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Thermal studies on fish can help us to understand their robustness to warming climates. Most experiments are
performed on smaller individuals and may not represent larger life-stages owing to physiological scaling effects,
particularly with regards to thermal tolerance and respiratory capacities. In this study, respirometry experiments
were performed on big Atlantic salmon (Salmo salar) (~4 kg) following 3-weeks acclimation to seawater of 9 °C
or 19 °C. Additionally, gill and heart morphology traits were assessed. At 9 °C metabolic rates resembled earlier
work on smaller fish. However, at 19 °C following stress exposure, 81 % died unexpectedly within ~6 h while
surviving fish struggled to recover a baseline metabolic rate. Most noteworthy was that maximum metabolic
rates remained similar across temperature whereas smaller Atlantic salmon previously were found to increase
their maximum metabolic rates until near-lethal temperatures. As standard metabolic rates also inevitably in-
creases with temperature, aerobic scopes become reduced at 19 °C. Meanwhile lamellar density was unaffected,
indicating similar gill surface areas. However, acclimation to 19 °C reduced ventricle roundness and symmetry,
while bulbus width to ventricle width ratios increased. These changes presumably reflect adaptive responses to
more metabolically demanding environments. Yet the fish appeared unable to supply sufficient oxygen at 19 °C
during stress, which we attribute to physiological scaling constraints. Big Atlantic salmon were therefore more
susceptible to stress-induced mortality at elevated temperatures, indicating reduced thermal tolerance relative to
smaller individuals. This highlights the need to include larger fish in experiments as the underlying basis for
thermal tolerance changes across large differences in body size.

1. Introduction

Climate change may favor smaller fish sizes owing to faster devel-
opmental rates and earlier reproduction ages, together with more
limited food resources to support increased energetic demands in
warmer environments (Daufresne et al., 2009; Gardner et al., 2011;
Sheridan and Bickford, 2011).

A mechanistic framework to explain shrinking body sizes in a
warmer future is the gill-oxygen limitation theory which proposes that
geometrical scaling constraints of the two-dimensional surface of gill
lamellae cannot keep up with the increasing oxygen demand of growing
three-dimensional bodies (Pauly and Cheung, 2018; Pauly, 2021).
However, this idea has been debated (Lefevre et al., 2017). The main
opposing argument is that since gill lamellae are folded surfaces, they
are well able to increase appropriately with body size, and moreover,
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physiological data shows that the respiratory surface areas in fish re-
flects species-specific adaptations in metabolic requirements and not the
other way around (Lefevre et al., 2017; Scheuffele et al., 2021; Skeeles
and Clark, 2024).

Another widespread framework to assess thermal tolerance and ef-
fects of climate change in fish is aerobic scope models (Portner and
Farrell, 2008; Clark et al., 2013; Lefevre, 2016). The aerobic scope is the
capacity to increase metabolic rates above resting baseline levels, either
reported as the absolute or factorial differences between maximum and
standard metabolic rates (MMR and SMR, respectively) (Fry and Hart,
1948; Brett, 1971; Claireaux and Lefrancois, 2007; Clark et al., 2013).
All physiological functions have an energetic cost, and the aerobic scope
then represents the capacity to engage in activities such as foraging,
growth, predator avoidance, and reproduction. Environmental condi-
tions that reduce aerobic scopes are therefore less optimal as activities
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become energetically more restricted. How the aerobic scope is affected
by temperature in species of fish has received much scrutiny (Lefevre,
2016). Generally, SMR increases steadily with temperature whereas
MMR also tends to increase throughout the thermal niche and some-
times plateaus or even declines at extreme temperatures (Fry and Hart,
1948; Brett, 1964; Claireaux et al., 2006; Norin et al., 2014; Hvas et al.,
2017; Leonard and Skov, 2022). The resultant aerobic scope therefore
tends to increase with temperature when expressed in absolute units but
may decrease when expressed as a factor, leading to some confusion in
its interpretation (Halsey et al., 2018). Furthermore, whether ecologi-
cally relevant thermal limits of fish can be explained by oxygen supply
limitations and thus declining aerobic scopes has been debated (Portner
et al., 2017; Jutfelt et al., 2018).

Meanwhile, an often overlooked key feature of aerobic scope models
is that they change with ontogeny and body size, where the earliest life-
stages and the final sexual mature life-stages are expected to have lower
aerobic scopes (Killen et al., 2007; Portner and Farrell, 2008). Those
critical life-stages should therefore be more sensitive to climate change
effects. Despite of this, experimental work on thermal fish physiology
has mainly been performed on juvenile intermediate life-stages of fish,
as it can be technically difficult to experiment on small fish larvae and
even more so on larger individuals weighing several kilograms.

A relevant species to consider in terms of temperature effects across
body size is the Atlantic salmon (Salmo salar) owing to its cultural
importance in recreational fishing, its economic importance in aqua-
culture, and conservation concerns of wild populations (Krkosek et al.,
2007; Dadswell et al., 2021; Vollset et al., 2021). The thermal niche and
limits along with numerous miscellaneous biological temperature effects
have been widely studied in this species. Briefly summarized, Atlantic
salmon are eurythermal anadromous fish that naturally may encounter
temperatures from O to 3 °C in their northern distribution (Lacroix,
2013; Reddin, 1985), and occasionally to above 20 °C in summer
(Valiente et al., 2011). While they may spend most of their life in nature
below 10 °C, the growth optimum under cultured conditions is
10.5 °C-14 °C, depending on size (Handeland et al., 2003, 2008; Fraser
et al., 2025). Above 18 °C growth declines owing to lower appetite and
feed conversion efficiency (Hevrgy et al., 2015; Kullgren et al., 2013;
Wade et al., 2019). Behaviorally Atlantic salmon appear to avoid envi-
ronments above 16 °C if possible (Johansson et al., 2009; Lacroix, 2013).
Long-term survival is generally impossible at chronic temperatures
above 22 °C (Hvas et al., 2017; Gamperl et al., 2020), although some
genetic variation in upper thermal limits have been documented (Ignatz
et al., 2023).

Most experimental data on fish thermal physiology has been ob-
tained on smaller sized individuals and may not represent larger in-
dividuals owing to size-scaling constraints in oxygen supply. The
purpose of this study was therefore to measure metabolic rate traits and
aerobic scopes in larger sized Atlantic salmon (~4 kg) acclimated to
midrange (9 °C) and suboptimal (19 °C) seawater temperatures.
Morphological metrics of gills and hearts were also assessed to infer
potential links between form and function in respiratory capabilities as
both organs are known to display substantial phenotypic plasticity in
response to the environment (Crispo and Chapman, 2010; Nilsson et al.,
2012; Vindas et al., 2024). Earlier work on smaller sized Atlantic salmon
found preserved aerobic scopes at high suboptimal seawater tempera-
tures (Hvas et al., 2017; Hvas, 2022). However, if size-scaling con-
straints in fact becomes a limiting factor for gill oxygen uptake (e.g.,
Pauly, 2021), we hypothesized that big Atlantic salmon would display
an impaired aerobic scope at the higher acclimation temperature.

2. Materials and methods
2.1. Fish husbandry

Big Atlantic salmon post-smolts of a cultured genotype (Aquagen)
hatched and reared on-site at the Matre Research Station, Institute of
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Marine Research, Norway was used in this study. Two months prior to
the experimental trials, approximately 120 fish were transferred and
distributed into four indoor circular holding tanks (3 m in diameter, 5.3
m?® in volume). Aerated, filtered, and UV-C treated seawater of 34 ppt
was supplied into the holding tanks at a continuous flow-through of 120
1 min! to provide normoxia and remove waste products. A 12h light/
dark photoperiod between 08.00 and 20.00 was used and the fish were
fed size appropriate commercial feed pellets (Skretting, Norway) in
excess daily via automatic feeding devices. The water temperature was
initially maintained at 9 °C in all tanks and was also the test temperature
used for the first treatment group. To acclimate fish to the second test
temperature of 19 °C in two of the holding tanks, the temperature was
first increased from 9 °C to 13 °C, then two days later increased further
to 16 °C, and after another two days finally increased to 19 °C. The fish
were then maintained at 19 °C for a minimum of three weeks before
experimental trials at this temperature. To provide adequate oxygen
conditions (>85 %P0O3) at 19 °C, oxygen diffusers were added in the
holding tanks. The desired water temperatures were maintained pre-
cisely via custom made computer software (SDMatre, Normatic AS,
Nordfjordeid, Norway) that controlled the automatic mixing of ambient
and heated water reservoirs in header tanks above the holding tanks.

This experiment was conducted between February and April 2023
and ethical approval for the use of animals in scientific research was
obtained from The Norwegian Food Safety Authorities under permit
number 29883.

2.2. Respirometry setup

To measure MO, in big Atlantic salmon, an automatic static
intermittent-flow respirometry system was used (Loligo Systems,
Viborg, Denmark). The system consisted of four cylindrical shaped
acrylic chambers submerged in their own water tanks so that four in-
dividual fish could be tested simultaneously and independently. The
respirometry chambers were 125 cm long with a 30 cm internal diam-
eter and were connected to an internal loop with gas-tight PVC tubes
that ran through a circulation pump and a flow-through oxygen sensor
cell (measuring at 1 Hz). The total closed volume including tubes was
88.88 1. Each chamber was connected to an open loop with a flush pump
(Eheim, 20 1 min?) to facilitate intermittent flush periods. Flush pumps,
a temperature probe, and oxygen fiber cables were connected to a
computer running the AutoResp software (Loligo Systems), and each
oxygen sensor had been carefully calibrated according to the manufac-
turer’s instructions before experimental trials started and was checked
again prior to the second treatment group. Each water tank containing a
respirometer was 150 x 150 cm square shaped and 60 cm high, with an
adjusted water height of 45 cm (volume of 1013 1). Furthermore, each
tank had its own flow-through water supply of ~40 1 min’, using the
same water supply from the header tank that supplied the holding tanks,
ensuring stable temperatures as well as a continuous exchange with
clean water. Each respirometry setup was covered with black plastic
sheets once a trial with a fish had started. To further mitigate potential
disturbances to the fish, the room lights were turned off and other ac-
tivities in the laboratory hall were not allowed while trials were running.

2.3. Experimental protocols

Before each trial feed was withheld from a holding tank for one day
to mitigate confounding metabolic effects associated with feeding and
digestion for estimating the SMR (Chabot et al., 2016). Then, at the start
of each trial a fish was netted from a holding tank and transferred into a
respirometer chamber. Since a major study aim was to capture the initial
peak stress response from being handled, air-exposed, and subsequently
introduced to a novel confined space as a proxy of the MMR, the fish
were not anaesthetized before movement. Owing to the fish weighing
~3-5 kg with fork lengths of ~65-72 cm, they were quite powerful and
safe transfer into the respirometers therefore required careful
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coordination of two people. The respirometry setup was located adja-
cent to the holding tanks and the duration of air-exposure and handling
of the fish was therefore brief and consistent between replicates (<1
min).

Regarding estimations of the MMR, a common method is to perform
a chase protocol before introducing the fish to the respirometer to
capture a peak MO, immediately following exhaustion (Norin and Clark,
2016; Little et al., 2020). In the case of Atlantic salmon, a higher MO,
can be achieved by omitting the chase protocol and instead relying on
the acute stress imposed from being handled and confined (Hvas and
Oppedal, 2019a). We therefore decided not to use a chase protocol
before introducing fish to the respirometers in the present study.
Alternatively, the MMR can also be measured in swim tunnels while the
fish is swimming at its highest aerobic capacity (Norin and Clark, 2016).
However, this method may not be feasible for testing big athletic fish
owing to the required laminar flow speeds while also providing ample
space for burst swimming. For instance, in a previous study in our lab-
oratory, we were unable to consistently exhaust Atlantic salmon of 3 kg
when using a large swim tunnel system with flow capacities of up to 140
cm s (Oldham et al., 2019). When planning the present study, we
therefore concluded that the approach chosen would be the best avail-
able method to infer max oxygen uptake capacity in big Atlantic salmon.

Once a fish was inside the respirometer, the chamber was sealed off
as quickly as possible while also ensuring that any air bubbles were
removed so that logging of MO, could commence. An automated
intermittent-closed measurement cycle was then repeated over the next
24 h. In the 9 °C treatment group this cycle was 12 min long and con-
sisted of a 6-min closed measurement period followed by a 5.5-min flush
period to reestablish oxygen levels and a 0.5-min closed wait period to
stabilize flow conditions before repeating the cycle. At 19 °C a higher
MO, was anticipated meaning that a shorter measurement period still
should allow for robust measurements while a longer flushing period
likely would be needed to adequately reestablish oxygen levels between
cycles. In the first 8 fish tested at 19 °C the measurement period was
therefore reduced to 4 min and the flush period increased to 7.5 min
allowing for maintaining a 12-min cycle. On the latter 8 fish tested at
19 °C the flush period was further increased to 10.5 min, changing the
cycle to 15 min. This was done as a precaution owing to initial unex-
pected mortalities in this treatment group, although it only marginally
increased ambient oxygen levels at the end of flush periods, so it pre-
sumably did not make much of a difference, further evidenced from the
occurrence of additional mortalities (see results). Generally, oxygen
levels remained within normoxic ranges, dropping to ~80 % at the end
of closed periods during periods of peak MOs.

After 24 h in the respirometers, the fish were subjected to progressive
hypoxia by omitting the flush period from the measurement cycle. When
MO, estimates started to decrease approximately linearly with
decreasing oxygen levels, and prior to loss of equilibrium and cessation
of active gill ventilation, the fish were removed from the setup and
euthanized in an overdose of anesthetics (Tricaine mesylate, Finquel
vet.). After fish removal, the empty chambers were resealed to account
for background respiration rates where a minimum of three cycles were
completed in normoxia.

Meanwhile the weight and fork length of the fish were measured.
Then the heart was dissected and momentarily submerged in a saline
solution (137 mM NacCl, 2.7 mM KCl, 10 mM Phosphate buffer) to help
empty the heart of blood and was then carefully cleaned with paper
towels before being preserved in a 70 % ethanol solution in preparation
for morphological analyses. Additionally, the second left gill arch was
cut out and first stored in a 5 % buffered formalin solution and later
preserved in a 70 % ethanol solution at 4 °C in preparation for histo-
logical analyses. Then, gonads were dissected out and weighed allowing
for sex determination and the calculation of the gonadosomatic index
(GSI) in females. All males tested were deemed immature. Lastly, in
preparation for the next trials, the water tanks were emptied, and the
respirometers were cleaned. Sixteen big Atlantic salmon were tested at
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both acclimation temperatures.

2.4. Lamellar density

Tissue was prepared with a benchtop histoprocessor (Leica TP 1020)
according to the following protocol: 2 x 70 %, 80 %, 2 x 96 %, and 2 x
100 % ethanol, 2 x xylene, 2 x paraffin. Paraffin-embedded tissue
blocks were cut with a rotary microtome (Thermo Fisher Microm HM
355s) into 3 pm cross-sections which were mounted on glass slides for
haematoxylin-eosin-safranin staining and subsequent scanning (Hama-
matsu Photonics NanoZoomer® S60). Morphometric analysis of
lamellae was performed using NDP.view2 version 2.9.29 (Hamamatsu
Photonics, 2022). Five gill filaments were randomly selected and 10
consecutive lamellae from each filament were chosen using stratified
random sampling (2 proximal, 1 middle, and 2 distal regions). The
lamellar density could then be calculated by measuring the distance
spanned by the 10 consecutive lamellae in each of the 5 regions, aver-
aging these measurements, and extrapolating the density per mm.

2.5. Heart morphology

Fixed hearts were placed in water, attached to a pushpin at the
bottom of a transparent plastic box on a light plate (Slimlite LED,32 x
22.8 cm, Kaiser, Buchen, Germany). Photographs of the ventrodorsal
and left lateral views of the heart were captured from above utilizing a
Canon Powershot SX540 HS (Canon Inc., Tokyo, Japan) camera for
morphometric examination. Morphological cardiac measurements were
conducted following the procedures outlined by Engdal et al. (2024).

In summary, in the ventrodorsal projection the ventricular height to
width ratio was quantified by dividing ventricle length by ventricle
width, and relative bulbus size was expressed as bulbus width divided by
ventricle width. In the same projection, the apex angle was measured by
first dividing the ventricular height into four equal segments, starting
from the apex, and extending to the bulbus, followed by drawing a
horizontal line at the boundary between the first and second segments,
starting at the right and ending at the left longitudinal ventricular
ridges. The apex angle was then found from the three points where the
horizontal line intersected the right longitudinal ventricular ridge, the
apex, and the point where the horizontal line intersected the left lon-
gitudinal ventricular ridge.

Thereafter, in the left lateral projection, the ventricular bulbus angle
was defined as the angle between the bulbular horizontal axis and the
ventricular vertical axis. The ventricular symmetry was quantified by
measuring the angle between the ventricular vertical axis and the axis
running from the ventriculobulbar groove to the left dorsal ventricular
apex. Finally, the bulbus alignment was quantified as the angle between
the lines running from the ventriculobulbar groove to the left dorsal
ventricular apex and from the ventriculobulbar groove to the atrio-
bulbar incision.

2.6. Calculations and statistics

The MO, (mg 05 kg™* h™!) was calculated in each closed measurement
period from the decreasing oxygen level over time:
29 (Vres 7Vf)

MO, =-AL
f

Where AOy/At is the change in mg O per hour, V.. is the volume of the
respirometer, V¢ is the volume of the fish, assuming a density of 1 kg 17,
and Wy is the weight of the fish.

The SMR was calculated as the mean of the 10 % lowest MO, data
point from the initial 24-h measurement period prior to the hypoxia test,
after having removed potential outliers defined as exceeding +2 stan-
dard deviations of the mean (Clark et al., 2013). The MMR was defined
as the highest MO measured, which coincided with the beginning of the
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trial when the fish were maximally stressed (Hvas and Oppedal, 2019a).
The absolute aerobic scope was expressed as MMR minus SMR, and the
factorial aerobic scope was expressed as MMR divided by SMR. The
critical oxygen tension (Pt) was defined as the ambient oxygen level
before MO, decreased below the estimated SMR in normoxia (Ern et al.,
2016; Reemeyer and Rees, 2019).

As a standardized morphometric parameter, the condition factor of
all fish was calculated as 100 x (weight (g)/length(cm)3). The relative
ventricular mass (RVM) of fixated hearts and the GSI were both
expressed as a percentage of total body weight.

To express the factorial change in metabolic rate traits with a 10 °C
change in temperature, the temperature quotient, Q;9, was calculated
as:

()
Qm:(f) o

1

Where R; and R; are the rates at the first temperature, T; and the second
temperature, To, respectively.

Statistical differences between the two treatment groups in measured
parameters were assessed with a t-test after having checked for equal
variance and normal distribution of the data with Levene’s mean test
and Shapiro-Wilks tests, respectively. In the case of weight and P; data,
a log transformation was required to adhere to test assumptions, and if
this did not satisfy test assumptions the Mann-Whitney Rank Sum Test
was used instead. A P-value below 0.05 was considered significant and
data reported in the text are mean =+ s.e.m. unless stated otherwise.

3. Results

The weight, fork length, condition factor, RVM, and GSI of big
Atlantic salmon tested with respirometry were all statisticaly similar
between treatment groups (T-test, DF = 30, P > 0.05 for weight, con-
dition factor, RVM and Mann-Whitney Rank Sum Test, P > 0.05 for fork
length and GSI) (Table 1).

No fish died while being maintained in their holding tanks, including
the acclimation period at 19 °C. However, during the respirometry trials
at 19 °C, 13 out of the 16 fish tested died unexpectedly in the respi-
rometers within 5.5 + 0.6 h. This corresponded to an accumulated
mortality of 81.25 %. In comparison all fish tested at 9 °C survived the
entire trial (Fig. 1).

At 9 °C the fish showed a consistent pattern in MOy over time
following introduction into the respirometers where MO, peaked
initially and then gradually decreased towards a baseline level that
stabilized after 12-15 h (Fig. 2A). Of the three fish that survived at 19 °C
only one fish showed a similar response pattern as the fish at 9 °C where
MO, decreased substantially after the initial peak, reaching a baseline
after approximately 12 h (Fig. 2B). The two other surviving fish at 19 °C
maintained a high MO over the entire 24-h trial period suggesting they
were struggling to recover from the acute stress experienced at the start
of the trial (Fig. 2B). For dying fish at 19 °C the initial peak MO2 was
similar to the survivors whereafter it decreased steadily over the
following hours and then suddenly jumped to zero, coinciding with
death (Fig. 2C). On a couple of occasions dying fish were removed
shortly after MO, became zero, and immediate dissections revealed that
the hearts were still beating, showing that mortality was not caused by a
sudden cardiac arrest.

Table 1
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Fig. 1. Accumulated mortalities following transfer into respirometry
chambers. 13 out of 16 fish died at 19 °C while all 16 fish survived 24 h at 9 °C.
No mortalities occurred when acclimating in holding tanks at either
temperature.

The MMR was unaffected by acclimation temperature being 404 +
11 and 397 + 14 mg O, kg™l h'! at 9 °C and 19 °C, respectively (T-test,
DF = 30, P = 0.685) (Fig. 3A). Owing to the high mortality rate at 19 °C,
an SMR could only be calculated in the three surviving fish. Since the
group estimate then becomes less robust owing to low replication and
owing to uncertainty regarding whether measurements represented true
resting states, we therefore cautiously refer to a routine metabolic rate
(RMR) rather than a SMR (Fig. 3B). Furthermore, the P as well as the
absolute and factorial aerobic scopes could only be derived from sur-
viving fish. Those estimates therefore also become less robust at 19 °C.
The RMR at 9 °C was 94.6 + 3.4 mg O, kg h'! while it was 244 + 45 mg
0y kg h'! at 19 °C which was significantly higher (Mann-Whitney Rank
Sum Test, P = 0.009) (Fig. 3B). Similarly, the P;; was significantly
higher at 19 °C being 53.9 + 7.9 %PO, compared to 22.9 + 1.2 %PO, at
9 °C (T-test, DF = 17, P < 0.0001) (Fig. 3C).

The surviving fish at 19 °C had significantly lower aerobic scopes
(Fig. 4). Specifically, the absolute aerobic scope was 309 + 12.0 and 195
+33mg O, kg'1 h'at9°Cand19°C, respectively (T-test, DF =17,P =
0.002) (Fig. 4A), and the factorial aerobic scope was 4.36 + 0.20 at 9 °C
and 1.92 + 0.32 at 19 °C (T-test, DF = 17, P = 0.0001) (Fig. 4B).

The lamellar density did not differ between groups being 18.8 + 0.3
and 18.4 + 0.3 lamellae mm™ at 9 °C and 19 °C, respectively (T-test, DF
= 30, P = 0.317) (Fig. 5).

For heart morphology metrics, significant differences were found in
three of the six parameters assessed (Fig. 6). Specifically, the ventricle
height to width ratio and the bulbus width to ventricle width ratio were
both significantly higher in the 19 °C group (T-test, DF = 30, P = 0.0214
and P = 0.0207, respectively) (Fig. 6A and B). Meanwhile, the ventric-
ular symmetry was lower in the 19 °C group (T-test, DF = 30, P =
0.00159) (Fig. 6E). The apex angle, the ventricular bulbus angle, and the
bulbus alignment did not differ between the two acclimation

Morphometric parameters. RVM = Relative ventricular mass and GSI = Gonadosomatic index in females. All size parameters were statistically similar (T-test, P >
0.05). N = 16 for both groups and data are mean + s.e.m. The RVM were measured on hearts fixated and dehydrated in ethanol, yielding lower values.

Temperature Weight (g) Length (cm) Condition factor RVM (%) Female/Male Female GSI (%)
9°C 3722 £ 115 68.7 + 0.41 1.14 £ 0.02 0.052 + 0.004 9/7 0.19 £+ 0.01
19 °C 3766 + 159 68.4 + 0.77 1.17 + 0.03 0.054 + 0.005 13/3 0.51 £ 0.15
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Fig. 2. Oxygen uptake rates (MO,) over a 24-h period following movement into respirometers. A: The mean + s.e.m. values of all fish at 9 °C (N = 16). B:
Individual data series from each fish that survived the trials at 19 °C. C: Individual data series for each fish that died during the trials at 19 °C.
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Fig. 3. Metabolic rate parameters. Maximum metabolic rate (MMR) (A), Routine metabolic rate (RMR) (B), and Critical oxygen tension (P (C). Data are shown
as boxplots together with individual data points. N.S. indicates a non-significant difference between groups and asterisks a significant difference (T-test, P < 0.05).
Only three estimates of SMR and P,;; were obtained at 19 °C owing to high mortality rates.
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Fig. 4. The absolute aerobic scope (AS) (A) and the factorial AS (B). Data are shown as boxplots together with individual data points and asterisks indicate a
significant difference (T-test, P < 0.05). Owing to the high mortality rate at 19 °C only three aerobic scope estimates were obtained.

temperatures (T-test, DF = 30, P > 0.05) (Fig. 6C,D,F).

To illustrate size dependent effects across acclimation temperature
on MMR, data from two previous studies using smaller sized seawater
adapted Atlantic salmon (=0.5 kg) were compared with the present
study (Fig. 7) (Hvas et al., 2017; Hvas, 2022). These studies utilized the
same genetic strain of Atlantic salmon, the same research facility, and a

thermal acclimation period of three weeks minimum. Notably, smaller
Atlantic salmon increased their MMR substantially with a Q¢ of 1.57
and 1.54 within a similar thermal interval as in the present study.
Meanwhile, the Q;9 of the MMR in big Atlantic salmon was 0.98,
signifying no change across temperature (Fig. 7).



M. Hvas et al.

- N N N
(o¢] o N S

Lamellar density (m m'1)
>

—
N

T T
o o
9°C 19°C
Fig. 5. Lamellar density of Atlantic salmon acclimated to 9 °C and 19 °C. Data

are shown as boxplots together with individual datapoints (N = 16). The groups
were statistically similar (¢-test, P > 0.05).

1.2 1 0.6 -

1.0 1 0.5 -

Ventricle H/ W

o
(0]
Bulbus W/ Ventricle W

Journal of Thermal Biology 132 (2025) 104231

4. Discussion
4.1. Oxygen supply limitation in big Atlantic salmon at high temperatures

Based on the idea that fish may become restricted in oxygen supply
capacity as they grow larger (Pauly, 2021), it was hypothesized that
larger sized Atlantic salmon (~4 kg) would struggle to maintain
adequate aerobic scopes at higher acclimation temperatures. This hy-
pothesis was supported by the results as the MMR remained unaffected
between 9 °C and 19 °C while the RMR inevitably increased, leading to
lower aerobic scopes at 19 °C. Furthermore, in smaller Atlantic salmon
the MMR increased substantially with temperature, allowing for a pre-
served aerobic scope (Hvas et al., 2017; Hvas, 2022, Fig. 7).

The Pt in big Atlantic salmon at 9 °C was comparable to previous
reports on Atlantic salmon of 150-300 g at similar temperatures (Remen
et al., 2016; Hvas and Oppedal, 2019b). The tolerance to hypoxia
worsens at higher temperatures, and in smaller Atlantic salmon regres-
sion analyses estimated a Py;; of 40 % PO at 19 °C for fish weighing 300
g (Remen et al., 2016). Meanwhile, the P of big Atlantic salmon at
19 °C in the present study was notably higher at 53 % PO,. This may be
ascribed to less robust SMR estimates that are better described as RMR as
it is uncertain whether the fish had recovered to a true resting state at
19 °C. Although, if larger sized Atlantic salmon become more restricted
in gill oxygen uptake at higher temperatures, they would be expected to
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become less tolerant to hypoxia relative to smaller sized individuals.

In other species of fish assessed with respirometry across different
acclimation temperatures, the pattern has often been similar to those of
smaller sized Atlantic salmon where MMR was well able to increase with
temperature. Notable examples of this pattern include European sea bass
(Dicentrarchus labrax) (Claireaux et al., 2006), barramundi (Lates cal-
carifer) (Norin et al., 2014), Atlantic halibut (Hippoglossus hippoglossus)
(Grans et al., 2014), lumpfish (Cyclopterus lumpus) (Hvas et al., 2018),
and ballan wrasse (Labrus bergylta) (Yuen et al., 2019). Common for
these experiments are that they used small juvenile fish weighing <0.5
kg. Furthermore, in a comprehensive meta-analysis on metabolic rate
effects across temperature, it was found that in most fish species
investigated the MMR increased with temperature, showing no or
sometimes a minor decline at extreme temperatures (Lefevre, 2016).
However, it should be emphasized that in the present study, 19 °C was
not supposed to represent an extreme temperature, but rather a subop-
timal yet ecologically relevant acclimation temperature well below
known lethal limits in Atlantic salmon (Hevrgy et al., 2015; Gamperl
et al., 2020).

When considering size as a factor for MMR across different accli-
mation temperatures, a study on Atlantic cod (Gadus morhua) found
patterns similar to the present study (Tirsgaard et al., 2015). These au-
thors used five acclimation temperatures and body sizes spanning 30
g-460 g and showed that in smaller Atlantic cod MMR increased with
temperature, but in larger individuals MMR plateaued (Tirsgaard et al.,
2015). Moreover, in a study on Nile tilapia (Oreochromis niloticus)
ranging in size from 21 g to 313 g the tolerance to acute warming while
exercising declined with mass and was associated with lower oxygen
uptake prior to fatigue in the larger individuals (Blasco et al., 2022).
Interestingly, these restrictions in MMR at increasing temperatures in
Atlantic cod and Nile tilapia occurred at body sizes approximately one
order of magnitude smaller than in Atlantic salmon, suggesting that size
thresholds for temperature-dependent limitations in oxygen uptake ca-
pacity can be highly species-specific. Meanwhile, a study on mature
coho salmon (Oncorhynchus kisutch) weighing ~2 kg reported statisti-
cally similar MMRs between 9 °C, 14 °C, and 18 °C (Kraskura et al.,
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2021). A pattern similar to large Atlantic salmon in the present study. As
such, the inability to preserve aerobic scopes at higher temperatures by
further increasing oxygen uptake capacities in larger individuals has
also been observed in other fish species.

4.2. Stress-induced mortality in Atlantic salmon at high temperatures

The high mortality rates following acute stress exposure at 19 °C
were unexpected. Meanwhile, no fish died at 9 °C and no fish died
during the acclimation period in the holding tanks at 19 °C spanning
several weeks. The mortalities at 19 °C must therefore have been caused
by the combination of acute stress and high temperature. The experi-
mental protocol involved a combination of stressors, starting with the
fish being netted from its holding tank, followed by air exposure while
being transferred in the net, and then being placed inside the respi-
rometer, an unfamiliar and highly confined environment. At both test
temperatures, the initial behavioural response inside the respirometer
was a short period of frantic movements, as an attempt to escape, fol-
lowed by visible exhaustion where the fish would lie still and
hyperventilate.

It is well-known that fish, particularly salmonids, can die from
exhaustive stress, where mortality is associated with failure of physio-
logical recovery as inferred from high lactate levels and a high intra-
cellular acidosis in moribund individuals (Black, 1958; Wood et al.,
1983; Holder et al., 2022). Stress-induced mortality is also termed
delayed or post-exercise mortality and may occur within a few hours or
up to several days after having encountered a stressful event (Wood
etal., 1983; Clark et al., 2017). For instance, in another study on Atlantic
salmon delayed mortality occurred 4-7 days after exhaustive exercise
stress and was associated with the inability to re-attain normal heart
rates while surviving fish had fully recovered resting heart rates within
24 h (Hvas et al., 2021).

Fish mortalities after stressful events have several important impli-
cations. In commercial fisheries undesired fish are typically discarded
and owing to exhaustive capture stress, they may later die (Turunen
etal., 1994; Davis, 2002; Cook et al., 2019). Similarly, catch-and-release
angling can also cause delayed mortality where guidelines are estab-
lished to help facilitate post-release survival (Cooke and Suski, 2005;
Bartholomew and Bohnsack, 2005; Pollock and Pine, 2007; Smukall
et al., 2019). In Atlantic salmon aquaculture delayed mortality is asso-
ciated with transportation, crowding, and parasite treatments where
efforts are made to improve handling strategies by reducing stress levels
during farm operations (Iversen et al., 2005; Overton et al., 2019).
Furthermore, near-harvest sized Atlantic salmon can be at higher risk of
stress-induced mortality which has been linked with heart disease and
deviating heart morphology (Garseth et al., 2018; Frisk et al., 2020). In
light of the present study, it is therefore interesting that a body mass >3
kg increases mortality risk in salmon aquaculture.

A recent review concluded that an all-encompassing mechanistic
explanation for post-exercise mortality in fish has not been found,
although several ideas have been proposed involving oxygen delivery,
ion regulation, hormone signaling, and cardiac function (Holder et al.,
2022). While hearts were observed to still be beating upon dissection of
recently dead fish in the present study, irregular heart rates were pre-
viously associated with delayed mortality in Atlantic salmon (Hvas
et al., 2021). Meanwhile, in moribund rainbow trout, strong heartbeats
and normal aortic blood pressure were measured following the cessation
of active gill ventilation (Wood et al., 1983). In the present study, the
cause of mortality was presumably related to the inability to take up
sufficient oxygen at 19 °C. If oxygen requirements cannot be met in
highly stressed Atlantic salmon for several hours, a cascade of detri-
mental consequences will follow as tissues become more hypoxic and
acidotic, eventually resulting in death.

Two key risk factors for stress-induced mortality seem to be body size
and elevated temperatures. It has also been shown in coho salmon that
larger sizes make physiological recovery more difficult when subjected
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to a simulated capture event where it was found that larger fish accu-
mulated a higher oxygen debt and were slower at reattaining osmo-
regulatory homeostasis (Clark et al., 2012). Increased risks of delayed
mortality at higher temperatures have also been found in leopard coral
grouper (Plectropomus leopardus) where exhaustive exercise stress
caused mortality in some individuals after 3-13 days at 30 °C, while at
33 °C mortality rates increased, and they occurred much sooner after
2-15 h (Clark et al., 2017). Furthermore, in a study on triploid brook
trout (Salvelinus fontinalis) subjected to exhaustive exercise at 19 °C, 90
% of the fish died within 4 h of recovery while all the diploid counter-
parts survived (Hyndman et al., 2003). Triploids have larger cells with
lower surface to volume ratios and thus may be more diffusion limited.
Similar to larger sized fish, triploids can therefore also become restricted
in gill-oxygen uptake at high temperatures (Hansen et al., 2015), which
could explain the delayed mortalities reported by Hyndman et al.
(2003).

4.3. Thermal plasticity in gill and heart morphology - links between form
and function

The gill and the heart of fish are well-known for their morphological
plasticity in response to environmental factors and may provide an
anatomical link to explain respiratory capabilities. Here, the lamellar
density provides an indicator of gill surface area (Laporte et al., 2016;
Skeeles and Clark, 2024). A similar lamellar density across acclimation
temperature in the present study may therefore aid in explaining why
MMR was unable to increase further at 19 °C, assuming that the gill
surface area is closely correlated with the oxygen uptake capacity.
Perhaps a longer acclimation period than 3 weeks to high temperatures
would have allowed for more adequate gill remodeling to better adapt to
more metabolically demanding environments in big Atlantic salmon.

Contrary to the gills, the heart morphology did change in response to
a 3-week acclimation period at 19 °C. Notably, ventricle height to width
ratio increased which signify less rounded ventricles. Less rounded and
more pyramid shaped ventricles is a characteristic of active fish that rely
on rapid and efficient pumping of blood (Agnisola and Tota, 1994;
Sanchez-Quintana et al., 1995). Furthermore, in rainbow trout (Onco-
rhynchus mykiss), fish with triangular ventricles were better swimmers,
had higher maximum oxygen uptake capacities, and a larger cardiac
output than individuals with more rounded ventricles (Claireaux et al.,
2005). In the present study, fish at 19 °C also had a lower ventricular
symmetry. Lower ventricular symmetry is a trait associated with wild
salmon (Poppe et al., 2003; Engdal et al., 2024; Vindas et al., 2024),
while higher ventricular symmetry is typical for intensive culture con-
ditions and has been associated with morbidity in larger-sized farmed
Atlantic salmon (Frisk et al., 2020). Less rounded ventricles and lower
symmetry in the 19 °C acclimated fish could therefore be an adaptive
plastic response to improve cardiac function in warmer and more
challenging environments. Warm acclimated fish also had a higher
bulbus width to ventricle width ratio, which signifies a relatively larger
bulbus. This trait is associated with intense growth conditions in aqua-
culture, contrasting wild salmon that have a relatively smaller bubus
(Vindas et al., 2024). Whether a phenotypic change of this trait is
functional advantageous or maladaptive is therefore less clear but could
reflect remodeling to adjust compliance in response to higher temper-
atures (Keen et al., 2021).

The reported RVM in the present study was similar between the two
acclimation temperatures, but the values of ~0.5 % were substantially
smaller than typically reported for Atlantic salmon of various sizes
where RVM generally ranges from 0.8 % to 1.2 % of the total body
weight (Hvas and Oppedal, 2017; Frisk et al., 2020; Vindas et al., 2024).
However, those measurements were taken as wet weights in recently
dissected fish while RVM in the present study were measured after the
hearts had been fixated in ethanol for little over a year. Curiously, owing
to the dehydrating properties of ethanol, prolonged fixation can reduce
muscle tissue weights by ~ 60 % (Leonard et al., 2021). The initial wet
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weights of the ventricles from the present study would therefore pre-
sumably have been similar to earlier reports.

4.4. Ethical and method considerations when experimenting on larger-
sized fish

In the present study, high mortality rates unfortunately occurred
following acute stress in the larger-sized Atlantic salmon acclimated to
19 °C. Based on previous studies with smaller Atlantic salmon (e.g.,
Hansen et al., 2015; Hvas et al., 2017), mortalities were not expected at
19 °C. When unforeseen mortalities occur in laboratory experiments,
thorough ethical and methodological considerations are required to
evaluate potential causes and whether to continue, modify, or prema-
turely terminate the experiment. After the first mortalities occurred, we
attempted to find errors in the setup and modified the test protocol for
subsequent trials. We eventually ended up testing the planned number of
animals but were unable to prevent additional mortalities in the latter
trials.

Meanwhile, Norway is the world’s largest producer of farmed
salmon. In 2023 the mortality rates in Norwegian salmon aquaculture
were the highest ever recorded where 63 million (16.7 %) Atlantic
salmon died during the seawater growth phase (Sommerset et al., 2024).
A worrisome trend is that mortality of larger sized fish appears to in-
crease. This is associated with stressful handling operations at farms,
particularly following lice-treatments and crowding events (Overton
et al., 2019; Sommerset et al., 2024). Furthermore, summer heatwaves
are becoming a greater concern in Norway, and persistent summer
temperatures approaching and exceeding 19 °C are not unusual. These
higher temperatures also increase proliferation of sea lice (Hamre et al.,
2019), and thus the need to perform additional stressful de-lousing op-
erations. The severity level imposed in our study therefore resemble
conditions fish may experience in commercial scale aquaculture in a
warmer climate. We therefore believe that the mortalities imposed in the
present study have some justification from a utilitarian ethics point of
view. That is, a low number of fish suffered so that a high number of fish
in the future may not have to.

There are generally little empirical data on environmental limits in
larger sized fish weighing several kilograms. Our present study suggests
that larger sized Atlantic salmon have very different stress tolerances at
elevated temperatures compared to previous studies on smaller fish.
This highlights the timely relevance of incorporating larger fish sizes in
experiments. Although, it is more challenging to maintain and study
bigger fish in the laboratory.

Provided that larger sized fish generally are less robust in coping
with various experimental procedures, and more so at elevated tem-
peratures, additional precautions when designing protocols are war-
ranted. Based on what we have learned in the present study, this may
involve refinements in how the fish are handled and the choice of test
conditions used. As such, 19 °C was evidently too high a temperature for
a respirometry trial that sought to measure SMR in 4 kg Atlantic salmon.
Even the surviving fish appeared to struggle with recovering from the
initial stress. A longer test period than the conventional 24 h would
presumably then be needed to more robustly infer true resting states in
these bigger fish. Previously established techniques may also not be
logistically feasible on larger fish. A relevant example are swim tunnel
respirometers to measure MMR in fish exercising at the aerobic limit.
Presently available tunnel designs do not provide ample space and
adequate laminar flow properties at high velocities to reliably exhaust
Atlantic salmon of 3 kg and above (Oldham et al., 2019). Alternative and
more pragmatic approaches are therefore needed to infer physiological
capacities and environmental limits in bigger fish. For instance, the
monitoring of MO, while gradually increasing temperatures could be a
useful approach to assess interactions between body size, thermal
tolerance, and aerobic capacity while also avoiding stress-related mor-
talities (Paschke et al., 2018).
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5. Conclusion

Whether the underlying cause for an insufficient MMR as well as
stress-induced mortality in big Atlantic salmon at a high acclimation
temperature was driven by oxygen supply limitation was not directly
discerned in the present study. Although, the most proximal explanation
would seem to involve limitations in physiological scaling properties of
the cardio-respiratory system. In a recent study on rainbow trout
exposed to hyperoxia, it was concluded that the MMR was gill diffusion
limited after having assessed several factors of the oxygen transport
system (McArley et al., 2022). Moreover, these authors proposed that
gill-diffusion limitation could constrain MO in various stressful situa-
tions such as during high-intensity swimming and exposure to high
temperatures (McArley et al., 2022). One could here speculate that the
consequence of gill diffusion limitation would become more pronounced
in larger sized individuals under stressful conditions. Additionally, the
limitation in oxygen uptake and transport capacity in salmonids has also
been argued to originate from insufficient cardiac function where a
reduced heart rate scope can lead to cardiac collapse and mortality
during strenuous activities at high temperatures (Eliason et al., 2013).

Regardless of the underlying cause, big Atlantic salmon were unable
to increase their MMR between 9 °C and 19 °C, contrasting the results
from smaller sized Atlantic salmon. Furthermore, this inability of larger
sized fish to increase their MMR at higher temperatures seem to also be
the case in other species (Tirsgaard et al., 2015; Kraskura et al., 2021;
Blasco et al., 2022). The consequences of being restricted in oxygen
supply during acute stress at elevated temperatures are clearly dire as
evidenced by the high occurrence of delayed mortality observed in the
present study.

In conclusion, larger sized seawater adapted Atlantic salmon appear
less tolerant to high temperatures and hypoxia. This study also high-
lights that when elucidating ecologically relevant thermal limitations of
fish species, it is important to consider natural size ranges despite the
added logistical challenge imposed by experimenting on larger size
classes.
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