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Warming-induced “plastic floors” improve hypoxia vulnerability, not 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A 12-week warming acclimation signif
icantly reduced baseline oxygen 
demand. 

• Warming acclimation did not improve 
aerobic scope. 

• Acclimation-induced reduction in oxy
gen demand reduced critical oxygen 
threshold. 

• Warming acclimation improved mito
chondrial efficiency in the liver but not 
the heart. 

• Acclimation significantly increased the 
range of metabolically available 
habitats.  
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A B S T R A C T   

Ocean warming is a prevailing threat to marine ectotherms. Recently the “plastic floors, concrete ceilings” hy
pothesis was proposed, which suggests that a warmed fish will acclimate to higher temperatures by reducing 
standard metabolic rate (SMR) while keeping maximum metabolic rate (MMR) stable, therefore improving 
aerobic scope (AS). Here we evaluated this hypothesis on red drum (Sciaenops ocellatus) while incorporating 
measures of hypoxia vulnerability (critical oxygen threshold; Pcrit) and mitochondrial performance. Fish were 
subjected to a 12-week acclimation to 20 ◦C or 28 ◦C. Respirometry was performed every 4 weeks to obtain 
metabolic rate and Pcrit; mitochondrial respirometry was performed on liver and heart samples at the end of the 
acclimation. 28 ◦C fish had a significantly higher SMR, MMR, and Pcrit than 20 ◦C controls at time 0, but SMR 
declined by 36.2 % over the 12-week acclimation. No change in SMR was observed in the control treatment. 
Contrary to expectations, SMR suppression did not improve AS relative to time 0 owing to a progressive decline 
in MMR over acclimation time. Pcrit decreased by 27.2 % in the warm-acclimated fishes, which resulted in 
temperature treatments having statistically similar values by 12-weeks. No differences in mitochondrial traits 
were observed in the heart – despite a Δ8 ◦C assay temperature – while liver respiratory and coupling control 
ratios were significantly improved, suggesting that mitochondrial plasticity may contribute to the reduced SMR 
with warming. Overall, this work suggests that warming induced metabolic suppression offsets the deleterious 
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consequences of high oxygen demand on hypoxia vulnerability, and in so doing greatly expands the theoretical 
range of metabolically available habitats for red drum.   

1. Introduction 

Warming water temperatures are an imminent stressor to marine 
ectotherms that cause a suite of physiological challenges including 
increased energetic demands, compromised oxygen supply capacity, and 
decreased growth (Jutfelt et al., 2021; Portner, 2010; Salvatteci et al., 
2022; Sandblom et al., 2014). Pioneering work by Fry and Hart (1948) 
outlined the effect of temperature on the metabolic rates of fishes and 
brought forth the concept of aerobic scope (AS) – the difference between 
standard (SMR) and maximum metabolic rate (MMR) – which has since 
become an important metric for predicting the short and long-term ef
fects of thermal stress (Clark et al., 2013; Deutsch et al., 2015; Deutsch 
et al., 2020; Pörtner and Farrell, 2008). During acute warming the SMR 
of aquatic ectotherms will increase according to thermodynamic con
stants, which effectively raises the baseline cost of living (e.g. Deutsch 
et al., 2015; Deutsch et al., 2020; Fry and Hart, 1948). MMR will simi
larly increase with acute warming, with the exception that many species 
exhibit a thermal plateau, or even decline, in maximum oxygen con
sumption rates associated with cardiorespiratory failure at high tem
peratures (e.g. Ackerly and Esbaugh, 2021; Eliason et al., 2013; Norin 
et al., 2014). The effects of warming on SMR and MMR may result in a 
decline in AS, which is commonly interpreted as a decline in available 
energy for important functions such as exercise, digestion, growth and 
reproduction. As such, constraints of AS due to warming represent a 
crucial issue for many species. 

While the dynamic responses of AS to changes in water temperature 
have rightly drawn a great deal of research attention, it is important to 
note that AS can also be impacted by other climate change stressors — 
such as hypoxia (Ackerly and Esbaugh, 2020; Claireaux and Chabot, 
2016; Negrete Jr. et al., 2022; Pan et al., 2017) or ocean acidification 
(Couturier et al., 2013; Esbaugh, 2018; Lefevre, 2016). Ocean deoxy
genation, in particular, is now recognized as a serious consequence of 
climate change owing to the increased prevalence of marine hypoxic 
zones (Breitburg et al., 2018; Gallo and Levin, 2016; Levin, 2018). The 
effects of hypoxia on AS are straightforward, as it has long been estab
lished that reductions in the ambient partial pressure of oxygen (PO2) 
result in reduced MMR (Claireaux and Chabot, 2016; Fry, 1947; Fry, 
1971). While the exact relationship between declining PO2 and MMR 
has been the topic of recent debate (Esbaugh et al., 2021; Farrell et al., 
2021; Seibel et al., 2021b; Seibel and Deutsch, 2020), it is clear that at 
some PO2 an animal's MMR will intersect with SMR, driving AS to zero. 
This point is known as the critical oxygen threshold (Pcrit) (Claireaux and 
Chabot, 2016; Negrete Jr. and Esbaugh, 2019; Seibel et al., 2021a; 
Ultsch and Regan, 2019), and while other measures of hypoxia tolerance 
exist (Wood, 2018), the Pcrit is a particularly valuable measure of hyp
oxia vulnerability because it denotes the PO2 at which an organism can 
no longer meet the demands of SMR without relying on unsustainable 
anaerobic metabolism. Recent work has attempted to use the combined 
effects of temperature and hypoxia on animal metabolism (i.e. factorial 
AS; MMR/SMR) to identify metabolically available habitat for species. 
This framework is known as the metabolic index (ϕ) and provides a 
useful mechanistic tool to predict the potential effects of climate change 
on species range distributions as a consequence of dynamic shifts in 
oxygen and temperature (Deutsch et al., 2015; Deutsch et al., 2020). 
Importantly, the thermal sensitivity of hypoxia vulnerability is a crucial 
component when calculating ϕ. 

A commonly used approach to study the effects of thermal, or hyp
oxic, stress on fishes is to use acute exposures whereby animals are 
exposed to relatively rapid changes in environmental condition followed 
by physiological measurement (e.g. Eliason et al., 2011; Eliason et al., 
2013; Eliason and Farrell, 2016; Ern et al., 2017; Ern et al., 2016; Norin 

et al., 2014). While this approach is valid for many ecologically relevant 
thermal stress scenarios, it is also important to consider long-term 
thermal acclimation (i.e. phenotypic plasticity). This is particularly 
important in the context of climate change, and any predictive modeling 
associated with climate change, as phenotypic plasticity has been spe
cifically highlighted as a plausible route for population and species 
resilience (Bell, 2013; Gonzalez et al., 2013). In fact, climate change 
related stressors, including warming (Norin et al., 2014; Robinson and 
Davison, 2008; Sandblom et al., 2014; Scheuffele et al., 2021), hypoxia 
(Negrete Jr. et al., 2022; Pan et al., 2017) and ocean acidification 
(Esbaugh, 2018; Esbaugh et al., 2016) have previously been shown to 
impact respiratory traits in fishes via phenotypic plasticity. Work by 
Sandblom et al. (2016) has brought forth the “plastic floors, concrete 
ceilings” hypothesis; proposing that certain fish exhibit metabolic 
plasticity with the intent of increasing aerobic scope over the course of 
warming acclimation. More specifically, this hypothesis suggests that 
fish actively reduce SMR in warm environments with no matched 
reduction in MMR, thus increasing AS and the energy available for ac
tivity, digestion and growth. 

The “plastic floors, concrete ceilings” hypothesis provides a useful 
guidepost for incorporating acclimation into mechanistic models that 
aim to predict the effects of climate change on marine fishes, however, 
several important questions remain. First and foremost are the interac
tive effects of warming on SMR, MMR and Pcrit, which are the three 
principle metabolic traits used to predict species biogeography on the 
basis of temperature and oxygen (e.g. Deutsch et al., 2015; Deutsch 
et al., 2020; Franco et al., 2022; Parouffe et al., 2023). A second 
important consideration is whether warming induced reductions in SMR 
represent improvements in efficiency (Sandblom et al., 2016) or physi
ological suppression of important pathways. Finally, we must assess 
whether the magnitude of any physiological acclimation is ecologically 
meaningful, particularly in the context of performance and metaboli
cally available habitat. To this end, the current study sought to explore 
the effects of warming acclimation over a 12-week period on baseline 
metabolism, maximum respiratory performance and hypoxia vulnera
bility in red drum (Sciaenops ocellatus). This species is commonly found 
in the subtropical and tropical coastlines of eastern North and Central 
America, and is known to exhibit physiological plasticity to a wide array 
of environmental stressors (Allmon and Esbaugh, 2017; Dichiera et al., 
2022; Esbaugh and Cutler, 2016; Esbaugh et al., 2016; Martin and 
Esbaugh, 2021; Watson et al., 2014). In accordance with the “plastic 
floors, concrete ceilings” hypothesis, we hypothesize that red drum will 
exhibit a progressive decline in SMR over acclimation time that will 
coincide with a significant improvement in AS and reduction in Pcrit. We 
further hypothesize that the elevated AS will coincide with significant 
improvements in growth rate and mitochondrial efficiency of two 
aerobically active tissues, the heart and liver. Finally, we hypothesize 
that any observed improvements in metabolic traits following warm 
acclimation will expand the scope of metabolically available habitat, as 
predicted through the metabolic index. 

2. Methods 

All experimental procedures and protocols used in this study were 
approved by The University of Texas at Austin Institutional Animal Care 
and Use Committee (AUP-2018-00231; AUP-2021-00204). 

2.1. Animal husbandry and experimental design 

Juvenile red drum were obtained from Ekstrom Aquaculture (Pala
cios, TX). Fish were transported to The University of Texas at Austin 
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Marine Science Institute (UTMSI) by truck under constant aeration. At 
UTMSI, fish were maintained at 20 ± 0.1 ◦C and 38 ± 0.4 ppt with 
constant aeration on a 14:10 light dark cycle in 545 L recirculating tanks 
outfitted with a biofilter for 4 weeks prior to experimentation. Fish were 
fed ad libitum daily on a diet of commercial fish pellets (Purina Animal 
Nutrition), unless otherwise noted. Salinity, O2 and pH were measured 
daily using handheld meters and ammonia was tested using a com
mercial aquarium test kit every other day. 

To initiate the experiment, fish were randomly assigned to either a 
control group (3 replicate 545 L tanks; N = 28 fish; 12.0 ± 2.1 g) that 
remained at 20 ± 0.1 ◦C, or a warm-acclimation group (3 replicate 545 L 
tanks; N = 28 fish; 14.0 ± 1.0 g) maintained at 28 ± 0.1 ◦C. Replicate 
tanks for the respective treatments were connected to a common bio
filtration system, and each system had a digitally controlled temperature 
control unit. Water quality was measured as described above. Temper
atures for the warm-acclimation group were raised to 28 ◦C in daily 2 ◦C 
increments, with the acclimation start date defined as the day at which 
the target temperature was reached. A second random subset of fish 
were subjected to an acute temperature transfer to 28 ◦C (n = 12, 15.3 ±
1.4 g) or 20 ◦C (n = 11, 16.1 ± 1.6 g), which is defined herein as week 0. 
Acute-acclimation was performed as described in Dichiera et al. (2021) 
where temperature was raised 2 ◦C hourly until acclimation temperature 
was reached, after which the fish were maintained overnight followed 
by respirometry measurements (see below). The average fish mass of 
unfed animals was taken for each replicate tank of both temperature 
treatments every 4 weeks. 

2.2. Intermittent flow respirometry 

Intermittent-flow respirometry was used to assess SMR, MMR and 
Pcrit. This system included fiberoptic oxygen electrodes connected to an 
associated meter (mini 4-channel, PreSens; Witrox 4-channel, Loligo 
Systems) and laptop. The O2 data were fed into software (AutoResp, 
Loligo Systems) that recorded O2 consumption rates while controlling 
flush and circulation pumps via a power relay data acquisition unit 
(Loligo Systems). The protocol was modeled on previous work in red 
drum (Ackerly and Esbaugh, 2020; Ackerly and Esbaugh, 2021; Dichiera 
et al., 2021; Khursigara et al., 2018), and began by manually chasing the 
fish to exhaustion (approximately 3 min) followed by a 1-min air 
exposure period after which fish were placed in respirometry chambers. 
Note that chase protocols have generally been found to provide com
parable results to exhaustive swim trials (Killen et al., 2017). The first 3- 
h of oxygen consumption data for each trial were omitted from SMR 
analysis on the basis of elevated post-exercise oxygen consumption 
(EPOC). Note that prior work in our lab has shown EPOC and the 
biochemical recovery from exhaustive exercise in red drum is complete 
in <3 h (Ackerly and Esbaugh, 2020; Ackerly and Esbaugh, 2021; 
Dichiera et al., 2021; Johansen and Esbaugh, 2017; Martin et al., 2023). 
Fish stayed in the chambers for an additional 24 h, which was used for 
SMR determination. At the end of the SMR period fish were subjected to 
a closed-system Pcrit trial wherein the flush circuit was closed allowing 
the fish respiration to draw down oxygen in the chamber until loss of 
equilibrium was reached, or oxygen in the chamber reached 5 % air 
saturation. Note that previous work in red drum has demonstrated no 
difference between closed-circuit Pcrit determinations and those in 
which N2 is used to lower PO2 (Negrete Jr. and Esbaugh, 2019). At the 
conclusion of Pcrit trials fish were removed from the chambers and 
moved to non-experimental holding tanks. All respirometry was con
ducted at the treatment temperature and salinity, and on fish starved for 
48 h. 

The approximate total volume of the respirometry chambers 
(acrylic) and tubing (vinyl) was 680 mL, with water volume to body 
mass ratios ranging from 85 to 21. Fish were measured in groups of 4 
over 3 consecutive days with thorough cleaning of the chambers and 
holding system between trials. Two separate water bath systems were 
established (20 ◦C and 28 ◦C), which consisted of an approximately 95 L 

holding bath that contained 4 respirometry chambers, and a 140 L sump 
bath where temperature was regulated using WILLHI digital tempera
ture relay control units connected to titanium aquarium heating ele
ments. Each respirometry chamber was partially wrapped in black 
plastic to limit visual cues. Respirometry cycles were 3-min flush, 1-min 
wait, and 3-min measure. Chamber mixing during measurement was 
provided by a recirculation pump circuit attached to each chamber 
(maximum pump flow of 120 L/h). Measurements of mass-specific O2 
consumption (MO2, mg O2 kg−1 h−1) were calculated using AutoResp 
software (Loligo, Denmark) with manually entered temperature values. 
O2 measurements were taken every second using a Presens fiber optic 
system placed within the circulation circuit. Measurements were 
omitted when an R2 < 0.95 was obtained for the MO2 slope. SMR was 
calculated as the 20th percentile of all MO2 measurements (Chabot 
et al., 2016; Negrete Jr. and Esbaugh, 2019). Analysis of MMR was 
performed in R statistical software (R version 4.0.2) (R Core Team, 
2021) using the rollregress package following the rolling regression 
method described by Prinzing et al. (2021). Briefly, over a designated 
time interval (i.e., 3-min measurement interval) a regression of 
declining oxygen in a chamber is applied to a designated time window 
(60 s) using the raw data extracted from AutoResp. This method 
generated ~121 slopes of oxygen decline for each 180 s measurement 
period, and the highest of these slopes was defined as the MMR for that 
interval. The first 3 intervals post-exercise were analyzed for each fish 
and the highest single slope was used to define MMR. Absolute aerobic 
scope (AAS) was calculated as the difference between MMR and SMR. 
Pcrit was calculated as the point where SMR intersected with the 
regression line of the oxyconformation phase (i.e. when MO2 declined 
linearly with declining PO2) of the Pcrit trial (Negrete Jr. and Esbaugh, 
2019). 

Measurements of background respiration were taken before and after 
fish were placed in the respirometry chambers using respirometry cycles 
of 3-min flush, 1-min wait, and 26-min measure. Individual MO2 were 
corrected assuming a linear increase in background respiration. 

2.3. Mitochondrial respirometry 

After 12 weeks, a subset of individuals (warm-acclimated: n = 8, 
mass: 45.0 ± 4.7 g; control-acclimated: n = 6, mass: 30.6 ± 3.1 g) from 
each acclimation were used to assess mitochondrial performance of 
heart and liver tissue. These tissues were chosen because of their 
important contributions to baseline aerobic metabolism. Individuals 
were euthanized with an overdose of buffered MS-222 (500 mg L−1 

tricaine methanesulfonate, 1 g L−1 NaHCO3) until operculum movement 
stopped after which a spinal transection was performed. Individuals had 
the whole heart and liver dissected and placed immediately on ice. The 
ventricle was subsequently isolated and both liver and ventricle tissue 
were gently blotted on tissue paper and weighed (heart: 10 ± 0.6 mg; 
liver: 31.2 ± 1.3 mg). Each tissue was then placed in 500 μL ice cold 
respiration buffer (0.5 mM EGTA, 3 mM MgCl2, 60 mM lactobionic acid, 
20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM D-sucrose, 
buffered to 7.0 using 5 M KOH) and gently homogenized in separate 7 
mL glass Dounce homogenizers (Wheaton, USA) on ice. Homogenates 
were then transferred to an Oroboros Oxygraph-2 k respirometer system 
(Oroboros Instruments, Innsbruck, Austria) test chamber (2.2 mL total 
volume of respiration buffer + homogenate) to quantify mitochondrial 
performance. For each individual, the ventricle and liver samples were 
run simultaneously. Chamber temperatures reflected the acclimation 
temperature (warm-acclimated: 28 ◦C; control-acclimated: 20 ◦C). Ox
ygen consumption in the chambers was measured as mass-specific O2 
flux (pmol s−1 mg−1) in real time using Datlab (Oroboros Instruments 
Innsbruck, Austria). 

Mitochondrial performance and efficiency were measured using a 
substrate inhibitor titration as previously described for red drum (Ack
erly et al., 2023; Johansen and Esbaugh, 2019). The following titration 
sequence was used: a) 280 U/mL catalase + 3 μL 3 % H2O2 (bringing 
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chamber to 200 % air saturation to prevent oxygen limitations on 
mitochondrial performance; b) 2 mM malate + 5 mM pyruvate + 10 mM 
glutamate (to provide substrates for Complex I); c) 1 mM steps of ADP to 
saturation (to induce CI-OXPHOS); d) 10 μM cytochrome c (to assess 
mitochondrial membrane integrity); e) 10 mM succinate (substrate for 
Complex II) + 1 mM ADP (to induce maximal respiration; OXPHOS); f) 
5 nM oligomycin (to inhibit ATP synthase and measure LEAK); and g) 
2.5 μM antimycin a (to assess residual oxygen consumption (ROX) 
through inhibition of OXPHOS). All mitochondrial performance was 
assessed and reported here as ROX-corrected values. Oxygen consump
tion of each step is reported as mass-specific O2 flux (pmol s−1 mg−1). 
The respiratory control ratio (RCR) was calculated as OXPHOS divided 
by LEAK, and the coupling control ratio (CCR) was calculated as LEAK 
divided by OXPHOS. OXPHOS Capacity was calculated as OXPHOS 
minus LEAK, and OXPHOS Control Efficiency was calculated as OXPHOS 
Capacity divided by OXPHOS. Mitochondrial membrane integrity was 
assessed by calculating the percent (%) change in respiration between 
CCI-OXPHOS and the addition of cytochrome c. There was no significant 
change to respiration rates in either cardiac or liver tissues, which on 
average was <15 %. 

2.4. Statistical analysis 

All statistical analysis was conducted in Sigma Plot version 13. To 
account for the differential growth rates, and thus sizes, of fish in the 
warm and control acclimations, all data were scaled to a common mass 
(the average mass of all fish used at the time of testing) using red drum 
specific scaling exponents for SMR (Pan et al., 2016) and MMR (Ackerly 
and Esbaugh, 2020). This was preferred to incorporating mass as a co
variate owing to the fact that the previously established scaling expo
nents were developed using a more robust data set (i.e. much larger 
range in mass). A two-way analysis of variance (ANOVA) with temper
ature and time point as factors was then used to test for differences in 
SMR, MMR and Pcrit, with a Holm-Sidak post-hoc test used when sig
nificant interactions between temperature and time were present. An 
analysis of covariance (ANCOVA) was also used to assess the effect of 
temperature on Pcrit with SMR as a covariant. The SMR and Pcrit data sets 
did not conform to normality and equal variance – as tested using a 
Shapiro-Wilk and Brown-Forsythe test, respectively – so they were log 
transformed. Mitochondrial traits were analyzed using a t-test; in the 
event of non-normal data a Mann-Whitney Rank Sum test was per
formed. OXPHOS and CI control ratios and OSPHOS control efficiency (i. 
e. all percentage data sets) were subjected to a Logit transformation 
prior to statistical testing. Specific growth rate was calculated as 
described in Crane et al. (2020) and tested using a repeated measures 2- 
way ANOVA with temperature and time as factors. 

2.5. Metabolic index modeling of habitat availability 

The metabolic index (Deutsch et al., 2015; Deutsch et al., 2020) was 
used as a prevailing mechanistic model to explore the significance of the 
observed acclimation responses on habitat availability with respect to 
temperature and PO2. Modeling of ϕ was performed according to the 
following formula: 

ϕ =
αs

αD
βεpO2exp

{
Eo

kB

(
1
T

−
1

Tref

) }

,

as described by Deutsch et al. (2020). αD is oxygen demand (i.e. SMR) 
per unit body mass (β) at a reference temperature (Tref), and ε is the 
allometric scaling of the oxygen supply to demand ratio. ε is assumed to 
be zero on the basis of known scaling exponents for SMR (Pan et al., 
2016) and MMR (Ackerly and Esbaugh, 2020) in red drum. αs is oxygen 
supply capacity, which denotes how much oxygen is physiologically 
available at a given PO2. Eo is the sensitivity of hypoxia vulnerability (i. 
e. Pcrit) to temperature, as described by an Arrhenius function (Boltzman 

constant, kB). Tref is the temperature of the control treatment (20 ◦C), 
while T is the prediction temperature. All values used in modeling are 
presented in Table 4. The reference SMR was taken as the average of all 
20 ◦C values throughout the study. Eo for non-acclimated estimates was 
based on the difference in Pcrit between 20 ◦C and 28 ◦C treatments at the 
earliest time point, while Eo for acclimated fishes was taken at the final 
time point. αs was calculated as SMR divided by Pcrit for all 20 ◦C data. 
The critical oxygen partial pressure for maximum metabolic rate (Pcmax) 
was also calculated MMR divided by αs. This value denotes the PO2 
above which MMR will not increase with increasing oxygen, and thus 
serves as a hard ceiling for prediction of MMR (Esbaugh et al., 2021; 
Seibel and Deutsch, 2020). Importantly, Pcmax was sufficiently high 
across the thermal range – as modeled using Epcmax (see Supplemental 
Fig. S1) – that it was not necessary to incorporate it into the presented 
model outputs. 

3. Results 

3.1. Metabolic responses to warming 

Mass normalized SMR was significantly affected by both acclimation 
temperature (F1,72 = 145.49, p < 0.001) and acclimation time (F3,72 =

6.125, p < 0.001) with a significant interaction between temperature 
and time being present (F3,72 = 15.695, p < 0.001) (Fig. 1). After acute 
transfer to 28 ◦C, red drum increased SMR by 95 % from 155.1 ± 8.5 to 
302.3 ± 15.4 mg O2 kg−1 h−1. Control fish showed no within treatment 
change in SMR over the course of the acclimation period, whereas 
warm-acclimated fish showed a significant decline over the 12-week 
time course. The significant decline in SMR in warm-acclimated fish 
was observed at the 4-, 8- and 12-week time points. At the conclusion of 
the acclimation period warm-acclimated fish retained a significantly 
higher SMR than control fish (t = 2.054; p = 0.044); however, the dif
ference was only 15 % with warm and control fish averaging 200.7 ±
5.4 and 174.9 ± 5.8 mg O2 kg−1 h−1, respectively. 

Mass-normalized MMR (Fig. 2) and AAS (Fig. 3) showed similar 
trends to those of SMR, with a significant effect of temperature (MMR: 
F1,71 = 114.99, p < 0.001; AAS: F1,71 = 54.03, p < 0.001) and accli
mation time (MMR: F3,71 = 14.97, p < 0.001; AAS: F3,71 = 9.705, p <
0.001), as well as a significant interaction between temperature and 
time (MMR: F3,71 = 8.78, p < 0.001; AAS: F3,71 = 5.157, p < 0.001). The 
warm-acclimated fish had a higher MMR and AAS at all tested time 
points, but the warm-acclimated values declined over time with 

Fig. 1. Effects of temperature and acclimation time on standard metabolic rate 
in red drum. Fish were housed at either a control temperature of 20 ◦C (blue) or 
28 ◦C (red) for 12-weeks. Standard metabolic rate was measured immediately 
after transfer (week 0) and every 4 weeks thereafter (N = 12, 12, 8 and 8 for 
weeks 0, 4, 8 and 12, respectively). Data were log transformed prior to statis
tical analysis. Different letters denote statistically different groups within a 
temperature treatment, and asterisks denote a significant difference between 
temperatures within a time point based on 2-way ANOVA analysis and Holm- 
Sidak post-hoc testing (P ≤ 0.05). 
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significant differences from control observed at 4-weeks (MMR: t =

5.243, p < 0.001; AAS: t = 3.141, p = 0.012), 8-weeks (MMR: t = 4.709, 
p < 0.001; AAS: t = 2.626, p = 0.042) and 12-weeks (MMR: t = 6.214, p 
< 0.001; AAS: t = 3.564, p = 0.004). Interestingly, a significant decline 
from time 0 was also observed in the control acclimation, but only at 12- 
weeks (MMR: t = 2.644, p = 0.04; AAS: 3.360, p = 0.005). The MMR and 
AAS of warm-acclimated fish showed a 25.6 % and 20.6 % decrease, 
respectively, from time 0 to week-12. In both cases, measurements sta
bilized after the 4-week timepoint. The 12-week warm-acclimated and 
control fish had an average MMR of 690.7 ± 21.2 and 488.5 ± 17.1 mg 
O2 kg−1 h−1, respectively. The AAS for 12-week warm-acclimated and 
control fish was 453.8 ± 16.8 and 291 ± 15.4 mg O2 kg−1 h−1, 
respectively. 

3.2. The effect of warming on hypoxia vulnerability 

Pcrit was significantly affected by temperature acclimation (Fig. 4; 
F1,66 = 42.045, p < 0.001), but not acclimation time (F3,66 = 2.113, p =
0.107), with a significant interaction between temperature and time 
(F3,66 = 9.327, p < 0.001). Control fish had no significant change in 
hypoxia vulnerability over the course of acclimation with an average 
Pcrit of 23.8 ± 0.7 % air saturation (i.e. 5.0 kPa). Warm-acclimated fish 
showed improvement in hypoxia tolerance over acclimation with Pcrit 
decreasing 26.7 % from time 0 (Pcrit = 36.6 ± 1.4) to week-12 (26.7 ±
1.2). Notably, there was no significant difference in Pcrit values between 
the control fish and warm-acclimated fish for either the 4-week (t =

1.939, p = 0.057) or 12-week time points (t = 0.539, p = 0.592), 
although the 4-week time point was only just outside of statistical 
significance. 

An ANCOVA was used to explore the mechanistic basis for the 
declining Pcrit in warm-acclimated red drum, with SMR identified as a 
significant model covariate (F1,70 = 11.273, p = 0.001) (Fig. 5a). The 
relationship between SMR and Pcrit was the same for both treatment 
temperatures (F1,70 = 0.002, p = 0.967). As such, the decline in Pcrit 
during warm-acclimation can be explained by the decline in SMR, which 
is demonstrated by similarity in variance adjusted mean Pcrit values 
across treatment (F1,66 = 1.032, p = 0.313), time (F3,66 = 0.432, p =
0.730) and their interaction (F3,66 = p = 0.250) (Table 1). A combined 
linear regression of non-transformed data is provided in Fig. 5b (p <

0.001; R2 = 0.54). 

3.3. The effect of warming on cardiac mitochondrial efficiency 

The mitochondrial performance of ventricle and liver tissue ho
mogenates were assessed in control and warm-acclimated fish following 
the 12-week acclimation period (Table 2). Note that all tests were per
formed at the animal's acclimation temperature. In the heart, warm- 
acclimation had no effect on OXPHOS, LEAK, OXPHOS Capacity (i.e. 
OXPHOS minus LEAK) or OXPHOS Control Efficiency (i.e. OXPHOS 
Capacity/OXPHOS). There was also no effect of warming on RCR or 
CCR. In contrast, warm-acclimation doubled OXPHOS in the liver, 
although this increase was just outside of significance (one-tailed t-test, 
p = 0.059). Warming also significantly reduced the CCR and improved 
RCR, OXPHOS Capacity and OXPHOS Control Efficiency (one-tailed t- 

Fig. 2. Effects of temperature and acclimation time on maximum metabolic 
rate in red drum. Fish were housed at either a control temperature of 20 ◦C 
(blue) or 28 ◦C (red) for 12 weeks. Maximum metabolic rate was measured 
immediately after transfer (week 0) and every 4 weeks thereafter (20 ◦C: N =
12, 12, 8 and 8 for weeks 0, 4, 8 and 12, respectively. 28 ◦C: N = 12, 11, 8 and 8 
for weeks 0, 4, 8 and 12, respectively). Different letters denote statistically 
different groups within a temperature treatment, and asterisks denote a sig
nificant difference between temperatures within a time point based on 2-way 
ANOVA analysis and Holm-Sidak post-hoc testing (P ≤ 0.05). 

Fig. 3. Effects of temperature and acclimation time on absolute aerobic scope in red drum. Fish were housed at either a control temperature of 20 ◦C (blue) or 28 ◦C 
(red) for 12 weeks. Absolute aerobic scope was measured immediately after transfer (week 0) and every 4 weeks thereafter (20 ◦C: N = 12, 12, 8 and 8 for weeks 0, 4, 
8 and 12, respectively. 28 ◦C: N = 12, 11, 8 and 8 for weeks 0, 4, 8 and 12, respectively). Different letters denote statistically different groups within a temperature 
treatment, and asterisks denote a significant difference between temperatures within a time point based on 2-way ANOVA analysis and Holm-Sidak post-hoc testing 
(P ≤ 0.05). 
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test, p ≤ 0.05). There was no significant effect of warming on LEAK. 

3.4. The effect of warming on growth 

Average fish mass in the warm-acclimated and control-acclimated 
replicate tanks was monitored over the course of the 12-week experi
ment, which was used to calculate specific growth rates (Table 3). Both 
acclimations began the experiment with the same average mass (t-test, p 
= 0.454). The average mass specific growth rate of the warm- 

acclimation group was significantly higher than control throughout 
the duration of the experiment (2-way repeated measures ANOVA, F1,17 
= 13.556, p = 0.021), and there was a significant effect of time in both 
acclimation groups with specific growth rate increasing in both treat
ments as the experiment progressed (F2,17 = 88.511, p < 0.001). While 
no interaction between time and treatment was detectable (F2,17 =

2.895, p = 0.113), it is interesting that the mean specific growth rate at 
12 weeks was nearly identical between temperature treatments. 

Fig. 4. Effects of temperature and acclimation time on critical oxygen threshold in red drum. Fish were housed at either a control temperature of 20 ◦C (blue) or 
28 ◦C (red) for 12-weeks. Critical oxygen threshold was measured immediately after transfer (week 0) and every 4 weeks thereafter (20 ◦C: N = 7, 12, 8 and 8 for 
weeks 0, 4, 8 and 12, respectively. 28 ◦C: N = 11, 12, 8 and 8 for weeks 0, 4, 8 and 12, respectively). Different letters denote statistically different groups within a 
temperature treatment, and asterisks denote a significant difference between temperatures within a time point based on 2-way ANOVA analysis and Holm-Sidak post- 
hoc testing (P ≤ 0.05). 

Fig. 5. The relationship between standard metabolic rate and critical oxygen threshold in red drum as an effect of acclimation temperature. Fish were housed at 
either a control temperature of 20 ◦C (blue, N = 35) or 28 ◦C (red, N = 39) for 12-weeks. Note that data were log transformed for statistical analysis (Panel A) and the 
acclimation treatment compiles across all time points. Both acclimation treatments exhibited statistically similar slopes between standard metabolic rate and critical 
oxygen threshold (equal slopes test, P = 0.628), and critical oxygen threshold was not different between treatments after accounting for standard metabolic rate 
(ANCOVA, P = 0.721). Panel B shows the linear regression of all non-log transformed data from both acclimation treatments (R2 = 0.54, P < 0.001, N = 74). 
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3.5. The effect of acclimation on predictions of metabolic habitat 
availability 

The metabolic index model was used to theoretically assess how the 
observed changes in thermal sensitivity to hypoxia vulnerability as a 

consequence of acclimation would impact prediction of metabolically 
available habitat. Contour plots for 20 ◦C control and 12-week 28 ◦C 
acclimated fish are presented in Fig. 6 (also see Fig. S1). If we assume 
that red drum require a ϕ = 3 to sustain a population (see Discussion 
section) then control fish would require an average PO2 of approxi
mately 15 kPa at the reference temperature, but these fish would require 
hyperoxia for habitats to be metabolically available above 26.2 ◦C. In 
other words, even small declines in PO2 can constrain metabolically 
available habitat at higher temperatures. In contrast, when incorpo
rating the much lower thermal sensitivity of hypoxia vulnerability 
observed following acclimation, the model outputs suggest that red 
drum are more capable of inhabiting warmer waters. In fact, red drum 
would, in theory, have the metabolic capacity to maintain populations in 
excess of 40 ◦C assuming fully oxygenated water is available. 

4. Discussion 

The current study sought to expand our understanding of the effects 
of acclimation on the thermal sensitivities of metabolic traits in marine 
fish. We specifically sought to explore whether red drum – a marine 
teleost native to the Gulf of Mexico and surrounding areas – conform to 
the “plastic floors, concrete ceilings” hypothesis whereby warm accli
mation would stimulate a reduction in SMR relative to acutely trans
ferred individuals, with a coinciding increase in AAS. Furthermore, we 
sought to provide insight on possible mechanisms of warming induced 
metabolic suppression by exploring differences in mitochondrial per
formance in the heart and liver of warm-acclimated and control in
dividuals. Interestingly, while red drum did exhibit the anticipated 
decline in SMR with acclimation time – as well as the hypothesized 
changes in mitochondrial efficiency in at least one tissue – there was no 
improvement in AAS because of reductions in MMR over acclimation 
time. Instead, the metabolic suppression seems to primarily benefit 
hypoxia vulnerability, which becomes nearly insensitive to warming. 

Several studies have previously documented warm-acclimation 
induced reductions of SMR relative to warmed but unacclimated (i.e. 
acute transfer) individuals, including studies on European perch (Perca 
fluviatilis) (Sandblom et al., 2016), barramundi (Lates calcarifer) (Norin 
et al., 2014; Scheuffele et al., 2021), shorthorn sculpin (Myoxocephalus 
scorpius) (Sandblom et al., 2014) and the marbled rockcod (Notothenia 
rossii) (Strobel et al., 2012). This was also observed at the upper and 
lower thermal range of a southern killifish (Fundulus heteroclitus) pop
ulation, although the northern population showed no effects of accli
mation to the same temperatures (Healy and Schulte, 2012). Across 
these same studies the effects of acclimation on MMR are diverse, with 
the European perch and southern killifish showing no acclimation- 
induced decline in MMR relative to warmed but unacclimated fish (i. 
e. concrete ceiling), while sculpin and barramundi both showed signif
icant declines in MMR with acclimation time at warm temperatures. 
MMR was not measured in the marbled rockcod study. It should be noted 
that MMR is notoriously challenging to estimate (Killen et al., 2017), as 
we can never know for certain why a fish ceases to exercise, but if we 
take all of these data at face value two distinct patterns emerge. In one 
case, found in the perch and killifish, the warming-induced SMR sup
pression results in a significant elevation in AAS. In the second case, 
warm acclimation also causes a decline in MMR after which AAS is 
comparable in control and warming conditions (Sandblom et al., 2014; 
Scheuffele et al., 2021). Of course, the exact temperature range used for 
a given experiment will affect these patterns, as exemplified by addi
tional work in barramundi whereby a 39 ◦C acclimation resulted in 
collapse in MMR and AAS despite the reduced SMR (Norin et al., 2014). 
The red drum generally conforms to the latter pattern as they show a 
significant decline in SMR over the acclimation time course, but this is 
paired with a decline in MMR. While red drum exhibited higher the AAS 
at the conclusion of the acclimation period in the warmer temperature, it 
is important to note that this is somewhat due to an unexplained decline 
in control MMR and AAS over the course of the study. If the AAS of 12- 

Table 1 
Standard metabolic rate adjusted1 critical oxygen thresholds (% air saturation) 
for warm and control acclimated red drum over a 12-week time course.   

Week 0 Week 4 Week 8 Week 12 

20 ◦C 22.7 ± 1.3 24.0 ± 1.5 23.8 ± 1.2 24.8 ± 0.8 
28 ◦C 25.5 ± 0.9 22.7 ± 0.7 25.2 ± 1.8 24.1 ± 1.3  

1 All values were adjusted to the average control standard metabolic rate of 
162 mgO2 kg−1 h−1 using the ANCOVA log-log model slopes (0.582), intercepts 
(20◦ = 0.0867; 28◦ = 0.0950) and individual sample residuals. No significant 
differences were observed between treatments, time points or the interaction of 
the two (2-way ANOVA; P > 0.05). 

Table 2 
Indices of mitochondrial performance from liver and ventricle tissue homoge
nates of red drum acclimated to control or warm temperatures for 12 weeks.   

Heart Liver 

Control (n =
5) 

Warm (n =
8) 

Control (n =
6) 

Warm (n =
8) 

OXPHOS1 114.5 ± 11.3 99.7 ± 9.7 10.9 ± 2.2 23.3 ± 5.8 
LEAK1 23.1 ± 9.2 13.1 ± 3.0 2.8 ± 1.0 2.5 ± 0.4 
Respiratory CR 8.8 ± 2.8 11.3 ± 2.9 5.1 ± 1.0 9.1 ± 1.6* 
Coupling CR 0.18 ± 0.06 0.15 ± 0.04 0.24 ± 0.05 0.14 ±

0.03* 
OXPHOS capacity 

1 
91.4 ± 3.3 85.1 ± 10.9 8.0 ± 1.3 20.8 ± 5.5* 

OXPHOS 
efficiency1 

0.82 ± 0.06 0.85 ± 0.04 0.76 ± 0.05 0.86 ±
0.03*  

* Denotes a significant difference between temperatures. One-tailed t-test; P <
0.05. 

1 pmol O2/s/mg tissue. 

Table 3 
Average fish mass per exposure replicate by time point and acclimation group. 
Values shown are averages ± S.E.M. (N = 3).  

Timepoint Acclimation† Fish mass (g) Growth rate (%/day) 

Initial Control 12.0 ± 2.1 – 
Warm 14.0 ± 1.0 – 

Week 4a Control 13.2 ± 2.3 0.29 ± 0.10 
Warm 16.8 ± 0.9 0.68 ± 0.05 

Week 8b Control 15.6 ± 2.9 0.60 ± 0.05 
Warm 22.5 ± 1.3 1.09 ± 0.08 

Week 12c Control 24.2 ± 4.7 1.52 ± 0.06 
Warm 34.9 ± 3.5 1.63 ± 0.16 

Letters denotes significantly different main effect groupings with time (repeated 
measures 2-way ANOVA, Holm-Sidak P < 0.05). 

† Denotes a significant main effect of temperature (P = 0.021). 

Table 4 
Input parameters for metabolic index-based predictions of habitat availability 
for control and acclimated fish.  

Metabolic trait Non-acclimated Acclimated 

αs (mgO2 g−1 h−1 kPa−1)a  33.01  33.01 
αD (mgO2 g−1 h−1)a  164.7  164.7 
Eo (eV)  0.4097  0.1115 
Pcmax (kPa)a  16.85  16.85 
Epcmax (eV)  0.2598  0.1038  

a Values calculated from the combined data collected at 20 ◦C, which serves as 
the reference point for warming based predictions using both acclimated and 
non-acclimated thermal sensitivity constants. 
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week warm-acclimated fish is compared to the time 0 control fish, there 
are no significant differences in AAS (t-test, p = 0.119); however, it is 
notable that within the warm-acclimated fish alone the AAS was highest 
immediately post-warming. 

The thermal acclimation of respiration and baseline metabolism are 
generally framed in the context of AAS or FAS, whereby animals accli
mate to offset acute AAS collapses (e.g. Eliason et al., 2013; Eliason and 
Farrell, 2016) thereby maximizing AAS. This improves the energy 
available for exercise, growth and digestion. An excellent example of 
this is the time course for warming in European perch that shows a 
dramatic increase in SMR that reduces AAS by almost half after 1 week, 
but after SMR suppression at 8 weeks the AAS has recovered to almost 
80 % of control (Sandblom et al., 2016). However, red drum does not 
conform to this pattern as AAS was actually highest at the earliest tested 
time point and declined over the course of the acclimation. This is not an 
altogether uncommon response. For example, work on notothenioid 
species showed similar declines in AAS following a 4-week 5 ◦C warming 
acclimation, albeit in this case the AAS in the control and warmed fish 
were identical at the end of the acclimation period (Robinson and 
Davison, 2008). Similarly, barramundi acclimated to 39 ◦C also signif
icantly reduced AAS so it aligned to that of control conditions (Norin 
et al., 2014). With this in mind, it is possible that red drum are 
attempting to maintain AAS at an “ideal” level, though it is hard to 
hypothesize why a high AAS would be actively reduced considering the 
competitive ecological benefits it is thought to impart. Instead, we offer 
an alternative hypothesis: that warming-induced reductions in SMR are 
not undertaken to maximum AAS in normoxia, but to reduce hypoxia 
vulnerability (i.e Pcrit). 

The Pcrit is defined as the oxygen tension below which oxygen supply 
can no longer meet baseline demand. As such, Pcrit can be lowered either 
by improving respiratory performance, or by reducing oxygen demand. 
For example, when red drum are exposed to prolonged hypoxia, they 
lower Pcrit by altering the hemoglobin (Hb)-O2 affinity through dynamic 
regulation of particular Hb isoforms (Negrete Jr. et al., 2022; Pan et al., 
2017). These respiratory changes also improve hypoxia-constrained 

MMR (Negrete Jr. et al., 2022) and swimming performance (Dichiera 
et al., 2022), and are coincident with improvements in red muscle 
mitochondrial efficiency (Ackerly et al., 2023). Here, red drum take the 
opposite approach by actively lowering SMR (i.e. oxygen demand), thus 
returning Pcrit to control levels by 12 weeks. Importantly, the changes in 
Pcrit were solely due to changes in SMR as demonstrated by the consis
tent covariance of SMR and Pcrit between temperature treatments, and 
by the SMR adjusted Pcrit values provided in Table 1. It might seem 
curious that hypoxia and warming induce different strategies of plas
ticity with respect to reducing Pcrit; however, this is likely due to the fact 
that hypoxia-induced changes in Hb-O2 are driven in part by a reduced 
Root effect and pH sensitivity. The Root effect has been implicated in 
mediating oxygen supply during periods of exercise (Alderman et al., 
2016; Dichiera et al., 2023; Dichiera and Esbaugh, 2020; Dichiera et al., 
2021; Harter et al., 2019; Randall et al., 2014; Rummer and Brauner, 
2015; Rummer et al., 2013), and as such, reductions in Root effect and 
Hb-O2 may be counter-productive in the context of warming. 

The mechanisms by which warm-acclimation can reduce SMR have 
largely focused on cardiac physiology. Acute warming causes a swift 
increase in heart rate that drives an increase in cardiac output (Farrell, 
2002; Farrell et al., 2009), but acclimation has been shown to reduce 
heart rate at high temperatures to control rates (Sandblom et al., 2016). 
Here we provide an additional mechanism by which fish can reduce 
oxygen demand, which is by reducing the amount of respired oxygen 
that does not lead to ATP production (i.e. LEAK respiration). When the 
liver mitochondria of 12-week acclimated fish of the two treatments 
were compared, the warm-acclimated fish had a significantly reduced 
CCR and a significantly improved RCR. This means that under OXPHOS 
conditions, the liver mitochondria are generating more ATP per mole of 
oxygen. This is more significant when considering that the overall 
OXPHOS and OXPHOS Capacity in the liver are also elevated at higher 
temperatures, which leads to a significant improvement in OXPHOS 
Control Efficiency. It is also noteworthy that the observed warming- 
induced improvements in mitochondrial efficiency occurred in the 
liver, which has previously been linked to SMR via individual (Salin 

Fig. 6. The effects of acclimation on metabolic index predictions across a range of temperatures and oxygen partial pressures. Panel A shows metabolic index es
timates incorporating a thermal sensitivity of hypoxia vulnerability as observed with no acclimation, while Panel B shows estimates of a less thermally sensitive 
hypoxia vulnerability as calculated at week 12. The solid white line represents a metabolic index of 3, which is presented as a theoretical critical metabolic habitat 
threshold. All formula values are presented in Table 4. 
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et al., 2016b) and population level (Chung et al., 2018) variation. Put 
simply, the available evidence suggests that fish with higher SMR have 
higher OXPHOS and LEAK respiration rates in their liver, which has 
been hypothesized to impact growth efficiency (Salin et al., 2016a; Salin 
et al., 2019) and behavioral phenotypes (Chung et al., 2018; Le Roy 
et al., 2021). 

Interestingly, no changes in mitochondrial performance were noted 
in the heart, despite the fact that assays were performed at different 
temperatures. It is important to note that the general expectations, based 
solely on the known influence on biochemical reaction rates, was that 
assay temperature should be sufficient to drive increases in raw mito
chondrial traits, such as OXPHOS and LEAK. The fact that there was no 
difference in traits may indicate that red drum actively reduce mito
chondrial density with the intent of maintaining a consistent OXPHOS 
capacity. This would be in-line with observed suppression of basal heart 
rate in other species (Sandblom et al., 2016). One important caveat is 
that assay temperature alone may not have significant effects on 
OXPHOS in cardiac tissue, as exemplified by the European perch where 
a 9 ◦C difference in assay temperature did not cause significant increases 
in OXPHOS in any treatment — although changes in LEAK respiration 
were noted (Leo et al., 2017; Pichaud et al., 2019). Nonetheless, the data 
provided here suggest that mitochondrial plasticity likely contribute to 
reductions in baseline metabolism following warm-acclimation 
although further work is needed to extend this conclusion to the heart. 

While the experiment described here was not specifically designed to 
assess growth as a consequence of warming acclimation – an N of 3 
replicate tanks is not ideal – the collected data nonetheless provide some 
interesting insight that should provide fodder for future studies. As ex
pected, the fish in warmer water grew at a significantly faster rate across 
all time points; however, it is most interesting to note that the growth 
rate during the final month was generally similar between the two 
groups. A difference in mass did emerge as the experiment progressed, 
and it is not uncommon for specific growth rate to decline as fish in
crease in size (e.g. Khursigara et al., 2021), although that was not 
observed here as fish grew better over time. Also, if the growth rates of 
similar size ranges are compared (i.e. 20 ◦C week-12 vs 28 ◦C week-8), 
the warm-acclimated fish showed a lower growth rate. This data may 
point to a possible cost of acclimation, namely that metabolic suppres
sion might coincide with reduced growth rates. Interestingly, it is now 
well known that fish size at age declines with warming and is likely to 
have significant impacts on fish populations and fisheries health in the 
context of climate change. Current mechanistic explanations, while 
strongly debated (Lefevre et al., 2018; Pauly, 2021; Pauly and Cheung, 
2018a; Pauly and Cheung, 2018b), propose that gill oxygen limitations 
are the cause for the reduced growth (Cheung et al., 2013); however, the 
data presented here may suggest that warming induced suppression of 
oxygen demand may be the cause reduce growth rates independent of 
oxygen supply capacity or MMR. 

The data presented here contribute to a developing literature base 
exploring the effects of thermal acclimation on metabolic traits in fishes, 
while also serving to highlight implications for hypoxia vulnerability 
that have as yet been overlooked. Importantly, metabolic traits are now 
being used as a mechanistic basis for the development and imple
mentation of species spatial distribution models, such as the metabolic 
index model (Deutsch et al., 2015; Deutsch et al., 2020; Franco et al., 
2022; Parouffe et al., 2023; Seibel and Birk, 2022). The thermal sensi
tivity of hypoxia vulnerability is central linchpin of the metabolic index 
model, as when combined with αs it effectively defines the cumulative 
effects of temperature and oxygen on MMR. To provide a theoretical 
examination of the significance of our data to predictions of metaboli
cally available habitat, particularly with respect to the observation that 
acclimation essentially renders hypoxia vulnerability (i.e. Pcrit) ther
mally insensitive, we have performed ϕ modeling across a range of 
temperatures and PO2 values using Eo values from acclimated and non- 
acclimated animals. We have anchored these efforts to a ϕcrit of 3, which 
is a general average that defines whether a habitat is metabolically 

available for marine species (Deutsch et al., 2015; Deutsch et al., 2020). 
The take home message from this analysis is simply that thermally- 
insensitive hypoxia vulnerability would significantly expand the char
acteristics of metabolically available habitat for red drum. For example, 
our analysis explored environments with predominant temperatures 
between 20 and 30 ◦C and PO2 values ranging from 7 kPa to fully 
saturated. Non-acclimated fish Eo values result in only 17 % of these 
habitats to be qualified as metabolically available. When using the Eo 
value from acclimated fish, the metabolically available habitat nearly 
doubles to 33 %, and this trend would only be exacerbated if higher 
temperature habitats were added. We stress that this analysis should not 
be used as a true representation of metabolically available habitats for 
red drum, as these outputs will change with a species specific ϕcrit, but 
instead as a demonstration of the significant implications of the thermal 
acclimation of hypoxia vulnerability. 

Overall, the work described here shows that red drum conform to the 
general pattern of warm-acclimated suppression of SMR; however, this 
does not appear to be directly related to improving AAS. It is true that 
any drop in SMR will improve AAS, relative to that same non-suppressed 
individual, but the simple fact that acclimation did not improve AAS and 
resulted in a progressive decline in AAS over time may suggest an 
alternative driving force. We propose that warming-induced suppression 
of SMR should be viewed in the context of oxygen demand. Acute in
creases in SMR often respond with a Q10 of approximately 2 (2.3 in the 
current study), which can increase the risk on individuals in two 
important ways. First is the increased need for resource acquisition (i.e. 
food) to support a higher metabolic rate. The second is the risk associ
ated with oxygen demand itself, as animals with higher baseline SMR 
values will – all other things being equal – also have higher Pcrit and thus 
increased hypoxia vulnerability. Hypoxia in aquatic environments is a 
common stressor that is exacerbated with warming, and is expected to 
increase in prevalence with climate change (Gallo and Levin, 2016; 
Levin, 2018) and is a major driver that defines the biogeographical 
range limitations of species (Deutsch et al., 2015; Deutsch et al., 2020; 
Seibel and Birk, 2022). This work contributes to a growing body of 
literature that suggests fishes have the capacity to suppress SMR with 
warming, with the presumed benefit of aiding respiratory performance 
and expanding metabolically available habitat. However, it is important 
to note that the trade-offs associated with warming-induced metabolic 
suppression have yet to be thoroughly explored. 
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