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ABSTRACT

There has been much interest in understanding the mechanisms that
determine the thermal tolerance of fishes. Given the importance of
swimming for fish survival, it is critical to understand the mechanisms
that determine why fish fatigue from exercise when temperatures
increase to improve our ability to predict the impacts of climate
change on fish populations. For the same reason, it is also necessary
to understand the drivers of inter-individual and life stage variation
in warming tolerance. Here, we used the temperature at which a fish
fatigues from swimming under acute warming (CTgwim) to examine
how and why individuals and life stages differ in their warming
tolerance. Specifically, we tested whether muscle lactate
accumulation and enzyme activities, indicative of aerobic and
anaerobic capacity, predict inter-individual variation in CTgm at two
life stages. We used Chinook salmon (Oncorhynchus tshawytscha)
fry and parr acclimated to four temperatures for several weeks to
further explore the effect of acclimation temperature on these
mechanisms. Our findings indicate that the capacity to remain
aerobic for as long as possible while swimming (and thus maintain
low lactate) during acute warming is likely to be a factor determining
fatigue in young fry, but that other factors may become more
important as salmon age.

KEY WORDS: CT,im, Citrate synthase, Lactate,
Lactate dehydrogenase, Muscle fatigue

INTRODUCTION

Understanding the mechanisms that enable organisms to tolerate
warming is necessary to accurately predict how they will fare under
global climate change. Increased temperatures will have particularly
profound impacts on aquatic ectotherms, such as fish, the
physiology of which is tightly linked to water temperatures, with
far-reaching consequences on fitness outcomes such as growth,
reproduction and, ultimately, survival (Perry et al., 2005; Portner
and Knust, 2007; Farrell et al., 2009). Although numerous studies
have examined the mechanisms of thermal tolerance in resting fish
(e.g. Sartoris et al., 2003; Gollock et al., 2006; Clark et al., 2008;
Keen and Gamperl, 2012; Jutfelt et al., 2019; Ern et al., 2023),
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comparatively few have examined swimming fish. Yet, in the wild,
exercise is central to fish survival — for example, fish must be able to
forage for food, escape predators and maintain position in currents.
The upper thermal limits for an active fish are expected to be lower
than those for a resting individual. Indeed, the temperature at which
a fish fatigues from swimming (CTyin) during acute warming has
been argued as a more ecologically relevant measure of thermal
tolerance and sublethal endpoint than the classic critical thermal
maximum (CT,,,; determined in resting fish; e.g. Blasco et al., 2020;
N. A. Butler, S. G. Hinch, A. Lotto, E. L. Lunzmann-Cooke, K.
Birnie-Gauvin and E. J. Eliason, unpublished data). Thus far,
evidence suggests that CTy, is typically lower than CT . by ~2°C,
indicating that, in the wild, fish exposed to acute warming and
performing aerobic metabolic work (such as swimming) would be
constrained at temperatures below those that threaten survival (Blasco
et al., 2020). Furthermore, the mechanisms that underpin thermal
tolerance may be different between resting and active individuals.
Beyond the potential ecological implications of the CTy,,, value as a
sublethal indicator of upper thermal limits, it is a useful test to
examine the mechanistic underpinnings of swimming fatigue at
elevated temperatures (Steinhausen et al., 2008; Blasco et al., 2020;
Ekstrom et al., 2023). As temperatures warm, tissue oxygen demand
increases, and so cardiac output increases to meet that demand. At
some point, oxygen demand exceeds supply; thus, the fish must rely
on anaerobic pathways to support swimming (Jain and Farrell, 2003,
Steinhausen et al., 2008; Eliason et al., 2013; Ekstrom et al., 2023).
Eventually, fish reach fatigue and cease swimming. However, the
mechanisms that determine why fish cease swimming when
temperatures increase are not yet fully understood.

To date, various features of the oxygen cascade (i.e. flow of
oxygen from the environment to the tissue mitochondria) have been
investigated as potential mechanisms underlying the decline in
whole-animal swimming performance and cardiorespiratory
collapse at high temperatures. Specifically, gill-related (perfusion
or diffusion limitation), cardiac-related (transport limitation) or
muscle-related (diffusion or mitochondria oxygen use limitation)
oxygen limitations have been considered. Blasco et al. (2020) linked
CTgwim in Nile tilapia (Oreochromis niloticus) and pacu (Piaractus
mesopotamicus) to an inability to meet oxygen demands under
warming, consistent with the oxygen and capacity limited thermal
tolerance hypothesis (Portner, 2010). Several studies with adult
swimming salmonids (Oncorhynchus sp.) and European perch (Perca
fluviatilis) have identified a cardiac limitation, linking thermal
swimming performance, aerobic scope and cardiac scope (Brett,
1971; Tayloretal., 1996; Farrell, 1997, 2002, 2007; Steinhausen et al.,
2008; Eliason et al., 2013; Jensen et al., 2017; Ekstrom et al., 2023).
For example, a study with adult swimming sockeye salmon
(Oncorhynchus nerka) found evidence that a limitation in
maximum heart rate triggers cardiac collapse at temperatures above
optimum (Eliason et al., 2013). Similarly, Steinhausen et al. (2008)
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showed that fatigue in adult sockeye salmon during acute warming
coincided with failure to increase cardiac output to meet tissue oxygen
demand. At the level of the gill, there is no evidence of an oxygen
perfusion or diffusion limitation in adult sockeye salmon (Steinhausen
et al., 2008; Eliason et al., 2013) because the partial pressure of
oxygen (Pp,) in the arterial blood was maintained during swimming,
even at high temperature. At the muscle level, evidence for an oxygen
diffusion or perfusion limitation remains unresolved (Steinhausen
et al., 2008; Eliason et al., 2013; Ekstrom et al., 2023), although
several studies have broadly examined muscle mitochondrial
responses to temperature (e.g. Guderly and Johnston, 1996; Fangue
et al., 2009; Chung and Schulte, 2015; Voituron et al., 2022).

Considerable inter-individual variation in upper thermal tolerance
exists, yet it is unknown why some individuals can reach higher
temperatures than others. One possibility is that fish with higher
thermal tolerance have a greater tissue aerobic capacity and, thus, can
reach warmer temperatures before they must switch to anaerobic
metabolism. Conversely, fish with superior thermal tolerance may
have greater anaerobic capacity and resistance to the negative effects
of lactate accumulation. Lastly, the reliance of tissues on aerobic or
anaerobic pathways as fish approach exercise fatigue may change
across life stages, yet this has never been explored. So, our primary
objective was to gain insight into the mechanisms that cause
swimming fatigue with warming, and to determine whether they may
differ between two life stages of Chinook salmon (Oncorhynchus
tshawytscha) — fry and parr — acclimated to four different
temperatures, reflecting a range currently experienced by our study
animals (15, 18, 20 and 24°C). These young salmon spend most of
their time foraging and escaping predators and, thus, rely on both
aerobic and anaerobic swimming pathways regularly (Birnie-Gauvin
et al., 2023). We performed CTgyi, tests and measured lactate,
lactate dehydrogenase (LDH; proxy for anaerobic capacity) and
citrate synthase (CS; proxy for aerobic capacity) activities in
the skeletal muscle of both fry and parr at the time of swimming
fatigue to examine two competing hypotheses: (1) that muscle LDH
concentration would be positively correlated with CTy;,, owing
to greater anaerobic capacity, which would also be accompanied
by a positive correlation between lactate and CTyyir,; and (2) that CS
concentration would be positively correlated with CTyi, OWing to
greater aerobic capacity, and that all fish cease swimming at similar
tissue lactate levels, regardless of CTyyim. We further hypothesized
that (3) fish in the warmer acclimation treatments would have greater
LDH capacity and be more reliant on anaerobic pathways at CTgyim
than those in cooler treatments, and that (4) acclimation in the tissues
would result in differences in the thermal performances of enzyme
activities.

MATERIALS AND METHODS

Ethical approval

The experiments were performed according to the regulations of the
Canadian Council on Animal Care. The protocol was approved by
the Ethics Committee on Animal Use of the University of British
Columbia (protocol no. A19-0284 and A19-0056).

Animals

Stream-type Nicola River Chinook salmon [Oncorhynchus
tshawytscha (Walbaum, 1792)] fry and parr were obtained
from the Spius Creek hatchery. Fry (n=1288; 2021 brood year;
0.7140.22 g; 41.0#4.3 mm) and parr (n=610; 2019 brood year;
6.88+2.42 g; 87.0+7.5 mm) were transported from the hatchery
(15 October 2020 for parr, 1 May 2021 for fry; experiments were
run consecutively) in 1500 1 of freshwater maintained at 10°C to the

University of British Columbia, Pacific Salmon Ecology and
Conservation Laboratory. Oxygen saturation of the water was
maintained above 85% during transport. Upon arrival, fish were
randomly placed in one of four 375 1 tanks held at 15°C (with 125
parr or 200 fry in each tank). Fish were provided with places to hide,
and fed four times per day from Monday to Friday or one to two
times per day on weekends. Parr were fed EWOS Pacific Plus
complete feed for salmonids (1.5 mm), while fry were fed Skretting
Bio-Vita (mix of sizes #0 and #1). Fish acclimated to 15, 18, 20 and
24°C were fed 1.5%, 2.0%, 2.5% and 3.5% of their body mass,
respectively (Diana, 1995).

Acclimation

Once fish had recovered from transport and acclimated to their new
environment, water temperature in the tanks was ramped at a rate of
3°C day~!, except for one tank which remained at 15°C (considered
a control group), until tanks were at 18, 20 and 24°C. Fry were
maintained at this temperature for 4447 days before CTyim, and
parr for 39—41 days before CTyyir,. Unfortunately, we experienced a
die-off event in the 24°C parr group on days 26 and 27 (resulting in
100% mortality) of acclimation, so parr that had been kept at 15°C
(ambient) were re-acclimated to 24°C. Mortality was otherwise
relatively low (fry, 3.5% at 15°C, 1% at 18°C and 1% at 20°C; parr,
no mortalities at 15, 18 and 20°C), except for fry at 24°C (23%).
CTwim Was performed after 18 days of acclimation for parr at 24°C,
so these fish were exposed to their treatment temperature for a
shorter overall period. Given that we had no way to assess the effects
of this shorter acclimation period, the results for this group should
be interpreted with caution.

CTswim protocol

CTswim €xperiments were performed on separate, but consecutive,
days for each treatment, in a random order. On each day, 29-31 fish
(except for parr at 24°C, of which there were only eight owing to high
thermally mediated mortality) were transferred to a flume filled with
water at their respective treatment temperatures and left to acclimate
for 30 min, at a swimming speed of 1 body length (BL) s™' (speed
calculated based on the length measured from a subsample of fish).
Thereafter, the swimming speed was ramped up by 1 BL s™! every
5 min until the desired target speed of 4 BL s~! was attained. Previous
work demonstrated that these fish could swim continuously at
4 BL s™! for>2 h (Butler et al., in review). Once the target swimming
speed was reached, the water was heated at 1°C every 15 min until the
water reached 20°C (if applicable, depending on treatment). The rate
of warming was subsequently slowed to 1°C every 30 min. Water
temperature was maintained using a 300 W heating stick (Aquatop
TH-C500), a 1300 W heating stick (Pong-Dang heater AJT13K)
and a chiller (EcoPlus commercial chiller HGC728707). Fish were
considered to have reached CTg;, if they stopped swimming and
remained on the rear screen of the flume for 15 s. If a fish swam off the
screen upon us trying to remove it, it was allowed to keep swimming
(i.e. we interpreted this as the fish not being fully exhausted).

Once removed, the CTyy,i, temperature and time were noted, and
fish were immediately euthanized through concussive force. Fish
were quickly measured for mass (to the nearest 0.1 g) and length (to
the nearest | mm), and immediately dissected. Caudal musculature
and heart were removed from parr and immediately flash frozen in
liquid nitrogen. The entire body (minus the head) from fry was flash
frozen in liquid nitrogen. All samples were transferred to a —80°C
freezer until analysis. Note that skeletal muscle samples could be a
mix of both white and red muscle but were expected to be primarily
(i.e. close to 100%) white muscle, given the location of where the
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subsample was taken (i.e. avoiding the lateral line where red muscle
is located, see below) and the fact that salmonids are primarily made
up of white muscle (~10:1 ratio; Rabah, 2005).

Lactate assay

White muscle lactate was determined according to Bergmeyer et al.
(1983) and Richards et al. (2002). Briefly, a piece of frozen white
muscle was dissected from each sample (carefully avoiding the
lateral line) and ground using a mortar and pestle under liquid
nitrogen. Approximately 10 mg of ground tissue was treated with
ice-cold 8% HClO, and sonicated on ice (3%5 s). Sonicated samples
were centrifuged, and an aliquot of the supernatant was neutralized
with 3mol1~! K,CO;. The neutralized extracts were frozen at
—80°C until assay. Absorbance was read at 340 nm at 37°C, with all
samples assayed in triplicates.

Enzyme assays

The activity of LDH was determined in skeletal muscle and
cardiac muscle, while that of CS was determined in skeletal
muscle only. Here, LDH and CS activities were used as proxies for
anacrobic and aerobic pathways, respectively. Activities were
determined according to previously described methods by Martinez
et al. (2006) and Moyes et al. (1997). Briefly, tissues were
homogenized in ice-cold homogenization buffer (0.1% Triton
X-100, 50 mmol I"! Hepes, 1 mmol1~! EDTA, pH 7.4) using a
bead beater and kept on ice at every step. Assays were conducted at
four different temperatures (15, 20, 25 and 30°C) to assess the
thermal performances of enzyme activities (Little et al., 2020). All
assays were run in triplicate on an FLUOstar Omega microplate reader
(BMG Labtech, Germany) using a wavelength of 340 nm to measure
the disappearance of NADH for LDH activity, and a wavelength of
412 nm to measure the production of 2-nitro-5-thiobenzoic acid as a
proxy for CS activity. Absorbance values were read every 36 s for
10 min and normalized to a 1 cm path length using the integrated
PathCheck option on the microplate reader. Extinction coefficients for
LDH and CS were 6.22 and 14.1 mmol~! ecm™, respectively.

Data analyses

Fry and parr data were analysed separately given that experiments
were not run concurrently. Overall, we obtained lactate, LDH and
CS data for 102 fry (29 at 15°C, 28 at 18°C, 28 at 20°C, 17 at 24°C)
and 99 parr (29 at 15°C, 31 at 18°C, 31 at 20°C, 8 at 24°C), as some
sample masses were too small for adequate laboratory analyses. All
data were first inspected for homogeneity of variance and
collinearity using conditional boxplots, and by calculating
variance inflation factors, which helps to determine the severity of
collinearity between variables (Zuur et al., 2009). Length and mass
were highly collinear, so length was removed from analyses.
One parr individual from the 18°C treatment group was removed
from the analyses based on its mass of 18.53 g being significantly
above that of all other individuals (range, 3.10-13.15 g; mean,
6.88+2.42 g). Two fry (one from the 15°C treatment group and one
from the 24°C treatment group) were removed from the analyses
because their CTsy;, were low (i.e. the two lowest values, 24
and 26.3°C) compared with those of all other individuals (range,
27.2-29.4°C; mean, 28.6+0.41°C; see Fig. S1), and significantly
influenced the model outcomes (considered influential observations
based on Cook’s distance plots; see Fig. S2). All analyses were
performed in R version 4.2.1, using the following packages: lattice
(Sarkar, 2008), MASS (Venables and Ripley, 2002), dplyr (https:/
dplyr.tidyverse.org; https:/github.com/tidyverse/dplyr), glmmTMB
(Brooks et al., 2017) and ggplot2 (Wickham, 2016).

First, we wanted to determine whether lactate levels in the skeletal
muscle at CTyyiy, differed among thermal acclimation treatments
and were correlated with either mass, skeletal muscle LDH or CS
activities. We used a generalized linear model (GLM) with
Gaussian distribution, with lactate as response variable, and
treatment, mass, LDH, CS and all possible two-way interactions
as predictor variables in the initial models. Here, enzyme values
measured at 25°C were used as predictor variables because enzyme
activities across test temperatures (i.e. the temperatures at which the
activities were measured) were collinear, so enzyme values
measured at multiple temperatures could not be included. Enzyme
values at 25°C were chosen because all fish had a CTgy;,, higher
than that temperature, but also because all fish experienced that
temperature during the test. The final models were based on
backwards selection using Akaike’s information criterion (AIC;
Zuur et al., 2009) and were as follows (see Tables S1 and S2 for
model selection):

Lactatepy, ~ treatment + mass + LDH + CS + treatment

:CS+LDH: CS
Lactate,,r ~ treatment + mass + LDH + CS.

()
)

Second, we wanted to test whether tissue-level metrics (lactate,
skeletal muscle LDH, skeletal muscle CS and heart LDH) could
predict CTgyim. For this analysis, enzyme values measured at 25°C
were used as predictor variables, along with treatment as a covariate.
Mass was excluded here because of our finding that it was correlated
with lactate in both fry and parr. Again, all possible two-way
interactions were included in the initial models, and final models
were based on backwards selection using AIC and were as follows
(see Tables S1 and S2 for model selection):

Fry CTgwim ~ treatment + lactate + CS + lactate : CS

3)
4)

Third, we wanted to assess the thermal performance of enzymes
by comparing enzyme activity across assay temperatures and among
treatments (i.e. deriving thermal performance curves). We used
generalized linear mixed-effects models (GLMMs), with enzyme
activity as the response variable, assay temperature and treatment
(and their interaction, assay temperaturextreatment) as predictor
variables (both considered factors), and fish ID as a random factor,
to control for repeated measures of the same fish tissue across
assay temperatures. Differences in cardiac muscle LDH activity
among treatments were tested using a one-way ANOVA and Tukey
HSD post hoc because activity was only measured at one assay
temperature (25°C) owing to small sample masses. Final models
were based on backwards selection using AIC and were as follows
(see Tables S1 and S2 for model selection):

Parr CTgyim ~ treatment + LDH + CS.

LDHfry, muscle ~ treatment : assay temperature + (1|fish ID) (5

(5)

LDH,arr, muscle ~ treatment + assay temperature + (1[fish ID) (6)
CSfry, muscle ~ treatment : assay temperature + (1[fish ID)  (7)
CSparr, muscle ~ treatment + assay temperature + (1/fish ID). (8)

RESULTS

CTgwim Was influenced by acclimation treatment in fry, such that fry
in the 15°C treatment had lower CTg,;, than fry in all other
treatments, and fry at 18°C had lower CT;, than fry at 24°C but
not fry at 20°C (F=42.12, d.f=3, P<0.0001; Fig. 1A). In parr,
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Fig. 1. CTswim and muscle lactate at CT,,i,, in Oncorhynchus tshawytscha fry and parr. (A,B) Swimming thermal tolerance measured as temperature at
which a fish fatigues from swimming (CTs,im) across acclimation treatments in Chinook salmon fry (A; n=29, 28, 28 and 17 for 15, 18, 20 and 24°C
treatments, respectively) and parr (B; n=29, 30, 31 and 8 for 15, 18, 20 and 24°C treatments, respectively). (C,D) Skeletal muscle lactate levels at the time of
CTswim in Chinook salmon fry (C) and parr (D). CTswim differed among acclimation groups in both fry [generalized linear model (GLM), P<0.0001] and parr
(GLM, P=0.003). Thicker horizontal lines in the boxplots represent median values, with 25th and 75th percentile forming the box, and the minimum and
maximum values forming the vertical lines. Different lower-case letters denote significant differences.

CTgwim also differed among treatment groups, with parr in the 20°C
treatment having a significantly higher CTyyin, than fry in other
treatment groups (F=4.91, d.f.=3, P=0.003; Fig. 1B). It is possible
that CTgyim Was lower in the parr at 24°C than in those in other
treatment groups owing to a slightly shorter acclimation period,
although no other result suggested any impact of this shorter
acclimation period (i.e. relationships between metrics remained true
even for that group; see remaining results). In fry, acclimation
treatment also affected lactate levels in the tissues at CTgyim
(Fig. 1C), although main effects were confounded by interactions
with other metrics (see below). Lactate levels did not differ between
acclimation treatments in parr (F=2.39, d.f=3, P=0.073; Fig. 1D).

Skeletal muscle LDH activity in fry was affected by an interaction
between acclimation treatment and assay temperature [GLMM,
likelihood ratio test (LRT)=69.42, d.f.=9, P<0.0001; Fig. 2A]. More
specifically, fry in the 20°C treatment had significantly elevated LDH
activity compared with fry in other treatments, which showed little
evidence of acclimation capacity, and with LDH activity in fry at

24°C being lower than in fry in all other treatments when measured at
30°C. Similarly, skeletal muscle CS activity was also affected by an
interaction between acclimation treatment and assay temperature
(GLMM, LRT=51.20, d.f£=9, P<0.0001; Fig. 2B), and also elevated
in fry in the 20°C treatment compared with those in all other
treatments.

In parr, skeletal muscle LDH activity increased with increasing
assay temperatures (GLMM, LRT=235.94, d.f=3, P<0.0001;
Fig. 2C) but did not differ among acclimation treatments
(LRT=5.602, d.f.=3, P=0.13). Similarly, skeletal muscle CS activity
increased with increasing assay temperatures (GLMM, LRT=377 .40,
d.f=3, P<0.0001; Fig. 2D) but did not differ among acclimation
treatments (LRT=3.54, d.f=3, P=0.32). Although LDH activity
increased progressively across all assay temperatures, CS activity
seemed to plateau between 20 and 25°C as it did not differ between
these assay temperatures (P=0.439). LDH activity in cardiac muscle
differed among acclimation treatments (one-way ANOVA, F=5.06,
d.f=3, P=0.0027; Fig. 2E), with parr at 20°C having lower LDH
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Fig. 2. Enzyme activities at CT,i,, in O. tshawytscha fry and parr. (A,B) Skeletal muscle lactate dehydrogenase (LDH) activity (A) and citrate synthase
(CS) activity (B) in Chinook salmon fry (n=29, 28, 28 and 17 for 15, 18, 20 and 24°C treatments, respectively). Skeletal muscle LDH and CS were measured
at four different temperatures, and both were significantly affected by a treatmentxassay temperature interaction [generalized linear mixed-effects model
(GLMM), P<0.0001], with fry from the 20°C treatment group being significantly different from fry from all other groups. For LDH, fry from other groups showed
little acclimation capacity across the assay temperatures. Moreover, CS activity at 25 and 30°C did not differ within treatments, but did differ between fry at
20°C and those in all other treatments. (C—E) Skeletal muscle LDH activity (C), skeletal muscle CS activity (D) and cardiac muscle LDH activity (E) in
Chinook salmon parr (n=29, 30, 31 and 8 for 15, 18, 20 and 24°C treatments, respectively). Skeletal muscle LDH and CS were measured at four different
temperatures, while cardiac muscle LDH was only measured at 25°C. Assay temperature generally caused an increase in skeletal muscle LDH and CS
activity (GLMM, P<0.0001), although CS activity at 20 and 25°C did not differ. We observed no treatment effect for skeletal muscle LDH or CS activity (all
P>0.13) but did observe that parr from the 20°C treatment had significantly lower LDH activity in the cardiac muscle than that in those from all other
treatments (one-way ANOVA, P=0.0027). Large coloured points represent mean values, with vertical lines representing standard errors around the mean.
Raw data points are also showed in lighter colours. Different lower-case letters denote significant differences.

this correlation became progressively more positive with increasing
treatment temperatures (Fig. 3B). We did find a significant effect of
LDH activityxCS activity on lactate (F=4.,84 d.f=1, P=0.030;
Fig. 3C-E) such that there was a positive correlation between LDH

activity than parr in all other treatments. Here, we have no evidence
suggesting that the shorter acclimation for parr at 24°C affected
enzyme activities as these were comparable with those in parr in all
other treatments.

In fry, we found that mass was positively correlated with lactate
levels in the tissues at CTg;m (GLM, F=4.28, d.f=1, P=0.042;
Fig. 3A). Although acclimation treatment did affect lactate levels (see
above; Fig. 1C), main effects were confounded by a significant
interaction of acclimation treatment with CS activity (F=3.06, d.f.=3,
P=0.032; Fig. 3B). More specifically, lower-temperature treatments
showed a negative relationship between CS activity and lactate, and

activity and lactate in fry with low CS activity, and this correlation
became progressively more negative in fry with higher CS activity.
Similarly to fry, we found that mass influenced the accumulation
of lactate in the tissues at CTyyiy, in parr (GLM, F=15.64, d.f.=1,
P=0.00015; Fig. 4A), such that larger parr had increased lactate but
did not differ among temperature treatments (see above; Fig. 1D).
Lactate was also positively correlated with LDH activity (£=6.60,
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Fig. 3. Factors affecting lactate levels at CT,n, in O. tshawytscha fry. (A—E) Lactate as a function of mass (A), skeletal muscle CS activityxtreatment (B)
and skeletal muscle LDH activityxskeletal muscle CS activity (C—E) in Chinook salmon fry (n=29, 28, 28 and 17 for 15, 18, 20 and 24°C treatments,
respectively). Mass was significantly positively correlated with lactate (GLM, P<0.05; A). Fry in lower temperature treatments showed a negative relationship
between lactate and CS, whereas those in higher temperature treatment showed neutral to positive relationships (GLM, P<0.05; B). An interaction between
LDH and CS also affected lactate (GLM, P=0.03), such that in fry with lower CS activity (0.75 umol mg~" tissue min~"), LDH and lactate were positively
correlated (C), but in fry with higher CS activity (1.75 umol mg~" tissue min~", D; 2.75 umol mg~" tissue min—", E), LDH and lactate were not correlated (D) or
negatively correlated (E). Solid lines represent modelled GLM output, with shaded areas representing the 95% confidence intervals.

d.f=1, P=0.012, Fig. 4B) but not with CS activity (F=3.17, d.f.=1,
P=0.078).

In fry, CTgyim was significantly affected by the interaction
lactatexCS (F=6.21, d.f=1, P=0.015; Fig. SA-C) but not by
muscle LDH (LDH was not even included in the final model).
More specifically, fry with high CS activity had higher CTy;,, when
skeletal muscle lactate remained low but lower CTg;,, when lactate
was high (Fig. 5A—C). At intermediate lactate levels, the relationship
between CTy,;m and CS activity was neutral.

In parr, we found that skeletal muscle LDH (F=2.55, d.f=1,
P=0.11) and skeletal muscle CS (F=1.09, d.f=1, P=0.30) did not
predict CTgyim (Fig. 6).

DISCUSSION

Swimming is an essential activity for fish to thrive in their
environment, yet studies evaluating thermal tolerance typically use
resting animals. This is the first study to assess tissue-level metrics

in fish at the time of fatigue following acute warming (CTgyim),
allowing us to explore the underpinning mechanisms for why fish
cease swimming when temperatures become warm, and to more
broadly gain insight into the mechanisms that define inter-individual
tolerance to acute warming. We also evaluated how these mechanisms
differ between life stages, by comparing fry (~0.7 g, ~2 months post-
hatch) with parr (~7 g, ~6 months post-hatch). Despite relying on
acute warming (which does not necessarily reflect conditions in the
wild), CT,;m has been argued as a more ecologically relevant
endpoint than CT,,,, because it is sublethal (as opposed to loss of
equilibrium) and has been shown to be more sensitive as a metric for
thermal tolerance (Blasco et al., 2020). Moreover, CTy;,, can be used
to assess the metabolic constraints caused by warming, because fish
can typically perform sustained aerobic swimming for extended
periods without fatigue (e.g. Steinhausen et al., 2008; Blasco et al.,
2020; Ekstrom et al., 2023), so the metric assesses the constraints
imposed by warming rather than prolonged swimming itself. Here, we
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Fig. 4. Factors affecting lactate levels at CTgyim in
O. tshawytscha parr. (A,B) Lactate as a function of

301 () 30 1

mass (A) and skeletal muscle LDH activity (B) in
Chinook salmon parr (n=29, 30, 31 and 8 for 15, 18, 20
and 24°C treatments, respectively). Mass and LDH

° were significantly positively correlated with lactate
(GLM, P<0.05). Solid lines represent modelled GLM
output, with shaded areas representing the 95%

o0 confidence intervals.

50 75 100 125
Mass (g)

explored the links between muscle lactate accumulation, enzyme
activities indicative of aerobic and anaerobic capacity, and CTyim.
More specifically, we tested whether higher CTy;, was linked to an
increased anaerobic capacity or an increased aerobic capacity at the
tissue level.

Lactate response differs between life stages

Similar to observations by Blasco et al. (2020), both Chinook
salmon fry and parr exhibited burst and coast swimming when
they approached CTyim, indicating increased reliance on anaerobic

LDH activity (umol g-1 min-1)

metabolism leading up to fatigue. This switch to anaerobic swimming
is thought to be a response to insufficient oxygen delivery to the red
muscle to meet the increased oxygen demand associated with
warming (Farrell and Clutterham, 2003; Steinhausen et al., 2008,
McKenzie and Claireaux, 2010). As a response, lactate accumulates
in the muscles and blood. Here, there was no evidence of a common
lactate threshold level at which fish stopped swimming. Instead, our
data show considerable inter-individual variability in muscle lactate
levels at the time of fatigue. We also found that lactate levels at the
time of fatigue positively correlated with mass in both fry and parr,
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Fig. 5. Relationship between CTsim and citrate synthase activity in O. tshawytscha fry. (A—C) CTswim as a function of skeletal muscle CS
activityxlactate in Chinook salmon fry (n=29, 28, 28 and 17 for 15, 18, 20 and 24°C treatments, respectively). CS activity was measured at 25°C. CTgyim Was
higher in individuals with high CS activity (GLM, P=0.015) but only if lactate accumulation was low (5 mmol kg~"; A). The reverse was true when lactate
accumulation was high (15 mmol kg~'; C). When lactate accumulation was moderate (10 mmol kg~"; B), the relationship between CTy,,im and CS was
neutral. Solid lines represent modelled GLM output, with shaded areas representing the 95% confidence intervals.
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Fig. 6. Relationship between CTgim and citrate
synthase in O. tshawytscha parr. (A,B) CTgyim @s a

CTswim (OC)

20 20 A

function of skeletal muscle LDH (A) and CS activity (B)
in Chinook salmon parr (n=29, 30, 31 and 8 for 15, 18,
20 and 24°C treatments, respectively). Enzyme
activities were measured at 25°C. No significant
relationships were found (GLM, P=0.30). Solid lines
represent modelled output, with shaded areas
representing the 95% confidence intervals.

0 20 40 60 1

LDH activity (umol mg tissue=1 min-1)

suggesting that larger fish can accumulate more lactate before they
cease swimming, regardless of treatment. This could be because
larger fish relied on anaerobic metabolism more than smaller fish but
could cope with the resulting greater lactate accumulation (i.e. had
better clearance of lactate). We note that this trend remained true even
in parr at 24°C, which underwent a shorter acclimation period than
those in other treatments. Size did not correlate with enzyme activities
or CTwim, SO the mechanisms leading to more lactate accumulation in
larger fish remain unclear at this point.

Despite some similarities, there were also some differences in the
factors affecting lactate levels between fry and parr. LDH converts
lactate to pyruvate and back, and serves as a proxy for anaerobic
capacity (Moyes et al., 1997), so a positive correlation between
lactate and LDH was expected. Fish with higher LDH are predicted
to have greater anaerobic capacity and cope with greater levels of
lactate before they cease swimming. In parr, skeletal muscle LDH
activity was positively correlated with lactate (and as we predicted),
and this was unaffected by treatment, so the shorter acclimation in
parr at 24°C did not impact this result. This positive correlation was
also observed in fry, but only if CS activity (a proxy for aerobic
capacity) was low. CS functions as an important enzyme in the
Kreb’s cycle, converting acetyl-coenzyme A and oxaloacetate to
citrate (Moyes et al., 1997). Thus, there may exist some sort of trade-
off between anaerobic and aerobic pathways in fry, whereby
individuals with high anaerobic capacity (high LDH) can withstand
greater lactate accumulation at the cost of having low aerobic
capacity (low CS). This is supported by the finding that as aerobic
capacity increased (high CS), the relationship between lactate and
LDH became progressively more negative. In fish with high CS, fry
stopped swimming at low lactate levels, despite having relatively high
LDH activity. We also found greater lactate levels in fry in warmer
treatments than in those in cooler treatments, although this main
treatment effect was confounded by an interaction between CS
activity and treatment. More specifically, lactate was negatively
correlated with CS activity in fry in cooler treatments, but showed no
correlation with CS activity in fry at 20 or 24°C. Thus, fry with higher
aerobic capacity could likely use aerobic swimming for longer during
the swim test and thus have lower lactate accumulation. However, this
relationship does not hold when acclimated at 20 or 24°C, likely
because, regardless of aerobic capacity, at warm temperature the
oxygen demands are too high, and fry must revert to anaerobic

2 3

CS activity (umol mg tissue=1 min-1)

pathways. So, although acclimation at 20 to 24°C led to better
swimming thermal tolerance (CTsy;y,) in fry, these temperatures do
not necessarily represent the optimal temperature range for aerobic
exercise.

CTswim is related to aerobic enzyme capacity at the tissue
level in fry but not in parr

We predicted that CTg,,;, would either correlate with CS, and lactate
levels would be the same regardless of when fish stopped swimming,
or that CTy;y, would correlate with LDH, and lactate levels would
be higher at higher CTj;,. We found no correlation between CTyyim
and LDH in either fry or parr. Thus, our results do not support
the hypothesis that high CTgyin, is driven by enhanced anaerobic
capacity. CTyim did correlate with CS activity in fry, although not in
the way we had initially predicted. CTg;m, Was higher in individuals
with high CS activity, but only if lactate accumulation was low. As
lactate accumulation increased, the relationship between CTgyiy, and
CS became progressively more negative. This means that fry that can
rely on aerobic pathways for longer and maintain lactate levels low
can keep swimming for longer as temperatures increase. Fry not
capable of maintaining low lactate levels despite having high aerobic
capacity have lower CTgyim, perhaps as they reverted to anaerobic
pathways near the end of the trial. In fact, fry that had high CS and
high lactate seemed the most compromised in terms of CTyy;m, and
not those with low CS and high lactate, as would be expected.
Notably, high CS activity does not necessarily translate to prolonged
aerobic swimming because there are many other factors involved in
swimming performance, both physiological (e.g. cardiac function,
haemoglobin content, capillarization) and behavioural (e.g. volition
to swim). Thus, this result could suggest that fish that have high
aerobic capacity but a mismatch elsewhere in the oxygen cascade;
thus, those with early reliance on anaerobic metabolism are most
vulnerable to warming. A limitation of working with small-bodied
fishes, such as here, is the inability to instrument the fish to
simultaneously measure multiple aspects of the cardiorespiratory
cascade (e.g. cardiac output, arterial and venous Po,) to resolve some
of these uncertainties.

In contrast to fry, we found no relationship between CT;,, and CS
or LDH in parr, which are ~10-fold larger than fry. We acknowledge
that the parr at 24°C underwent a shorter acclimation period than
those in other treatment groups, which could have lowered their

8

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



RESEARCH ARTICLE

Journal of Experimental Biology (2026) 229, jeb251892. doi:10.1242/jeb.251892

CTswim and precluded our ability to detect a relationship here.
However, we find this unlikely given that there was no indication of a
relationship between CTgyi, and CS or LDH in the remaining three
treatment groups. These differences across life stage could possibly
be due to the difference in body size. If tissue-level aerobic and
anaerobic capacity are not related to thermal swimming tolerance
(based on the metrics measured here), other aspects of the oxygen
cascade may be limiting. It is possible that there is a limitation
in diffusion at the gill, although studies with swimming adult
salmon have shown that there is no reduction in arterial P, with
warming (Steinhausen et al., 2008; Eliason et al., 2013). Alternatively,
a cardiac limitation could be determining inter-individual differences
in CTgyim. In adult salmon, the collapse in swimming performance
at high temperatures appears to be driven by impaired cardiac
performance via reduced scope for heart rate (Brett, 1971; Steinhausen
et al., 2008; Eliason et al., 2013; Jensen et al., 2017; Ekstrom et al.,
2023). Insufficient oxygen delivery to the heart is likely to be a driving
factor causing cardiac failure (Farrell and Clutterham, 2003; Farrell
et al., 2009; Ekstrom et al., 2023). As fish transition to unsteady
swimming, the Pg, in the venous circulation decreases, thus reducing
oxygen delivery to the heart (Farrell and Clutterham, 2003).
Alternatively, an oxygen diffusion limitation at the locomotory
muscles [e.g. insufficient capillary density, low mitochondria density,
high mitochondria diffusion distances, insufficient oxygen driving
force (low arterial Pg,; Farrell et al., 2009; Eliason et al., 2013)] or
tissue mitochondrial limitations (e.g. Fangue et al., 2009; Chung and
Schulte, 2015) could contribute to the observed inter-individual
variability in CTgyim.

It is possible that the capacity to remain aerobic for as long as
possible (and thus maintain low lactate) during acute warming is a
primary factor determining fatigue in small-bodied fry, but other
factors impose a metabolic constraint as fish get older. Furthermore,
given that we found no effect of LDH on CTyy, (LDH was not even
retained in the model for fry), it would appear that anaerobic
capacity at the level of the skeletal muscle is not an important
determinant of fatigue in Chinook salmon fry or parr. However,
only one metric of aerobic (CS) and anaerobic capacity (LDH) was
included here, so it is possible that aerobic and anaerobic capacity
are still related to thermal swimming performance, but that this link
does not emerge from these two enzymes. Further, enzyme
activities measured in vitro do not typically match those measured
in vivo (Wright et al., 1992; Teusink et al., 2000). Here, we
measured the in vitro maximum enzyme activity, while in vivo,
enzymes are part of complex, metabolic networks and enzyme
function will depend on substrates, products and allosteric effectors
(Schulte, 2015). A systems biology approach to address the
temperature dependence of these complex, interacting cellular
networks is a necessary step forward.

Relatively little scope for LDH and CS acclimation

Acclimation temperature affected CTgy, in a predictable way in fry
but less so in parr (Butler et al., in review). In fry, higher acclimation
temperatures resulted in higher CTgyim, although we observed no
differences between the 20 and 24°C treatments, suggesting that
acclimation at temperatures greater than 20°C is unlikely to improve
tolerance (although we did not test tolerance at 21-23°C). This is
consistent with previous work on Lower Deschutes steelhead trout
(Oncorhynchus mykiss) from California, which showed reduced
thermal limits (CT,,.x) at elevated holding temperatures (Dressler
et al., 2025). We also observed much more variability in CTyyin
at 24°C, with many individuals having lower CTy;, than those at
20°C, hinting at a slight decrease in tolerance. We found a similar

pattern in parr despite a shorter acclimation period at 24°C, with
CTwim being highest in the 20°C treatment, and parr at 24°C having
a CTgyim similar to that in those at 15 and 18°C. This would suggest
that swimming thermal tolerance may be highest at or around 20°C,
and decline thereafter, for both fry and parr. Nicola River Chinook
salmon commonly experience temperatures of ~20°C, with summer
temperatures sometimes exceeding 25°C (Walthers and Nener,
2000), with this increased river temperature exacerbated by
extensive land use activities (Ulaski et al., 2023). It is therefore not
surprising that, at 20°C, fry and parr can still perform well. The Nicola
River population is an interior population, which should have higher
thermal tolerance than coastal populations, as demonstrated in adult
Chinook salmon (Van Wert et al., 2023). We would therefore expect a
shift in our findings for coastal fry and parr.

The thermal performance curves for LDH and CS activities in the
skeletal muscle indicated that, except for fry at 20°C, which showed
significantly elevated LDH and CS activities, no other effects of
acclimation temperatures were detected in either fry or parr,
suggesting little scope for acclimation at the tissue enzyme level.
Again, this is despite a shorter acclimation period in parr at 24°C,
given that there was no indication of treatment effects for either fry
or parr. It is expected that, as the assay temperature increases,
enzyme activities should increase (Somero, 2011). Although we did
observe such an effect of assay temperature, the increase was
relatively minor, with visible plateaus for LDH activity in fry across
all assay temperatures (except for fry in the 20°C treatment), CS
activity in fry between 25 and 30°C, and CS activity in parr between
20 and 25°C. This would appear to suggest that an exposure of
18-47 days has very little influence on enzyme activities in the
muscle of hatchery fry and parr Chinook salmon. This is somewhat
surprising given the relatively rapid acclimation at the tissue level
observed in other species including coho salmon (Oncorhynchus
kisutch) after 5 days (Little et al., 2020), Gymnocypris eckloni
after 7 days (Li et al., 2024), Antarctic notothenioid (7rematomus
bernacchii) after 14 days (Jayasundara et al, 2013) and
pumpkinseed sunfish (Lepomis gibbosus) after 3 weeks (Levet
et al., 2025). Regardless, it does appear that 20°C acclimation led to
greater enzyme activity for fry, which is supported by our finding that
fry at 20°C also had high CTgyin. In contrast, no treatment
temperatures appeared optimal for parr in terms of enzyme
activities. Such a finding may be masked by the shorter acclimation
period for parr at 24°C, although we find this unlikely given the lack
of differences in enzyme activities among the other three treatments.
At 20°C, parr had significantly lower LDH activity in the heart
compared with that in all other treatments; however, it is difficult to
interpret this result, particularly because the hearts were so small that
only one enzyme at one temperature could be analysed. Future
research could consider randomly dividing the number available
hearts from each acclimation temperature into two groups to assess
CS and LDH. Although aerobic and anaerobic capacity would not be
determined for every individual, it would allow comparison of the
means and may provide a more mechanistic understanding of the role
the heart plays in fatigue following acute warming.

Implications for exercise in a warming world

Exercise (via swimming) is central to fish survival as they rely upon
it to forage for food, escape predators, move and more. A wide range
of factors may influence exercise capacity, including intrinsic
factors (e.g. cardiorespiratory capacity; Farrell et al., 2009) and
extrinsic factors (e.g. temperature and oxygen saturation; Birnie-
Gauvin et al., 2023). Within the context of a warming world, it is
expected that fish will become more constrained when active, so
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determining the mechanisms that set these constraints is critical to
our understanding of what a warming world could mean for
exercising fish. Part of this includes assessing these mechanisms
across life stages as the factors that constrain fish during exercise
may change as fish age, as demonstrated in this study.

Our study was the first to assess tissue-level mechanisms
associated with CTgyim, contributing to our understanding of why
fish cease swimming when temperatures are acutely warmed, as
well as the mechanisms that may lead to inter-individual variation
in thermal swimming tolerance. We demonstrated intricate links
between CTgyin, and lactate, LDH, CS, size and life stage, indicating
that fatigue under acute warming is regulated by aerobic capacity
and lactate accumulation in younger, smaller fry. In contrast, tissue
aerobic and anaerobic capacity measured here (i.e. CS and LDH in
the muscle and heart) were not related to thermal swimming
tolerance in older, larger parr. Thus, other factors may determine
swimming fatigue with warming as salmon age. This is despite a
shorter acclimation period for parr at 24°C; the shorter acclimation
period may have resulted in a lower CTyyi, in this treatment, but we
find that all other results suggest very little effects of acclimation
and, thus, our findings likely hold true despite this limitation.
Studies such as this one are critical to our understanding and
prediction of the impacts of climate change on fish populations.
Here, we focused on an interior population of Chinook salmon, but
the need for similar work on populations experiencing different
thermal regimes is imperative, particularly across life stages.
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