to 629 

test this idea should decouple the proximate cause or environmental cue (temperature) 630 

from the ultimate cause (protecting aerobic scope from oxygen limitation). We suggest that 631 



29 
 

part of the ongoing controversy about what determines the shape of growth curves when 632 

resources are abundant may be reduced if: (i) explanations incorporating the ultimate 633 

(selective) effect of oxygen or other resource limitation are prioritized over proximate 634 

constraints of oxygen or energy shortage on growth, which we showed was unlikely to 635 

apply widely in favorable conditions, and (ii) the debate is not polarized by arguing for 636 

selection just on increased reproduction or just on avoiding oxygen (or other resource) 637 

limitation; both may need to be considered.   Finally, we highlight a crucial flaw in classic 638 

growth models that led to a predicted reduction in growth efficiency with warming, which 639 

runs counter to the typically increased efficiency observed under benign conditions in the 640 

physiological temperature range. Overall, this paper shows the importance of a multi-641 

disciplinary approach, as advocated by Verberk et al. (2016a) and Audzijonyte et al., 642 

(2019), which here combines perspectives from evolutionary ecology and physiology.  643 
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 843 

Figure legends 844 

Figure 1. A schematic of the change in oxygen partial pressure through the amphipod 845 

ventral groove (arrow indicates direction of water flow), assuming the partial pressure of 846 

oxygen in hemolymph is constant. As oxygen is extracted at the gill plates, the partial 847 

pressure of oxygen at the inflow (pO2i) falls in line with the decline in the mass of dissolved 848 

oxygen (solid line). At lower solubilities (such as at higher temperature, which also causes 849 

a much stronger increase metabolic oxygen demand), pO2 (dashed line) will fall more 850 

rapidly for a fixed water volume flow rate (V̇w) and rate of movement of oxygen from water 851 

to blood (ṀO2). This effect cannot occur in isolation however, because the decline in the 852 

average partial pressure in water along the gill plates from inflow to outflow pO2w= (pO2i + 853 

pO2e)/2 and hence the partial pressure difference ΔpO2w-h between water and hemolymph 854 

across the gill diffusion barrier also reduces ṀO2, which will have a corresponding effect on 855 

variation in ΔpO2i-e.  856 

 857 

Figure 2. A schematic of the idealised amphipod respiratory gas exchange system. 858 

Turbulent water flow is generated by beating abdominal limbs (pleopods, not shown) and 859 

passes posteriorly (arrow denotes direction of flow) through a narrow channel of width h, 860 

within the lateral walls formed by 6 pairs of gill plates. In our idealized amphipod gas 861 

exchange channel, and in order to simplify the mass transfer modelling, we treat the 6 gill 862 

plates flanking one side of the channel as a single liquid-solid interface where gas exchange 863 

occurs over the surface of area l.d. Although the system is open anatomically, it is treated 864 

physiologically as a closed gas exchange space, with no oxygen diffusion or admixture of 865 
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water assumed to occur from outside the groove.  Although there is evidence of a role for 866 

extra-branchial gas exchange in some amphipod species (Spicer and Gaston, 1999) and life 867 

stages (Spicer and McMahon, 1992), this is not incorporated into our modelling, which 868 

assumes the gills are the principal site of respiratory gas exchange. 869 

 870 

Figure 3. A semi-log10 plot of variation in the rate of movement of oxygen (ṀO2; dotted) 871 

from water to hemolymph in our amphipod gas transfer model, where the aerobic cost to 872 

the animal of pumping water through the channel remains constant and the initial fraction 873 

of oxygen extraction from the water current is 25%; all values are normalised to 0°C. 874 

Physical variables are predicted to drive variation in ṀO2 with temperature, according to 875 

the equation ṀO2 ∝ pO2w-h.A.αwO2.DwO22/3.vw4/5/(υw 7/15.h1/5) (Eqn. 3). These variables are 876 

diffusivity of oxygen in water (ṀO2 ∝ DwO22/3; fine dash), kinematic viscosity of water (ṀO2 ∝ 877 

υw-7/15; coarse dash), the partial pressure gradient of oxygen (ṀO2 ∝ ΔpO2w-h; dash dot dash), 878 

solubility of oxygen in water (ṀO2 ∝ αwO2; dash dot dot dash), and linear water velocity 879 

through the channel (ṀO2 ∝ vw4/5; medium dash). Linear water velocity varies proportional 880 

to dynamic viscosity of water (µw) to the power -1/2 when assuming a constant power 881 

spent in ventilation. These physical variables combine to produce an increase in ṀO2 with 882 

increasing temperature. Residual ṀO2 (rṀO2; solid) represents the oxygen bioavailability for 883 

functions not involved in the physical process of oxygen movement (i.e. those pumping 884 

external water and hemolymph) and shows an approximate Q10 of 1.24. 885 

 886 

Figure 4. Variation in three different proposed metrics of oxygen bioavailability with 887 

changing temperature, normalised to 0°C and displayed on a semi-log10 plot. All models 888 
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assume constant environmental partial pressure of oxygen (pO2i in the analysis presented 889 

here). Water oxygen content will decline in line with the solubility coefficient of oxygen in 890 

water (αwO2; dash dot dot dash); Q10≃ 0.83. The Oxygen Supply Index, or OSI (product of 891 

solubility and diffusivity coefficient variation; dash), increases slightly with temperature; 892 

Q10≃ 1.11. Our definition of oxygen bioavailability, as mass-transfer-derived variation in 893 

the rate of oxygen movement (ṀO2), when costs of oxygen movement are constant and 894 

subtracted from whole organism ṀO2 (rṀO2; solid) and initial fraction of oxygen extraction 895 

from the water current is 25%, also increases with temperature in amphipods, but to a 896 

greater extent than the OSI; Q10≃ 1.24.   897 

 898 

Legend for Supplement S1, available online. 899 

Oxygen bioavailability and its response to warming is modelled using a mass-transfer 900 

approach. We illustrate the modeling using an amphipod model of respiration. The model is 901 

described step-by-step under the following headings: Fundamentals of oxygen transfer 902 

across respiratory gas exchange surfaces; Mass-transfer treatment; Energetics of water 903 

flow; Normalising temperature effects on total and residual ṀO2 to a 0°C reference; Physical 904 

variables contributing to thermal sensitivity of total and residual ṀO2 in the amphipod gill 905 

model; Table S1. Q10 values for a range of physical variables relevant to the modelling of 906 

respiratory gas transfer presented in this study; Table S2. Abbreviations for terms used in 907 

modeling in this study. Supplementary references. 908 
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Abstract 17 

Despite the global ecological importance of climate change, controversy surrounds how 18 

oxygen affects the fate of aquatic ectotherms under warming. Disagreements extend to the 19 

nature of oxygen bioavailability, and whether oxygen usually limits growth under warming, 20 

explaining smaller adult size.  These controversies affect two influential hypotheses: Gill 21 

Oxygen Limitation, and Oxygen- and Capacity-Limited Thermal Tolerance.  Here, we 22 

promote deeper integration of physiological and evolutionary mechanisms.  We first clarify 23 

the nature of oxygen bioavailability in water, developing a new mass-transfer model that 24 

can be adapted to compare warming impacts on organisms with different respiratory 25 

systems and flow regimes. By distinguishing aerobic energy costs of moving oxygen from 26 

environment to tissues from costs of all other functions, we predict a decline in energy-27 

dependent fitness during hypoxia despite approximately constant total metabolic rate 28 

before reaching critically low environmental oxygen. A new measure of oxygen 29 

bioavailability that keeps costs of generating water convection constant, predicts a higher 30 

thermal sensitivity of oxygen uptake (Q10 ~1.24) in an amphipod model, than do previous 31 

oxygen supply indices. More importantly, by incorporating size- and temperature-32 

dependent costs of generating water flow, we propose that oxygen limitation at different 33 

body sizes and temperatures can be modelled mechanistically.  We then report little 34 

evidence for oxygen limitation of growth and adult size under benign warming. Yet 35 

occasional oxygen limitation, we argue, may, along with other selective pressures, help 36 

maintain adaptive plastic responses to warming. Finally, we discuss how to overcome flaws 37 

in a commonly-used growth model that undermine predictions of warming impacts.  38 

 39 
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Introduction 40 

One of the main global challenges facing humanity is how to mitigate and adapt to ongoing 41 

climate change (IPCC, 2021). Here, we focus on the role of oxygen in understanding and 42 

predicting impacts of warming, including heat waves, on water-breathing ectotherms.  For 43 

decades, warming, combined with nutrients discharged into aquatic systems, have led to 44 

strongly decreased oxygen availability in oceans and lakes by accelerated consumption of 45 

oxygen by microbial respiration, reduced oxygen solubility and a reduction in oxygen 46 

replenishment from the atmosphere to water beneath the surface (Breitburg et al., 2018). 47 

Impacts of low oxygen (i.e. hypoxia) are pervasive, affecting all level of biological 48 

organization (Woods et al., synthetic manuscript).  However, whether and how oxygen 49 

limitation is responsible for warming-induced changes in growth, adult size and survival 50 

outside such oxygen-depleted zones (i.e. under normoxia) is controversial (e.g. Schulte, 51 

2015; Verberk et al., 2016b; Lefevre et al., 2017; Pauly and Cheung, 2018; Pörtner et al., 52 

2017; Jütfelt et al., 2018; Audzijonyte et al., 2019; Pauly, 2021; Verberk et al., 2021), and is 53 

a major focus of this paper.  54 

 55 

Oxygen limitation arises when the oxygen supplied to tissues is insufficient to meet 56 

metabolic demands. But oxygen limitation may be manifest not just as direct physiological 57 

impacts on the organisms (e.g. anaerobiosis, reduced growth and reproduction), but also as 58 

changes in allocation of metabolic energy among different functions (e.g. locomotion or 59 

anti-predator defense; e.g. Roman et al., 2019).  Adaptive responses should therefore 60 

allocate energy or oxygen in ways that minimize (oxygen-dependent) reductions in fitness. 61 

 62 
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Warming-induced oxygen limitation is considered a particular risk for water-breathers, 63 

which rely strongly on the ability to move water - a dense and viscous medium - quickly 64 

over respiratory exchange surfaces (Forster et al., 2012; Verberk et al., 2011).  Addressing 65 

the many controversies in this field is beyond the scope of this paper, and we do not expect 66 

a consensus about the importance of warming-induced oxygen limitation until we have 67 

sufficient relevant data that includes not just measurements of organism performance 68 

across temperatures and oxygen bioavailabilities, preferably in field experiments, but also 69 

include other conditions found in nature that impose high levels of demand (e.g. large body 70 

sizes, high levels of locomotion and other metabolic activity) (Verberk et al., 2021).  71 

However, we will discuss two aspects of oxygen limitation where we both clarify concepts 72 

and propose ways to improve investigations: (i) how warming affects oxygen 73 

bioavailability to the tissues of animals, and (ii) whether warming causes oxygen limitation 74 

of animal growth and adult size under conditions typically experienced in the field.  75 

 76 

For the first aspect, related to the bioavailability of oxygen, we will account for the crucial 77 

but typically omitted role of water flow, by presenting a new mass-transfer model. Flowing 78 

water, whether imposed by the environment or by active ventilation, helps organisms to 79 

cope with warm and low-oxygen conditions, as demonstrated for anurans and salamanders 80 

(Pinder and Feder, 1990; Rollinson and Rowe, 2018), fishes (Rubalcaba et al., 2020; Dahlke 81 

et al., 2020, 2022) and aquatic insects (Verberk et al., 2016c; Jones et al. 2018; Frake et al., 82 

2021). But moving oxygen from the surrounding water to tissues can be costly, amounting 83 

to about 10% of resting metabolism in rainbow trout (Jones and Schwarzfeld, 1974), which 84 
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is likely to increase under challenges of reduced oxygen availability or increased demand, 85 

thus likely constituting an important component of oxygen limitation. 86 

 87 

 The second aspect, considering whether, under normoxia, oxygen generally limits aspects 88 

of organism performance at increased temperatures, has produced disagreements which 89 

we expect will be reduced when an evolutionary approach is incorporated into the 90 

physiological analysis. We specifically focus on controversies that arise from, firstly, not 91 

fully distinguishing proximate physiological from ultimate evolutionary factors and, 92 

secondly, from using a classic growth model that contains inappropriate assumptions, 93 

which lead to unrealistic predictions.   94 

 95 

1. Climate controversies: Oxygen bioavailability  96 

(i) Contrasting viewpoints, and an alternative approach to estimating oxygen 97 

bioavailability 98 

Ecologists and physiologists have traditionally emphasized the importance of different 99 

metrics of oxygen bioavailability and thus its environmental sensitivity. Ecologists have 100 

focused on correlating the concentration of oxygen in water with organismal properties 101 

such as their size, abundance and diversity. Chapelle and Peck (1999), for instance, 102 

demonstrated a positive linear relationship between maximum amphipod body length and 103 

oxygen concentration across a wide range of habitat salinities and temperatures. In 104 

contrast, physiologists have focused on the physical process of oxygen movement within 105 

water and across a diffusion barrier, and the importance of the oxygen partial pressure 106 

difference (ΔpO2) in driving the rate of oxygen diffusion (ṀO2) through media with different 107 
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oxygen-carrying properties, such as water and blood, and across a diffusion barrier (Piiper 108 

et al., 1971; Dejours, 1975; Spicer and Gaston, 1999). The partial pressure (pO2) and 109 

concentration of oxygen in water (cO2) are linked through the solubility coefficient of 110 

oxygen in water (αwO2) in Henry’s Law (cO2= αwO2.pO2).  111 

 112 

Verberk et al. (2011), attempted to reconcile these two viewpoints, applying Fick’s first law 113 

of diffusion to a static diffusion barrier (Piiper et al., 1971) to produce a metric of oxygen 114 

bioavailability (the Oxygen Supply Index, or OSI), which is proportional to the product of 115 

partial pressure of oxygen in water, and the solubility and diffusion (DwO2) coefficients of 116 

oxygen in water (OSI ∝ pO2.αwO2.DwO2). Verberk et al., (2011) estimated temperature effects 117 

on oxygen bioavailability by combining the thermal sensitivities of solubility and 118 

diffusivity, as was done previously (Woods, 1999; Atkinson et al., 2006). In this Oxygen 119 

Supply Index, reductions in oxygen solubility (here measured as the factorial change with 120 

10°C warming, Q10, ∼0.81 in freshwater and 0.83 in seawater of salinity 35 p. s. u.) are 121 

slightly outweighed by increases in diffusivity (thermal sensitivity, Q10, ∼1.3–1.4; see Table 122 

S1, Supplement S1, available online), thereby slightly increasing oxygen bioavailability 123 

according to the OSI (Q10 = 1.05–1.16). Consequently, they concluded that reductions in 124 

aerobic performance in warmer waters do not arise from lower oxygen concentrations, but 125 

instead through organismal oxygen demand exceeding supply. 126 

 127 

Although our theoretical analyses agree with this qualitative conclusion, our predictions 128 

are quantitatively different. Moreover, we will show that the OSI does not account for the 129 

complexities of oxygen delivery from water to blood, and how environmental sensitivity of 130 
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oxygen bioavailability crucially depends on water flow (Pinder and Feder, 1990; Frakes et 131 

al., 2021) including the diverse flow regimes involved in oxygen uptake by aquatic 132 

ectotherms. To illustrate, we provide an alternative, mass-transfer, perspective that 133 

accounts for different respiratory flow regimes and their energetic costs, and which can 134 

produce estimates of the thermal sensitivity of oxygen bioavailability different from that of 135 

the OSI.  136 

 137 

Mass-transfer formulae can incorporate combinations of convection and diffusion to 138 

describe the physical factors influencing the movement of solutes in flowing liquids, or 139 

through static layers (Cussler, 2009).   Although well established in industrial processes, 140 

such models have been applied only infrequently to gas transfer at respiratory surfaces 141 

despite the development of formulae that describe gas transfer scenarios applicable to at 142 

least some aquatic respiratory gas exchange systems (Cussler, 2009). Hills and Hughes 143 

(1970) applied the concept of mass transfer to the body mass-scaling of oxygen uptake at 144 

fish gills. Rubalcaba et al., (2020) used mass-transfer modelling to predict thermal 145 

sensitivity to oxygen delivery through an external boundary layer, balanced against 146 

metabolic oxygen demand. Deutsch et al. (2022) also used mass-transfer equations to 147 

model oxygen bioavailability across a size range from unicells to large fish. 148 

 149 

A benefit of applying mass-transfer models to oxygen transfer, from high to low partial 150 

pressure across a respiratory diffusion barrier, is a simplified quantitative estimation of the 151 

thermal sensitivity of multiple physical factors (including kinematic viscosity, diffusivity, 152 

solubility) affecting uptake. Empirically-derived and biologically-realistic mass-transfer 153 
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correlations (Cussler, 2009) enable the effects of environmental change, including 154 

temperature, on oxygen uptake to be quantified for organisms with different respiratory 155 

water flow regimes (e.g. laminar versus turbulent flow through open versus closed channels 156 

or along differently shaped surfaces).  157 

 158 

Our illustrative example of mass-transfer modeling (Supplement S1, available online) uses 159 

amphipods, a group of aquatic crustaceans that, at rest, generate a turbulent water current 160 

through a ventral groove via the rhythmic beating of their pleopods (Sutcliffe, 1984). 161 

Hemolymph flows through the lacunar space within gill plates, situated at the inward base 162 

of their thoracic limbs (Steele and Steele, 1991). These gill plates, suspended within the 163 

ventral groove, are assumed here to be the principal site of respiratory gas exchange in our 164 

idealized adult amphipod model, even though other, extrabranchial sites of respiratory gas 165 

exchange, may occur (Steele and Steele, 1991; Spicer & Gaston, 1999). 166 

 167 

The full derivation of the model is presented in Supplement S1, available online. Here, we 168 

focus on those salient features that help improve exploration and understanding of 169 

mechanism and the quantification of oxygen bioavailability in response to warming. 170 

 171 

(ii) Potential declines in partial pressure differences with warming 172 

 The fundamental equation that underlies the movement of oxygen across a respiratory gas 173 

exchange surface is: 174 

 175 



9 
 

 ṀO2/A= pO2w-h/RO2        176 

 [Equation 1] 177 

 178 

(Hills and Hughes, 1970), where ṀO2/A is rate of movement of oxygen (uptake, mol. s-1 ) 179 

per unit respiratory gas exchange surface area (A, cm2). pO2w-h is the oxygen partial 180 

pressure difference (atm) between water and blood, or hemolymph, on either side of the 181 

respiratory exchange surface, and RO2 is the total resistance  (s. atm. cm2. mol-1) to oxygen 182 

movement in the direction of the partial pressure gradient.  183 

 184 

Indices of oxygen bioavailability such as the OSI assume that the oxygen partial pressure 185 

difference is temperature independent because the effect of temperature on the total sum 186 

of all atmospheric gases via changes in water vapour pressure is negligible at sea level and 187 

across the realistic range of water temperatures (Verberk et al., 2011).  However, when 188 

applied along a path of water flow where oxygen is being extracted, as in the amphipod 189 

ventral groove (Fig. 1) this assumption may need to be revisited.  Although the system is 190 

open anatomically, it is treated physiologically as a closed gas exchange space, with no 191 

oxygen diffusion or admixture of water from outside, and a fully formed turbulent 192 

boundary layer within the ventral groove. 193 

 194 

As oxygen is extracted at the gill plates, the partial pressure of oxygen in inflowing water 195 

(pO2i) pumped through the ventral groove falls in line with the decline in the mass of 196 

dissolved oxygen. At lower solubilities (such as at higher temperature), pO2 will fall more 197 

rapidly for a fixed ṀO2 and rate of water volume flow V̇w. This effect cannot occur in 198 
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isolation, however, because the partial pressure difference between water and hemolymph 199 

across the gill diffusion barrier (ΔpO2w-h) will also decline, which decreases the potential 200 

driving oxygen movement from water to hemolymph, which reduces ṀO2 (Eqn. 1).  The 201 

model (Supplement S1, available online) therefore utilizes iteration to estimate how  202 

variation in environmental pO2, ṀO2, water volume flow (V̇w) and oxygen solubility 203 

coefficient (αwO2)  influences ΔpO2w-h,  and consequently feeds back to affect ṀO2, .   204 

 205 

(iii) The mass-transfer coefficient accounts for flow regime 206 

The product of the mass-transfer coefficient for oxygen in water (kwO2) and solubility 207 

coefficient of oxygen in water (αwO2) is inversely proportional to the resistance in the 208 

fundamental model of oxygen movement (RO2 in Eqn. 1; also Eqn. S3). In mass-transfer 209 

scenarios involving both forced convective flow and diffusion, convective flow is expressed 210 

using the Reynolds number (ratio of inertial to viscous forces, which increases with 211 

increasing linear water velocity and turbulence) (Cussler, 2009). Diffusion is expressed 212 

using the Schmidt number (ratio of momentum diffusivity, or kinematic viscosity, to 213 

molecular diffusivity) (Cussler 2009). These dimensionless numbers are combined to 214 

determine the mass-transfer coefficient k which is expressed within the dimensionless 215 

Sherwood number (ratio of convective mass transfer to diffusive mass transport) (Cussler, 216 

2009).  Thus: 217 

 218 

  Sherwood number = kwO2.h/DwO2 = Constant.(Reynolds number)x.(Schmidt number)y 219 

 [Equation 2] 220 
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where h is the width of the channel and DwO2 is the diffusion coefficient of oxygen in water. 221 

All mass-transfer coefficients are determined empirically using forms of the above equation 222 

that apply to different flow regimes and yield the exponents x and y for the Reynolds and 223 

Schmidt numbers, respectively (Cussler, 2009; e.g., Eqn. S10, Supplement S1, available 224 

online). 225 

 226 

The Sherwood number for turbulent water flow through a horizontal channel, which is 227 

applicable to the amphipod system (Figure 2), can be rearranged to derive a mass-transfer 228 

coefficient that is incorporated into the fundamental model of oxygen movement (Eqn. 1) 229 

for a constant environmental partial pressure of oxygen, thus: 230 

 231 

 ṀO2 ∝ pO2w-h.A.αwO2.DwO22/3.vw4/5/(υw 7/15.h1/5)  [Equation 3] 232 

Where αwO2 is the solubility coefficient of oxygen in water, vw is linear water velocity 233 

through the channel and υw is the kinematic viscosity of water (Supplement S1, available 234 

online). 235 

 236 

In conclusion, incorporating mass-transfer coefficients into oxygen uptake models, as in 237 

Eqn. 3, alters the temperature-sensitive contributions to oxygen uptake rate, relative to 238 

those predicted by the OSI. Here, for example, the contribution of the diffusivity coefficient 239 

to the temperature sensitivity of ṀO2 is now raised to the power of 2/3 rather than 1, and a 240 

dependency on warming-induced changes in the kinematic viscosity of water to the power 241 

of -7/15 is introduced. A further benefit is that the effects of phenotypic adjustments of 242 

organism-specific, structural features of gas exchange systems, such as the width h of the 243 
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respiratory water channel, on warming-induced changes in oxygen uptake rate can be 244 

assessed. 245 

 246 

(iv) Temperature-dependence of oxygen bioavailability – controlling for oxygen 247 

movement costs 248 

Incorporating the energy cost involved in generating the water flow is essential because 249 

the actual variation in oxygen available to the organism will be the whole-organism ṀO2 250 

minus the aerobic cost of generating that ṀO2, (residual ṀO2 = rṀO2). In our idealized 251 

amphipod example, we consider aerobic metabolism associated with ventilation of water 252 

(vṀO2), as an index of the aerobic costs of oxygen movement from environment to tissues 253 

(including ventilation and circulation).  The cost of ventilation is generally considered a 254 

potential limiting factor in hypoxia in fishes (e.g. Wood, 2018), and ventilatory costs are 255 

predicted to be considerably higher than circulatory costs in fishes (Farrell & Steffensen, 256 

1987). Moreover, information is currently insufficient to allow modeling of circulatory 257 

costs in amphipods; but future modeling of circulatory costs may be incorporated into 258 

costs of oxygen movement for species with more information on circulation, such as fishes. 259 

 260 

To compare oxygen bioavailability across temperatures for particular respiratory flow 261 

regimes, ṀO2 can be predicted where vṀO2 does not change: this is a measure of the 262 

temperature-dependence of oxygen bioavailability from the perspective of all metabolic 263 

functions other than those directly associated with the physical movement of oxygen. 264 

 265 
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The rate of aerobic energy expenditure or power used to pump water can be expressed in 266 

the same fundamental units as ṀO2. Therefore, changes in power spent pumping water 267 

through the central groove (Pw) and VṀO2 are directly interchangeable, assuming constant 268 

aerobic muscle efficiency. Vogel (1994) presented formulae expressing power spent in 269 

ventilation as proportional to the product of resistance to water flow and the square of the 270 

rate of flow of water volume; and in these equations the resistance to water flow through a 271 

narrow horizontal channel was presented as being proportional to the dynamic viscosity of 272 

water (µw). Therefore, when Pw is kept constant and body dimensions are unchanged, the 273 

rate of flow of water volume is proportion to µw-1/2 (Supplement S1, available online). When 274 

ratios of body dimensions are invariant, the rate of flow of water volume is also 275 

proportional to the linear water flow rate. 276 

 277 

By fixing Pw at a constant value and assuming body dimensions are invariant, Eqn. 3 can be 278 

modified (Eqn. S18, Supplement S1, available online) to indicate how ṀO2 and its 279 

contributory components vary with temperature when the aerobic cost of ventilating the 280 

ventral groove remains constant. These contributions of components of ṀO2 responses to 281 

temperature are shown in Fig. 3. 282 

 283 

(v) Thermal sensitivity of components of oxygen bioavailability with constant vṀO2 284 

Figure 4 contrasts the thermal sensitivities of uptake that relies on solubility alone; the 285 

combination of solubility, diffusivity and pO2 (the latter being constant) in the OSI (Verberk 286 

et al., 2011); and the variation in rṀO2 predicted in the amphipod system, with constant 287 

vṀO2.  288 
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 289 

Thus, when the amphipod makes no change in the ventilatory effort of physically moving 290 

oxygen from water towards tissues, warming from 0 to 30°C increases oxygen 291 

bioavailability for other aerobic metabolism (rṀO2) by about 90% (Q10 ~ 1.24) as a result of 292 

the interaction of the physical variables described in Fig. 3 and Eqn. 3.  The greater increase 293 

in oxygen bioavailability with temperature in amphipods, in comparison with the OSI, is 294 

largely due to the inclusion of decreasing water viscosity at higher temperatures, which not 295 

only directly increases ṀO2 in turbulent flow regimes, but also makes ventilation less costly 296 

and thus allows greater ventilation under a constant effort (see also Verberk and Atkinson, 297 

2013 for discussion of viscosity effects). Moreover, warming-induced increases in ṀO2 (and 298 

hence rṀO2) at constant vṀO2 may be greater still if the aerobic efficiency of muscle function 299 

increases with temperature.    300 

 301 

This mass-transfer modeling framework highlights how physiologically-realistic estimates 302 

of oxygen movement and associated energetics can provide a more realistic view of oxygen 303 

supply capacity and hence the (residual) energy available to an organism when faced with 304 

warmer water. The framework is flexible and can also include effects of increasing rates of 305 

oxygen movement in response to diverse and interacting factors (e.g. hypoxia, activity, 306 

increasing temperature or body size), and be used to partition oxygen bioavailability for all 307 

metabolic processes not associated with oxygen movement (e.g. maintenance, 308 

reproduction and growth). Consequently, it provides more general, mechanism-based 309 

predictions of the consequences of life history evolution. 310 

 311 
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(vi)  The importance of oxygen supply capacity 312 

When an increase in ventilation is unable to satisfy the requirements of residual 313 

metabolism, the oxygen supply capacity is reached, and oxygen becomes limiting.  314 

Therefore, mass-transfer models that incorporate the cost of increasing ventilation will 315 

determine not just oxygen bioavailability or supply that balances instantaneous demand, 316 

but also the oxygen supply capacity, hence the point at which oxygen becomes limiting.    317 

 318 

To prevent oxygen limitation, organisms must therefore be able to boost oxygen delivery to 319 

meet tissue oxygen demand. Aside from finding locations with greater oxygen availability 320 

(Kramer, 1987), organisms can boost oxygen bioavailability by: increasing ventilation that 321 

generates water convection over exchange surfaces; increasing the respiratory exchange 322 

surface area or conductance (Nilsson et al., 2012; Funk et al., 2021); and various 323 

adjustments in the internal oxygen exchange and delivery systems (Woods and Moran, 324 

2020).  Therefore, temperature effects on oxygen limitation should compare thermal 325 

sensitivity of metabolic rate (oxygen demand) with the thermal sensitivity of oxygen 326 

supply capacity, which accounts for organism’s behavioral and plastic responses to 327 

improve oxygen uptake with warming (Deutsch et al., 2015; Kielland et al., 2019; Seibel and 328 

Deutsch, 2020), rather than with simple measures of oxygen bioavailability (DO, pO2, OSI). 329 

 330 

 Uptake capacity may be estimated in conditions at or below critical oxygen partial 331 

pressures, pcritO2 from the change in oxygen uptake by the organism per unit increase in 332 

environmental oxygen partial pressure (Kielland et al., 2019; Seibel and Deutsch, 2020). 333 

The thermal sensitivity of oxygen supply capacity compares how temperature increases 334 
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this measure, However, although this empirical approach may be simpler than mechanistic 335 

mass-transfer modeling, it does not isolate the costs of moving oxygen, which our model 336 

predicts will increase as pO2 is reduced towards pcritO2. Consequently, rather than being 337 

constant, rṀO2 is predicted to decline as pO2 is reduced towards pcritO2.   338 

 339 

2. Climate controversies: Oxygen limitation  340 

 (i)  Limitation – proximate or ultimate? 341 

Oxygen limitation of aerobic scope (difference between maximum and standard metabolic 342 

rates) has been implicated in heat-induced reduction in organismal performance (Pörtner 343 

2010, 2017). Oxygen limitation has also been proposed as the proximate mechanism 344 

causing growth rates to decline in water-breathing ectotherms as size increases, especially 345 

at increased temperatures (Pauly,1981, 2010, 2021).  The widespread phenotypically 346 

plastic decline in late-ontogeny growth rate and a reduced mature or final body size under 347 

benign environmental warming, when stressfully high temperatures, food shortage and 348 

reduced environmental oxygen bioavailability are all avoided, has been called the 349 

Temperature-Size Rule (TSR; Atkinson, 1994). Under these benign conditions the idea of 350 

oxygen limitation as a proximate mechanism becomes contentious (Audzijonyte et al., 351 

2019; Seibel and Deutsch, 2020; Pauly 2021; Verberk et al., 2021; Wootton et al., 2022). 352 

 353 

 Experimental tests of direct oxygen limitation should employ increased oxygen 354 

bioavailability above levels normally experienced by the organisms (e.g.  hyperoxia for 355 

species adapted to normoxic conditions) at different temperatures.  If oxygen generally 356 

limits growth and mature size, such tests would reveal that hyperoxia enhances late growth 357 
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and causes animals to mature at a larger size, especially in the warm. But such tests using 358 

various air- and water-breathers do not provide strong support for oxygen limitation, as 359 

they have either produced no or very small increases in mature body sizes, in contrast to 360 

the much greater size response (reductions) under hypoxia (Verberk et al., 2021; Funk et 361 

al., 2021).  Experimental reduction in oxygen availability (growth responses reviewed in 362 

Verberk et al., 2021) are not appropriate tests of oxygen-limitation, as they only show that 363 

oxygen can become limiting if made less available, but not that oxygen becomes limiting 364 

under the warmer, normoxic conditions where declines in growth rate late in ontogeny or 365 

other measures of performance are still observed. This general principle of employing 366 

hyperoxia to test for oxygen limitation has also been adopted by Seibel and Deutsch (2020), 367 

who collated data on Maximum Metabolic Rate at different oxygen conditions, including 368 

hyperoxic conditions, to derive the critical oxygen partial pressures, pcritO2, of Maximum 369 

Metabolic Rate. Their findings, for terrestrial and shallow-living aquatic species (38 370 

species, mainly arthropods, mollusks and chordates) supported the idea that oxygen starts 371 

to limit Maximum Metabolic Rate below 100% air-saturation (i.e. normoxia), but again that 372 

100% air-saturation is not limiting within the normal temperature range of the species. 373 

 374 

Other evidence presented to support the idea that oxygen normally limits growth of water-375 

breathing ectotherms requires further scrutiny. One example is the assertion by Pauly 376 

(2021) that the change in enzymes in tissues from mainly oxidative to mainly glycolytic as 377 

water-breathers grow supports his hypothesis of Gill Oxygen Limitation. But a fuller 378 

evaluation of all relevant evidence would include identifying which tissues, hence which 379 

functions, are affected. If changes are mainly to white muscle, an alternative explanation to 380 
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gill oxygen limitation is maintaining length-specific burst speeds (Childress and Somero, 381 

1990). Also, in the context of climate warming, the role of temperature on any shift towards 382 

glycolysis with increased size should be included in the analysis, since the problem to be 383 

solved constitutes a three-way interaction between size, temperature and oxygen (Woods & 384 

Moran, 2020; Verberk et al., 2021). Moreover, alternative hypotheses should be evaluated, 385 

including that the lower mass-specific metabolic rate of large animals is not determined by 386 

oxygen limitation (Glazier, 2014); instead, these animals may have an advantage over small 387 

animals when having to rely on glycolysis because small animals will reach lethal levels of 388 

anaerobic end-products faster (Nilsson and Ostlund-Nilsson, 2008). 389 

 390 

Despite the poor support for oxygen limitation persistently slowing growth and reducing 391 

body size with warming within the physiological range and under oxygen partial pressures 392 

typical for a species, further evidence still suggests a role for oxygen. Warming-induced 393 

reductions in mass-scaling exponents of maximum but not resting metabolic rates in 394 

European Perch (Perca fluviatilils) (Christensen et al., 2020) and in a quantitative analysis 395 

of 286 fish species (Rubalcaba et al., 2020) did suggest that larger individuals may be more 396 

susceptible to oxygen limitation, especially if they are in warmer water and if they are 397 

active.   398 

 399 

To reconcile the apparently conflicting evidence, we propose that oxygen limitation may 400 

play mainly a selective (ultimate) role, rather than proximately limiting growth. When 401 

oxygen limitation is considered an ultimate factor, a reduction in growth rate during late 402 

ontogeny especially at warmer temperatures, evolves as a phenotypically plastic response 403 
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to temperature that helps maintain sufficient capacity for oxygen uptake (e.g. a safety 404 

margin, such as aerobic scope, see Atkinson et al., 2006) under a range of conditions. Most 405 

frequently these conditions will not tax an animal to its capacity limits and the animal is 406 

able to avoid oxygen limitation. But more extreme events could act as a selection pressure: 407 

these include episodes of hypoxia reducing oxygen bioavailability, or of events that 408 

increase oxygen demand such as extreme warming, disease, predator attack, or digestion of 409 

large meals (Jütfelt et al., 2021) or their combinations (i.e. warm water and high activity; 410 

Rubalcaba et al., 2020). During these selective events, actual, episodic oxygen limitation can 411 

occur. If large individuals with lower ratio of respiratory surface area to oxygen-consuming 412 

body mass are more likely disadvantaged, they will have been selected against during such 413 

events. This selection explains the evolution of phenotypes that reduce their growth rate 414 

during late ontogeny especially at warmer temperatures, hence maintaining safety margins 415 

for oxygen uptake - an idea termed ‘The Ghost of Oxygen Limitation Past’ (Verberk et al., 416 

2021).  417 

 418 

The finding that gill surface area does not generally decrease relative to standard, and 419 

maximum metabolic rate (MMR) as teleost fish grow (Scheuffele et al., 2021) provides 420 

more evidence (especially from MMR) against the Gill Oxygen Limitation hypothesis of 421 

Pauly (1981, 2010, 2021), which is based on a progressively increasing surface area 422 

limitation. The solitary empirical test of temperature effects (Li et al., 2018), shows the 423 

need for further such investigations. Li et al. (2018) appear to find a suggestion that gill 424 

surface area, when expressed as a ratio of standard metabolic rate, is reduced during the 425 

growth of goldfish (Carassius auratus) at higher (25°C) but not at lower (15°C) acclimation 426 
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temperature; but neither ontogenetic trend was significantly different from zero 427 

(Scheuffele et al., 2021).   Consequently, the available gill surface evidence does not support 428 

direct Gill Oxygen Limitation; yet it may not contradict the Ghost of Oxygen Limitation Past, 429 

which invokes selection producing phenotypes that have avoided oxygen limitation at all 430 

sizes. Thus, the selected fish could have gill surfaces that can normally satisfy oxygen 431 

uptake requirements throughout ontogeny via a combination of: (i) matching gill surface 432 

area and other contributions to oxygen uptake with maximum oxygen demand and (ii) 433 

body size reduction in warm water that avoids gill surface limitation of oxygen uptake at 434 

the largest sizes, where a geometric challenge of matching gill surface area to demand 435 

would become more difficult.   436 

 437 

Testing ultimate explanations or “seeing ghosts” can be challenging. The “Ghost of Oxygen 438 

Limitation Past” could be tested using experimental evolution (Atkinson et al., 2006; 439 

Walczynska and Sobczyk, this volume). Such experiments should decouple the proximate 440 

cause or environmental cue (temperature) from the ultimate cause (protecting aerobic 441 

scope from oxygen limitation). Thus, each selective regime would simulate fluctuations in 442 

both temperature and oxygen partial pressure, with regimes differing by having oxygen 443 

partial pressures either predictably positively, negatively or uncorrelated with 444 

temperature. Oxygen limitation in the warm would be reduced by a positive temperature-445 

partial pressure correlation and increased by a negative correlation, which is predicted to 446 

select for traits that would protect aerobic scope (e.g. a strong reduction in adult size with 447 

warming). As such experiments will be tightly controlled, and likely done in the laboratory, 448 

they can only demonstrate that the evolution of body size responses to temperature can be 449 
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generated by selection to protect aerobic scope, but would not demonstrate that this is the 450 

cause of the warming-induced reductions in late growth and adult size in the field.  451 

 452 

A remaining argument is that the “Ghost of Oxygen Limitation Past” may be deemed 453 

superfluous if there is little or no evidence for oxygen limitation across a wide range of 454 

body sizes and temperatures at field oxygen partial pressures, as described by Seibel and 455 

Deutsch (2020). A counter-argument to this is that, within each species, selection from 456 

extreme events on the oxygen budget, which may be infrequent, can help to maintain the 457 

adaptive match of oxygen supply to demand that is observed most of the time for all sizes, 458 

temperatures and activity levels. 459 

  460 

In conclusion, evidence does not favour oxygen usually limiting growth directly 461 

(proximately) under warming within the physiological range and under typical oxygen 462 

partial pressure, as proposed in the Gill Oxygen Limitation hypothesis (Pauly, 2021). But 463 

occasional oxygen limitation that produces evolutionary effects on growth rates at large 464 

sizes (‘the Ghost of Oxygen Limitation Past’) cannot be ruled out as an explanation for 465 

widespread warming-induced deceleration of growth and reduced adult size in aquatic 466 

ectotherms. Moreover, away from the benign conditions of a species’ normal oxygen 467 

bioavailability and physiological temperatures, environmental warming that places new 468 

and increased demands on an animal’s oxygen budget, may then lead to oxygen limitation.   469 

 470 

(ii) Avoiding critical flaws in growth models 471 



22 
 

Several models that explore how oxygen limits growth and which quantitatively predict the 472 

Temperature-size rule (TSR) have greatly overestimated warming-induced reductions in 473 

body size. For instance, the magnitude of warming-induced body size reduction in an 474 

aquatic crustacean, predicted from a model that assumed oxygen limitation, overestimated 475 

body size reductions by about an order of magnitude (Einum et al., 2021).  Similar 476 

overestimation of body size reduction occurs in fish (Cheung et al., 2013; Lefevre et al., 477 

2018). The quantitative mismatch between observed and predicted size reduction 478 

recorded by Einum et al., (2021) occurred even when they avoided problems of comparing 479 

demand with passive oxygen uptake by instead using their measure of oxygen supply 480 

capacity that accounts for improvements in uptake with warming (Kielland et al., 2019). 481 

 482 

One source of error comes from the choice of growth models used. For over a century, 483 

classic models of organism growth and metabolism have been used to predict reduced 484 

adult or final body size at increased temperatures (Pütter, 1920, von Bertalanffy, 1960; 485 

Cheung et al. 2013, Kearney 2021). These models express growth rate as the difference 486 

between the rate of surface-related acquisition of resources available to supply growth and 487 

other metabolic activities (variously considered as ‘anabolism’ (Pütter, 1920, von 488 

Bertalanffy, 1960) or ‘assimilation’ (first term on right side of Eqn. 4) and the rate of 489 

metabolic breakdown of organic resources (second term on right side of Eqn.4) -  490 

characterized as ‘catabolism’ (Pütter, 1920; von Bertalanffy, 1960) or ‘maintenance 491 

metabolism’ (Cheung et al., 2013; Kearney, 2021).  492 

 493 

 dm/dt = Hma -  Kmc          [Equation 4] 494 
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where m is mass, t is time, H and K are coefficients of anabolism (or assimilation) and 495 

catabolism (or maintenance metabolism) respectively, and a and c are their respective 496 

exponents. In these models, relative to the rates of anabolism (assimilation), the rate of 497 

catabolism (maintenance metabolism) scales more steeply with increasing body mass (c > 498 

a) and the coefficient for catabolism is more sensitive to temperature (dK/dT > dH/dT, 499 

where T is temperature) (Atkinson and Sibly, 1997; Kearney, 2021; Pauly, 2021). These 500 

models can predict the observed increase in initial growth rate with warming (Atkinson 501 

and Sibly, 1997) as well as the decrease in growth rate with warming later in ontogeny. 502 

 503 

However, it is important that any modeled decline in growth should allow for individuals to 504 

have sufficient capacity for oxygen uptake and energy acquisition in order to complete 505 

reproduction (Kozłowski et al., 2004; Kearney, 2019; Pauly, 2021). Moreover, growth 506 

models should incorporate the amount of resources diverted from late growth towards 507 

reproduction (Day and Taylor, 1997; Kozłowski et al., 2004; Kearney, 2019; Marshall and 508 

White, 2019), which is predicted by life-history optimization to arise from selection by 509 

external mortality (Kozłowski et al., 2004). We suggest that part of the ongoing controversy 510 

about what determines the shape of growth curves when resources are abundant (Pauly, 511 

2019; Marshall and White, 2019; Kearney, 2019; White and Marshall, 2019) may be 512 

reduced if: (i) explanations incorporating the ultimate (selective) effect of oxygen or other 513 

resource limitation (Section 2i, above) are prioritized over proximate constraints of oxygen 514 

or energy shortage on growth, which we have shown is unlikely to apply widely in 515 

favorable conditions, and (ii) the debate is not polarized as selection either on increased 516 
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reproduction or on avoiding oxygen (or other resource) limitation; both may need to be 517 

considered.    518 

 519 

Additionally, a particularly crucial flaw in these classic models, including the variant by 520 

Einum et al. (2021), is that they predict a reduction in growth efficiency with warming; this 521 

runs counter to the typically increased efficiency observed under benign conditions in the 522 

physiological temperature range (Angilletta and Dunham, 2003). However, it would be 523 

informative to investigate whether warming enhances efficiency at small but not at large 524 

sizes during ontogeny - which would mirror the observed effects of temperature on growth 525 

rate during ontogeny.   526 

 527 

It remains to be determined whether this failure to avoid unrealistic reductions in 528 

warming-induced growth efficiency applies also to a recent model that quantitatively 529 

predicts the TSR across a range of sizes from microbes to large fish (Deutsch et al., 2022).  530 

Observations used to parameterize this model indicate that hypoxia tolerance typically 531 

declines with size during growth - slightly in fish and more strongly in smaller species - and 532 

also with increased temperature. This model did not examine growth trajectories explicitly, 533 

though it is worth exploring whether its predicted warming-induced body size reduction 534 

arises from assumptions that match those used in the classic growth models. Specifically, 535 

does the greater temperature dependence and shallower mass-scaling of metabolic or 536 

oxygen demand than of oxygen supply efficacy also predict a warming-induced reduction in 537 

growth efficiency at all sizes? Such a finding would run counter to the observed warming-538 

enhanced growth efficiency under conditions relevant to the TSR (Angilletta and Dunham, 539 
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2003). Unlike the previous models of the TSR, that of Deutsch et al. (2022) predicts well the 540 

interspecific mean and variability of body size reduction with warming. It is therefore 541 

important to know whether unrealistic warming-induced reductions in growth efficiency 542 

are mostly avoided in this model, or whether the improved predictions of TSR emerge 543 

despite an unrealistic formulation.   544 

 545 

This problem with how the growth models are applied to predicting the TSR (Angilletta 546 

and Dunham, 2003) is not new, but the continued use of such models requires measures to 547 

overcome the problem. More generally, the models poorly capture effects of size and 548 

temperature on metabolism. Thus, instead of a simple difference in temperature-549 

dependence of assimilation and maintenance metabolism in the classic growth model, a 550 

more realistic growth model would capture changes in multiple costs, efficiencies and 551 

resource allocations with: (i) temperature (e.g. enzyme titers and efficiencies; viscosity 552 

effects on movement in water; Verberk and Atkinson, 2013); (ii) body size (e.g. size-scaling 553 

of costs of locomotion and ventilation); and (iii) combined size and temperature (e.g. 554 

viscosity effects on scaling of ventilation; Section 1; Verberk and Atkinson, 2013; Verberk et 555 

al., 2021). At different sizes and temperatures, adjustments may be made to the capacity 556 

for uptake of limiting resources (e.g. Sollid et al., 2005; Sollid and Nilsson, 2006) (the upper 557 

metabolic limit, considered the upper boundary of the oxygen supply safety margin above 558 

routine expenditure), to the size of the safety margin, and to the amount of other routine 559 

investment, which is not just tissue maintenance but may also include routine costs of 560 

locomotion and resource capture (Verberk et al., 2021). Not accounting for these 561 

adjustments and how they vary between species is likely to produce erroneous predictions 562 
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of warming-induced shrinkage in adult body size. However, modeling all these adjustments 563 

individually will likely be prohibitive, and therefore alternative ways of capturing size-564 

dependent responses to temperature will be required. One step towards resolving the 565 

problem could include allowing not just the coefficients to be temperature-dependent, but 566 

also the exponents, a and c as individuals grow larger (Kozłowski et al., 2004), which is 567 

more likely to reflect observed metabolic responses (e.g. Rubalcaba et al., 2020).  It is also 568 

important to correctly characterize empirically the two terms on the right side of Equation 569 

4, so that their difference equates to growth and nothing else.  For instance, if standard 570 

metabolic rate is used as a measure of maintenance metabolism or catabolism, its growth 571 

overheads will need to be accounted for (Rosenfeld et al., 2015). Moreover, an assumption 572 

of isometric scaling is not often supported for metabolism (hence catabolism) at various 573 

levels of activity including standard, resting and routine (Glazier, 2005.   574 

 575 

One potential solution to prevent overestimating warming-induced reductions of body size 576 

may be to incorporate mass-transfer dynamics. Einum et al. (2021) did not use such 577 

dynamics in their model that overestimated size reduction, and assumed that uptake 578 

capacity scaled with surface area (exponent around 0.67). However, Deutsch et al. (2022), 579 

used mass-transfer modeling to compare responses of species across the size range from 580 

aerobic microbes to large metazoans, examining the relative roles of convection and 581 

diffusion on oxygen movement through the stagnant boundary layer surrounding 582 

respiratory exchange surfaces. They predicted a much lower scaling exponent of around 583 

0.3 for microbes, leading to a lesser warming-induced body size reduction compared with 584 

that of larger metazoans, as is generally observed (Forster et al., 2012).  585 
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 586 

Conclusion 587 

To improve estimates of oxygen bioavailability and to provide mechanistic models of 588 

oxygen limitation, we have applied mass-transfer modeling to quantify how water flow 589 

regime at external gas exchange surfaces affects oxygen bioavailability. Applying this 590 

modeling framework to amphipods, we found a greater increase in oxygen bioavailability 591 

with warming (Q10 ~ 1.24) when costs of moving oxygen are kept constant, compared with 592 

using the Oxygen Supply Index (Verberk et al., 2011) (Q10 ~ 1.05-1.16). Unlike the OSI, our 593 

measure of oxygen bioavailability is not a single generic index, but can be customized to 594 

particular respiratory systems (e.g. laminar versus turbulent flow through open versus 595 

closed channels or along differently shaped surfaces) and levels of respiratory activity. The 596 

framework therefore provides a more complete mechanistic approach to understanding 597 

variation in oxygen bioavailability among diverse water-breathers. However, a full 598 

exploration of impacts of different flow regimes and respiratory structures will be the 599 

subject of future work. A major further benefit from such modelling arises from its 600 

potential to generate realistic estimates of both the rate of oxygen uptake, and the aerobic 601 

cost of achieving such uptake. Thus, maximizing the oxygen available for all metabolic 602 

processes not associated with oxygen movement (e.g. maintenance, reproduction and 603 

growth) (rṀO2) depends on how much oxygen is devoted to moving oxygen from the 604 

environment to tissues. A consequence of this distinction between types of metabolic cost 605 

is that we predict an increase in costs of moving water and oxygen while rṀO2 decreases as 606 

pO2 is reduced towards pcritO2.  This prediction challenges the idea that oxygen limitation of 607 

metabolic rate at pcritO2 reflects the start of oxygen limitation on fitness. Instead, we predict 608 
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that reductions in metabolic activities contributing to fitness occur before pcritO2 is reached. 609 

The appearance of an approximately invariant total metabolic rate as oxygen partial 610 

pressure is reduced below normoxia results from a simultaneous increase in investment in 611 

generating water and oxygen movement. The modeling framework can be developed 612 

further to provide mechanistic predictions of oxygen limitation and life history (e.g. body 613 

size). Thus, by incorporating into the models the costs of moving water and oxygen, and 614 

how these costs vary with size and temperature, oxygen limitation at different body sizes 615 

and temperatures can help predict combinations of body size and temperature that avoid 616 

oxygen limitation.  617 

   618 

We argue that a physiological understanding should be combined with evolutionary 619 

principles to clearly distinguish between oxygen as a proximate and as an ultimate factor.  620 

We describe how experimental treatments that increase rather than reduce oxygen tension 621 

should be used to test for proximate oxygen limitation. Under benign growth conditions 622 

within the normal range of oxygen tensions and physiological temperatures used to 623 

describe the Temperature-Size Rule, experimental hyperoxia provided little evidence that 624 

oxygen normally limited growth and adult size. Overall, we found little support for 625 

warming-induced oxygen limitation usually decelerating growth and producing small 626 

adults. However, evidence was consistent with oxygen as an ultimate or evolutionary factor 627 

leading to slowed growth and smaller size at increased temperatures that avoided oxygen 628 

limitation – termed the Ghost of Oxygen Limitation Past. We proposed that experiments to 629 

test this idea should decouple the proximate cause or environmental cue (temperature) 630 

from the ultimate cause (protecting aerobic scope from oxygen limitation). We suggest that 631 
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part of the ongoing controversy about what determines the shape of growth curves when 632 

resources are abundant may be reduced if: (i) explanations incorporating the ultimate 633 

(selective) effect of oxygen or other resource limitation are prioritized over proximate 634 

constraints of oxygen or energy shortage on growth, which we showed was unlikely to 635 

apply widely in favorable conditions, and (ii) the debate is not polarized by arguing for 636 

selection just on increased reproduction or just on avoiding oxygen (or other resource) 637 

limitation; both may need to be considered.   Finally, we highlight a crucial flaw in classic 638 

growth models that led to a predicted reduction in growth efficiency with warming, which 639 

runs counter to the typically increased efficiency observed under benign conditions in the 640 

physiological temperature range. Overall, this paper shows the importance of a multi-641 

disciplinary approach, as advocated by Verberk et al. (2016a) and Audzijonyte et al., 642 

(2019), which here combines perspectives from evolutionary ecology and physiology.  643 
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 843 

Figure legends 844 

Figure 1. A schematic of the change in oxygen partial pressure through the amphipod 845 

ventral groove (arrow indicates direction of water flow), assuming the partial pressure of 846 

oxygen in hemolymph is constant . As oxygen is extracted at the gill plates, the partial 847 

pressure of oxygen at the inflow (pO2i) falls in line with the decline in the mass of dissolved 848 

oxygen (solid line). At lower solubilities (such as at higher temperature, which also causes 849 

a much stronger increase metabolic oxygen demand), pO2 (dashed line) will fall more 850 

rapidly for a fixed water volume flow rate (V̇w) and rate of movement of oxygen from water 851 

to blood (ṀO2). This effect cannot occur in isolation however, because the decline in the 852 

average partial pressure in water along the gill plates from inflow to outflow pO2w= (pO2i + 853 

pO2e)/2 and hence the partial pressure difference ΔpO2w-h between water and hemolymph 854 

across the gill diffusion barrier also reduces ṀO2, which will have a corresponding effect on 855 

variation in ΔpO2i-e.  856 

 857 

Figure 2. A schematic of the idealised amphipod respiratory gas exchange system. 858 

Turbulent water flow is generated by beating abdominal limbs (pleopods, not shown) and 859 

passes posteriorly (arrow denotes direction of flow) through a narrow channel of width h, 860 

within the lateral walls formed by 6 pairs of gill plates. In our idealized amphipod gas 861 

exchange channel, and in order to simplify the mass transfer modelling, we treat the 6 gill 862 

plates flanking one side of the channel as a single liquid-solid interface where gas exchange 863 

occurs over the surface of area l.d. Although the system is open anatomically, it is treated 864 

physiologically as a closed gas exchange space, with no oxygen diffusion or admixture of 865 
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water assumed to occur from outside the groove.  Although there is evidence of a role for 866 

extra-branchial gas exchange in some amphipod species (Spicer and Gaston, 1999) and life 867 

stages (Spicer and McMahon, 1992), this is not incorporated into our modelling, which 868 

assumes the gills are the principal site of respiratory gas exchange. 869 

 870 

Figure 3. A semi-log10 plot of variation in the rate of movement of oxygen (ṀO2; dotted) 871 

from water to hemolymph in our amphipod gas transfer model, where the aerobic cost to 872 

the animal of pumping water through the channel remains constant and the initial fraction 873 

of oxygen extraction from the water current is 25%; all values are normalised to 0°C. 874 

Physical variables are predicted to drive variation in ṀO2 with temperature, according to 875 

the equation ṀO2 ∝ pO2w-h.A.αwO2.DwO22/3.vw4/5/(υw 7/15.h1/5) (Eqn. 3). These variables are 876 

diffusivity of oxygen in water (ṀO2 ∝ DwO22/3; fine dash), kinematic viscosity of water (ṀO2 ∝ 877 

υw-7/15; coarse dash), the partial pressure gradient of oxygen (ṀO2 ∝ ΔpO2w-h; dash dot dash), 878 

solubility of oxygen in water (ṀO2 ∝ αwO2; dash dot dot dash), and linear water velocity 879 

through the channel (ṀO2 ∝ vw4/5; medium dash). Linear water velocity varies proportional 880 

to dynamic viscosity of water (µw) to the power -1/2 when assuming a constant power 881 

spent in ventilation. These physical variables combine to produce an increase in ṀO2 with 882 

increasing temperature. Residual ṀO2 (rṀO2; solid) represents the oxygen bioavailability for 883 

functions not involved in the physical process of oxygen movement (i.e. those pumping 884 

external water and hemolymph) and shows an approximate Q10 of 1.24. 885 

 886 

Figure 4. Variation in three different proposed metrics of oxygen bioavailability with 887 

changing temperature, normalised to 0°C and displayed on a semi-log10 plot. All models 888 
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assume constant environmental partial pressure of oxygen (pO2i in the analysis presented 889 

here). Water oxygen content will decline in line with the solubility coefficient of oxygen in 890 

water (αwO2; dash dot dot dash); Q10≃ 0.83. The Oxygen Supply Index, or OSI (product of 891 

solubility and diffusivity coefficient variation; dash), increases slightly with temperature; 892 

Q10≃ 1.11. Our definition of oxygen bioavailability, as mass-transfer-derived variation in 893 

the rate of oxygen movement (ṀO2), when costs of oxygen movement are constant and 894 

subtracted from whole organism ṀO2 (rṀO2; solid) and initial fraction of oxygen extraction 895 

from the water current is 25%, also increases with temperature in amphipods, but to a 896 

greater extent than the OSI; Q10≃ 1.24.   897 

 898 

Legend for Supplement S1, available online. 899 

Oxygen bioavailability and its response to warming is modelled using a mass-transfer 900 

approach. We illustrate the modeling using an amphipod model of respiration. The model is 901 

described step-by-step under the following headings: Fundamentals of oxygen transfer 902 

across respiratory gas exchange surfaces; Mass-transfer treatment; Energetics of water 903 

flow; Normalising temperature effects on total and residual ṀO2 to a 0°C reference; Physical 904 

variables contributing to thermal sensitivity of total and residual ṀO2 in the amphipod gill 905 

model; Table S1. Q10 values for a range of physical variables relevant to the modelling of 906 

respiratory gas transfer presented in this study; Table S2. Abbreviations for terms used in 907 

modeling in this study. Supplementary references. 908 


