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Abstract
Due to climate change, research on thermal performance limits in ectotherms has received much

attention in the last two decades. However, the underlying physiological mechanisms and most
vulnerable organs remain largely unknown. Here, we examined contractile performance in different
organs from rainbow trout during an acute warming challenge, including the heart (cardiac muscle),
caudal peduncle (white skeletal muscle) and the gastrointestinal tract (smooth muscle). The preparations
were electrically stimulated at three voltages in vitro to record contraction force, while temperature was
progressively increased. To relate tissue-level responses to organismal thermal limits, whole-animal
thermal tolerance (CTmax) Was recorded. White skeletal muscle was the most vulnerable, retaining less
than 25% of baseline contraction force at the whole-animal CTmax temperature. This suggests that white
skeletal muscle may be a previously overlooked contributor to acute upper thermal limits in fish.
Notably, skeletal muscle contraction force had already fallen to 50% of baseline several degrees below
CTmax, indicating that heat waves may impair swim performance well below lethal thermal limits.
Additionally, only 50% of the atrial preparations still produced spontaneous contractions at CTmax
temperature, suggesting severe impairment of excitation-contraction coupling at high temperatures. We
observed a voltage-dependent decline in ventricular contractility, consistent with predictions of the
temperature-dependent deterioration of electrical excitability (TDEE) hypothesis, whereas no
comparable voltage-dependent pattern was observed in white skeletal muscle. This suggests that
reduced electrical excitability at elevated temperatures is not universal across electrically excitable
tissues. Together, our results identify white skeletal muscle and cardiac function as potential

contributors to acute upper thermal tolerance limits.
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Introduction
The past decade has been the warmest on record, with 2024 ranking as the hottest year to date. (IPCC,

2023; WMO, 2025; NASA, 2025). Amongst the consequence of a warming climate are the rising
average surface water temperatures and increasing frequency, duration and severity of extreme thermal
events such as heat waves (Calvin et al., 2023; Smith et al., 2023). Ectotherms like fish, may be
particularly vulnerable to such thermal challenges, because their body temperature is directly linked to
the environmental temperature, and thus any changes are likely to affect various physiological
processes. Although ectotherms can often tolerate a range of temperatures, there is typically an optimal
temperature for their overall performance. Outside of the thermal tolerance range, survival becomes
time-limited and is ultimately no longer possible at the acute upper thermal limit (Jergensen et al., 2019;

Jutfelt et al., 2024).

A common way to determine the acute upper thermal tolerance limit of a fish is by the thermal maximum
method (CTmax), where the temperature is gradually increased until control of locomotor function is lost
and the fish is unable to maintain an upright position in the water column. This is most commonly
defined as the loss of equilibrium (LOE) (Cox, 1974; Lutterschmidt & Hutchison, 1997). While research
on thermal tolerance of fish, particularly using CTmax, has found increasing attention in the last decade
(G. Raby et al., 2025b), the underlying physiological mechanism that determines acute upper thermal
tolerance limits remains debated (Ern et al., 2023; Jutfelt et al., 2018; Portner et al., 2017; Vornanen,
2020).

The most prominent hypothesis with regard to setting thermal tolerance limits in fish is the oxygen- and
capacity limited thermal tolerance (OCLTT) hypothesis (Portner & Knust, 2007; Portner, 2010). With
higher temperatures, tissue oxygen demand increases due to higher routine metabolic rates (Gillooly et
al., 2001; Robinson et al., 1983; Somero, 1978). According to the OCLTT, upper thermal tolerance in
aquatic ectotherms is determined by the capacity of the cardiorespiratory system to increase the oxygen
supply and thereby compensate for the elevated tissue oxygen demand at rising temperatures (Portner
& Knust, 2007; Portner, 2010). However, experiments investigating the validity of the OCLTT have
yielded contradicting results. While some have found a connection between thermal tolerance and
oxygen supply capacity (Andreassen et al., 2022; Fry & Hart, 1948; Portner & Knust, 2007; Verberk et
al., 2016) others have not (Andreassen et al., 2025; Ern et al., 2015; Gréns et al., 2014; G. D. Raby et
al., 2025a; Silva-Garay et al., 2025; Wang et al., 2014), questioning the universality of the OCLTT
hypothesis (Jutfelt et al., 2018). Evidence for the OCLTT hypothesis remains weak across species, and

the research focus is therefore shifting towards mechanisms not directly linked to tissue oxygen supply.

The role of the heart and cardiac performance in setting upper thermal tolerance limits is empirically
supported in some contexts (Ern et al., 2023; Farrell et al., 2009). Cardiac output - the volume of blood

pumped by the heart within a certain time, determined by heart rate and stroke volume - increases with
3
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temperature, but plateaus close to critical temperatures (i.e., approaching CTmax) and ultimately
collapses when surpassed (Eliason & Anttila, 2017; Mendonga & Gamperl, 2010; Stevens et al., 1972).
This collapse of cardiac output at high temperatures is attributed to cardiac arrhythmia (Clark et al.,
2008; Gollock et al., 2006) whereas stroke volume remains stable even at the upper thermal limits

(Ekstrom et al., 2019; Haverinen & Vornanen, 2020; Sandblom & Axelsson, 2007).

It has been suggested that this malfunction of the heart at higher temperatures occurs because of a
mismatch between sodium and potassium currents, that affects the excitability of cardiac myocytes.
This temperature-dependent deterioration of electrical excitability (TDEE) thus offers an alternative to
the OCLTT hypothesis by proposing an oxygen-independent cellular mechanism that may set thermal
tolerance limits in fish (Vornanen, 2016, 2020). The TDEE is based on observations in cardiac myocytes
of brown trout Salmo trutta, showing that the voltage-gated sodium (Na") current responsible for rapid
membrane depolarisation and the outward K'-current involved in stabilising the resting membrane
potential differ in their thermal sensitivity (Vornanen et al., 2013). In atrial and ventricular myocytes,
the negative resting membrane potential is largely maintained by a small outward K*-current through
inward rectifier K'-channels (Vornanen et al., 2002). During acute warming, this efflux increases
causing the resting membrane potential to become more negative. At the same time, warming initially
increases Na'-currents, supporting electrical excitability (Vornanen et al., 2013). However, the
breakpoint temperature, the temperature at which an ion current does not increase with warming
anymore, of the Na* -current in brown trout is at approximately 21°C whereas the outwards K*-current
continues to increase beyond 32°C (Vornanen et al., 2013). Thus, rapid warming beyond the Na*-current
breakpoint causes a more negative resting membrane potential, increasing the magnitude of
depolarization needed to trigger an action potential, while reducing the Na'-currents during
depolarisation. Eventually, the imbalance between the two ion currents becomes large enough that
incoming signals may no longer sufficiently depolarize the membrane, resulting in failure to trigger

action potentials (Vornanen, 2016, 2020).

The TDEE hypothesis is presumably not limited to cardiac muscle, but may apply to all cells whose
electrical excitability is connected to voltage-gated ion channels, like neural or skeletal muscle cells
(Koester & Siegelbaum, 2000; Vornanen, 2020). However, this has not yet been tested experimentally.
While a few studies have investiged whether neural function is linked to upper thermal tolerance in fish
(Andreassen et al., 2022; Friedlander et al., 1976; Jutfelt et al., 2019), we found no previous experiments
examining skeletal muscle function during acute thermal challenges. This is relevant, because skeletal
muscle is essential for functions such as ventilation and movement and is directly involved in loss of
equilibrium. Consequently, this represents a major knowledge gap in our understanding of the

mechanisms and organs involved in limiting acute thermal tolerance.



104
105
106
107
108
109
110

We therefore investigated the vulnerability to warming of different contractile tissues during an acute
slow-ramping temperature challenge to assess whether the upper thermal tolerance limits differ between
tissues. In addition, we tested whether the temperature-dependent decline in electrical excitability
predicted by the TDEE hypothesis can be observed in in vitro preparations of cardiac and white skeletal
muscle. For that, the contractile performance of cardiac muscles (ventricle and atrium), white skeletal
muscle, and smooth muscles (stomach and intestine) of rainbow trout (Oncorhynchus mykiss) was

recorded in vitro, while temperature was ramped stepwise until the loss of contractile function.
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2. Methods

Ethics statement
The experimental procedures were conducted in line with and approved by the Swedish Board of

Agriculture’s ethical committee and the University of Gothenburg (Ethics Permit Dnr 5.8.18-
07417/2024). 1t followed the regulations set by the Animal Welfare Body at the University of
Gothenburg.

Holding

Rainbow trout (Oncorhynchus mykiss) were obtained from a commercial fish farm (Vénneans
fiskodling AB, Knéred, Sweden) and randomly distributed in three 750 L freshwater tanks (11.5°C —
13.2°C) at the animal facility of the University of Gothenburg. They were fed three times a week and
fasted for 24 h prior to the experiments. Water was constantly aerated and filtered and exchanged via a
central recirculating aquaculture system. The fish were kept in the facilities for up to nine months
(experimental period: 23.02.2025 — 30.05.2025) and had by the time of the experiments an average
weight of 413 g (standard error (SE): + 17 g) by the time of the experiments. In total, 41 fish were used,
21 for the in vitro study (n = 16 for temperature ramping; n = 5 for constant temperature controls) and

20 for the whole-animal CTpax.

Tissue preparations for the in vitro study

One fish was randomly caught out of one of the three holding tanks on each day of the experiments.
They were euthanized by a sharp blow to the head and subsequently dissected. Atrium, ventricle,
stomach and intestine were taken out of the fish and immediately transferred into ice-cooled Ringer’s
solution (in mmol/l: NaCl, 140; KCl, 2.5; CaCl, x ,H»0, 1.5; MgS04 x 7H>0, 0.8; NaHCOs, 15;
KH2POs, 1; Hepes-bufter, 5; pH = 7.8) and kept on ice before further preparation.

To obtain skeletal muscle strips, the skin above the caudal peduncle was removed to access the area
where caudal fin rays and skeletal muscles are connected. To identify fibre orientation, two
neighbouring tendinous attachments (the continuations of the myosepta connecting to the fin rays) were
carefully lifted and fixated with forceps. The two myosepta, together with the white muscle tissue in
between them were cut out of the fish with a scalpel until a strip of white skeletal muscle fibres (mean
+ SE; length: 17.7 = 0.09 mm, breadth: 4.1 + 2.4 mm, weight: 0.32 + 0.05 g) were obtained and cleaned
by carefully removing loose white muscle tissue and red muscle fibres lying on top. Only after all tissues

were dissected from the fish (within 5 min), was further preparation started.

For the ventricle, circular preparations (breadth: 1.47 + 0.05 mm; weight: 0.1 + 0.01 g) were excised by
two parallel cuts along its transverse axis, which resulted in the highest consistency in the quality of
preparations (Aho & Vornanen, 1999). The atrium was not further processed but was mounted in the

tissue bath as a whole (weight: 0.07 = 0.01 g). For smooth muscle preparations, the cardiac stomach

6
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and the proximal-section of the distal intestine were cut open, gently stretched and pinned to a Sylgard
coated Petri dish with needles. A single strip was then cut either in the circular (stomach, length: 11.8
+ 0.4 mm , breadth: 3.47 £ 0.15 mm, weight: 0.16 £ 0.01 g) or longitudinal (intestine, length: 9.2 + 0.6
mm, breadth: 2.29 + 0.13mm, weight: 0.05 = 0.01 g) direction. To account for size differences in tissue
preparations the tissues were blotted dry after the experiment and size, length and weight were measured

for a normalised developed force per gram of muscle.

All preparations (for n, see Table 1) were placed in double-walled organ baths (Fig. 1), filled with
Ringer’s solution bubbled with 0.3% CO; in air at 12°C (matching acclimation temperature during
holding). The preparations were mounted with regular cotton sewing threads tied to both sides of each
preparation. One end of the thread was fixated in the organ bath between two platinum electrodes, and
the other end of the thread was connected to a force transducer (SENSELab 10-700-0003; Somedic
Sales AB, Horby, Sweden) to measure developed contraction force by the preparations (Figure 1). The
signal was amplified with 4Champs (SENSELab, 4Champ amplifier) connected to a Powerlab
(ADinstruments, Powerlab/16SP). Data was recorded and analysed using LabChart (LabChart 7 pro
v7.3.8) software.

A Force transducer B
to measure =— Cotton thread to mount N f—l
contraction force ~——tissue preparation in 32°C oy
the organ bath and oo ,_.7
connect it to the force 30°C " “(4, .
== ‘ transducer g_) 28°C k ,I::‘ __.’ e s
o 26°C o ISR
Electrodes for S 400 .
Ventricle electrical stimulation 2
preparation g 22°C # Change of Ringer
Water flow to control 2 20°C solution
temperature g 18 °C % Electrical stimulation
7 F 16°c
/ t 14°C
12 °C=——=

-
30 60 90 120 150 180 210 240 270 300 330
Time [min]

Figure 1. Organ bath set-up and ramping protocol. A) Schematic drawing of an organ bath with a mounted circular ventricle
preparation. B) Temperature ramping steps within each organ bath for one thermal ramping sample (recorded with
thermocouples). The black stars show when the Ringer solution was exchanged and the yellow flashes mark electrical

stimulations.

Measuring the effect of temperature on contractility requires a consistent length of the muscle fibres
(Shiels & White, 2008). To accomplish this, all tissues were stretched in the beginning of the
experiment. The smooth muscle strips were stretched by a force of 10 mN (isometric force equivalent
to 1 g; following (Gréns et al., 2013). All other tissue preparations were stretched stepwise whilst

stimulated to the length where developed force was maximal and further stretching of the tissue would

7
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not lead to an increase in contractility anymore (Aho & Vornanen, 1999). The force applied varied
between and within tissues, depending on size (isometric force equivalent; atrium: 1.12 £ 0.14 g;
ventricle: 1.53 £ 0.22 g; skeletal muscle: 2.12 + 0.28 g). After stretching, tissues were allowed to

equilibrate until a stable baseline was reached (50-75 min).

All preparations were stimulated using a Grass stimulator (Astro-med, Grass stimulator, Model SD9 J).
For cardiac and smooth muscle preparations, electrical field stimulation was used (no contact with the
electrodes; distance between tissue and electrodes was ca. 1mm) while, due to the bigger size of the

strips, skeletal muscles were in direct contact with the platinum electrodes.

The stimulation settings depended on the tissue type. Cardiac and skeletal muscle preparations were
stimulated with 16 ms pulses at a frequency of 0.2 Hz and three different voltages (in that order: 10 V,
40 V and 80 V). Ten volts represent the minimum voltage needed to elicit contractions in both the
skeletal muscle (8-10 V) and ventricle (4-7 V with field stimulations). For each voltage and temperature
the stimulations were repeated ten times with 15 s between the three different voltages were. Of those
ten stimulations the first and last were discarded. While the eight remaining peaks were analysed using
the “Peak analysis” module (Peak Analysis v1.3.2) in Labchart 7. All atrial preparations showed
spontaneous contractions, which often interfered with the contractions induced by stimulation. Thus,
contraction force and frequency of the spontaneous contractions were extracted by analysing all peaks
two minutes before the start of electrical stimulations at every temperature. When arrhythmia occurred
within those two minutes, the time span of the analysis was reduced to get a minimum of 30s of

consecutive peaks without arrhythmia interference.

Smooth muscles were stimulated with 70 V and a frequency of 10 Hz (10 ms per pulse) (adapted from
Olsson et al., 2008). Since smooth muscles showed a graded response to stimulations, tissues were
stimulated until contraction force did not increase anymore. Contraction force was analysed, by marking
the start of each contraction onset and the end of contraction defined as the point where maximum force
was reached. Contraction force was derived by subtracting the baseline force of each strip right before

stimulation from the maximum force developed after stimulation.

Table 1. Number of preparations included in the analysis for each tissue and stimulation voltage. Exclusion criteria are listed

on the right.

Tissue Treatment Stimulation n Reason of exclusion
Control All voltages 4 One preparation did not react to electrical stimulation
. 10V 9 Two preparations did not react to electrical stimulation. Five of
Ventricle

the remaining 14 exhibited spontaneous contractions that
interfered with electrically evoked contractions, particularly at

80V 13 10V

Thermal ramping 40V 12
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Control All voltages 4 One preparation did not react to electrical stimulation

Atrium
Thermal ramping All voltages 15  One preparation did not react to electrical stimulation
10V 4
Control One strip did not respond to stimulation at 10 V
Skeletal By 2
muscle 10V 13
. Two strips did not react to stimulations at all, and one strip did
Thermal ramping . .
40 & 80V 14 Dot respond to stimulation at 10 V
Control 70V 5
Stomach L . . . .
Thermal ramping 70V 13 Two strlps' did not react‘ to electrical stimulations and one strip
ripped during the experiment
Control 70V 5
Intestine
Thermal ramping 70V 14 Two strips did not react to electrical stimulations

Heating protocol
Temperature in the organ baths was controlled via a thermostat (LAUDA immersion thermostat Alpha

A) connected to a circulating water bath. Temperature in each bath was monitored continuously with
type K thermocouples (Pico Technology) connected to TC08 data loggers and recorded every second
using the PicoLog 6 software (6.2.13). Following the equilibration period, the first stimulation series
started at 12°C (=t(0)). Subsequently, temperature was increased stepwise, first in two 5°C increments
(17°C and 22°C) with 30 min between stimulation rounds to allow tissue re-equilibration. Thereafter,
temperature was increased in 1°C steps every 20 min, with stimulations at the end of each period.
Temperature ramping and contractility recordings continued until tissue contractions ceased. After each
stimulation round, Ringer’s solution was replaced with fresh solution preheated to the corresponding

bath temperature to ensure consistency in concentrations and pH.

For control preparations, temperature was maintained at 12°C throughout the experiment while
stimulation frequency and solution exchange matched that of temperature-ramped tissues in time.
Contractility of control preparations was recorded for at least 6 h, exceeding the duration over which
any temperature-ramped preparation remained contractile. Two control preparations for each organ
were kept in the organ baths for 24 h to assess long-term tissue stability. The first 7h, they were

stimulated every 20 min; from hour 8 to 12, hourly; and then once more after 24 h.

Normalising data and correcting for natural decline over time
All data were normalised by setting the mean amplitude of the first contraction series after the

equilibration period (t(0))for each tissue to 100% with subsequent values presented as percentages

relative to that.
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To isolate the effect of temperature on tissue contractility, we calculated an estimated natural decline in
contractility over time for each tissue based on control measurements. This decay factor was defined as
the difference between baseline contraction force at t(0) and force at a given time point t(x). For
example, if the contraction force of a preparation maintained at constant temperature declined to 95%
after 30 min, the corresponding decay factor would be 0.05. This decay factor was then used to correct
contractility values of temperature-treated samples for their estimated natural, time-dependent decline

according to the following equation:

Observed retained contraction force at temperature X (wWhich took Z minutes to reach)
1 — estimated decay factor for time point Z

Corrected Force =

Figures without correction for the natural decline over time (Figure S1-S4) and figures with absolute

force values per gram (Figure S6-S8) can be found in the supplementary material.

Whole-animal CTax

To determine the acute upper thermal tolerance for the whole fish, a tank (104 x 104 x 62cm) containing
184 1 of 12°C water was used. The tank was divided into two sections, comprising one-third and two-
thirds of the total volume, separated by a plastic partition. The smaller section contained an air stone
and two water pumps (Eheim Universal 10W, Deizisau, Germany). One pump circulated water through
a thermostat controlled electrical heater (Pahlén Titanium, Aqua Compact AC60T, 6500W), while the
other transferred water from the smaller to the larger section of the arena to ensure a homogenous
temperature throughout the entire arena. The larger section was the actual arena for the fish.
Temperature was measured with a high precision digital thermometer throughout the experiment

(Testo-112 Digital Thermometer, Lenzkirch, Germany).

For each run of experiments (four in total), five rainbow trout were randomly chosen from one of the
three holding tanks and transferred to the heating tank. The same stepwise ramping protocol that was
used to measure tissue contractility was implemented to measure CTmax for the whole fish. As the CTmax
endpoint, loss of equilibrium (LOE) was used, defined as disorganised locomotory activity for three
consecutive seconds (Lutterschmidt & Hutchison, 1997; Morgan et al., 2018). To avoid observer bias,
one observer blind to temperature and time determined all LOE events, while another person recorded
time and temperature of all endpoints (Raby et al., 2025b). As soon as LOE was observed, the individual
was transferred into a recovery container (12°C). After successful recovery within 30 min, fish were
anaesthetized with MS-222 to take weight and length and subsequently euthanised by a sharp blow to
the head.

Statistical analyses
Data was processed and analysed in Rstudio, version 2025.05.0 (RStudio Team, 2025). Bayesian

Regression Models (brms) were fitted using “Stan” via the package brms (Biirkner, 2021). To estimate
10
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the time-dependent natural decline in contractility for each tissue, normalised contraction force was
modelled as a smooth function of time with separate curves for each stimulation voltage (applicable for
ventricle and white skeletal muscle; percentage ~ s(time, by = volts, k = 10) + volts + (1 | fish_id)).
After correcting contraction force values for natural decline in the 16 thermal ramping preparations (as
described under “Normalising data and correcting for natural decline over time”), models were fitted
to the normalised and corrected sample data, modelling contraction force as a smooth function of
temperature with voltage-specific curves (corrected force ~ s(temperature, by = volts, k = 10) + volts

+ (1| fish_id)).

Since we wanted to investigate if there were differences in the temperature—contractility relationships
between stimulation voltages, we always fitted separate curves for each voltage in white skeletal muscle
and ventricle preparation models to visualise and estimate potential differences. To test whether the
added complexity of voltage-specific curves was supported by the data, we used expected log predictive
densities (elpd) derived from leave-one-out cross validation comparisons (LOO-CV). We compared
models fitting voltage-specific temperature responses with models assuming a shared temperature
response across voltages (corrected force ~ s(temperature, k = 10) + volts + (1 | fish_id)). However,
model comparison was used to assess the evidence for voltage-dependent temperature effects, rather
than to select a single final model. In this context, preference for the simpler model was interpreted as
evidence against meaningful differences between voltages. Default brm priors were used for all models.
Models were fitted using four Markov chains with 4,000 iterations per chain, including 2,000 warm-up

iterations. The target acceptance probability (adapt _delta) was set to 0.99.

Lastly, we calculated posterior density distributions from the sample models of a) contractility per tissue
and voltage at 27.46°C (i.e. CTmax temperature of the whole fish) and b) the temperature at which each
tissue is estimated to only retain 50% of their baseline contraction force, defined as Tso. In addition, we
conducted a pairwise comparison between tissues and conditions to generate a distribution of the
differences. We extracted posterior predictions from the fitted models and calculated differences draw-
by-draw, summarizing it using means, medians and 95% credible intervals (Supplementary material

Table S1 and S2).

11
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3. Results
Whole-animal CTax

Fish started to lose equilibrium when temperature reached 26°C, with a mean CTmax of 27.46°C (SE: +
0.15). Due to stepwise ramping of the water, CTmax values are clustered around whole temperature steps
(~28°C,n=09; ~27°C, n =7; ~26°C, n = 1; Also, see figure S12 in the supplementary material). LOE
usually occurred after the fish spent several minutes at the respective CTmax temperature. For the
analysis, 17 out of 20 fish were used, since two managed to jump out of the tub before losing equilibrium
and one fish lost equilibrium at 23.06°C (~3.5°C below average) and did not manage to recover

afterwards.

In vitro experiment

Ventricle

Credible intervals (Crl) of all three voltages overlap in the control preparations, suggesting that the
effect of natural decline of contractility over time was independent of voltage. Consistent with this,
LOO-CV showed no support for fitting separate curves for each voltage (elpd + SE=-14.2 = 3.9). The
final contraction observed in a ventricle preparation during thermal ramping occurred after Sh 39 min,
a time point that lay well within the duration of the control experiments. At this time, control
preparations estimated an average reduction in contraction force to 69.8% (95% Crl: 58.3-81.1%; 10
V); 76.3% (95% Crl 64.7-87.6%; 40 V) and 80.1% (95% Crl: 68.5-91.5%; 80 V) relative to their

respective baseline values.

LOO-CV comparison provided moderate evidence (elpd: -29,9 = 10) that separate smooths per voltage
provided the better fit, indicating a temperature-dependent interaction between stimulation voltage and
ventricle contractility. This interaction appears to be driven primarily by differences in the temperature
range at which contraction force declines. At temperatures up to 24°C, estimated means and credible
intervals overlapped across voltages, whereas at higher temperatures clear differences emerged between
10 V and the two higher voltages (Figure 2). These differences reflect both an earlier onset and a steeper
decline in contraction force at 10 V (start of decline: 22-23°C) compared with 40 V and 80 V (24—
25°C). Accordingly, during 10 V stimulation, contractions first failed at 24°C, and at 31°C, no
preparations responded to stimulation anymore. In contrast, stronger stimulation voltage narrowed the
temperature window over which contractions ceased and shifted this window to higher temperatures

(30-35°C at 40 V and 33-35°C at 80 V; Figure 2).

12
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Figure 2. Relative contraction force of isolated ventricle preparations in organ baths. A) Natural decline in contraction
force over time at constant temperature (12°C) and B) temperature dependent decline of contraction force (corrected for the
natural decline, based on model predictions of the control samples) in circular ventricle preparations from rainbow trout
hearts in an in vitro organ bath set-up. Contraction force was normalized by setting the first measurement at time point 0 (4)
or 12°C (B) to 100%, with all subsequent values expressed as relative percentages. Tissues were stimulated at three different
voltages (10 V, 40 V, 80 V). Points represent the relative force measured for individual ventricle preparations, smooth curves
depict the estimated mean contraction force derived from the brms models, and ribbons indicate the 95% credible interval.

The red vertical line shows the mean (SE as transparent) CTnax value of the whole fish experiment.

Atrium

Most of the atrial preparations (15/16 and 4/5 for thermal ramping and controls respectively) exhibited
spontaneous contractions that interfered with electrical stimulations. Consequently, no control data
were available and the sample size at lower temperatures is thus low (no preparations responded to
stimulation at 12°C and only two responded up to 22°C). This prevented relative comparisons due to
the lack of a baseline contraction force at 12°C. We therefore focused on contraction force generated
by the spontaneous contractions. Raw force values (N g') of electrically stimulated contractions during
thermal ramping are shown in figure S9 of the supplementary material without correction for natural

decline over time.

A potential pitfall with analysing the spontaneous contractions of the atrium was that the contraction
frequency was not constant, in contrast to the other tissues. In this context, lower contraction force does
not necessarily indicate a reduced performance, as increased contraction frequency may partially
compensate for reduced force. However, the relationship between frequency and force was non-linear
(see Supplementary Figure S13). We therefore present contraction force values only and did not attempt
to integrate frequency into a combined metric. Accordingly, subsequent interpretations are done with
caution and remain within the limits of what can be inferred from contraction force alone and direct

comparisons with other tissues will only be done with the ventricle and not the atrium results.
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At constant temperature, atrial contraction force increased from the first to second contraction and
subsequently declined linearly over time, although it remained above 100% after 6 h, covering the
duration of the ramping experiment. During thermal ramping, atrial contractility stayed stable up to
approximately 25°C before declining from 26°C onwards. Spontaneous contractions ceased between
26 and 31°C, with only six out of fifteen preparations still contracting at 28°C, half a degree above
whole-animal CTpax (Figure 3).

Constant temperature control
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Figure 3. Relative spontaneous contraction force of isolated atrium preparations in organ baths. A) Natural decline in
contraction force over time at constant temperature (12°C) and B) temperature dependent decline of contraction force
(corrected for the natural decline, based on model predictions of the control samples) in atrium preparations from rainbow
trout hearts in an in vitro organ bath set-up. Contraction force was normalized by setting the first measurement at time point
0 (A) or 12°C (B) to 100%, with all subsequent values expressed as relative percentages. Contraction force of spontaneous
contractions was measured over two minutes at each temperature. Points represent the relative force measured for individual
atrium preparations, smooth curves depict the estimated mean contraction force derived from the brms models, and ribbons
indicate the 95% credible interval. The red vertical line shows the mean (SE as transparent) CTmax value of the whole fish

experiment. In A) different symbols represent individual fish.

Spontaneous vs _forced contractions

To assess which stimulation voltage may provide the most relevant estimate of cardiac contractile
failure under in vivo conditions, we compared the proportion of preparations, generating spontaneous
contractions and the proportions responding to 10 V, 40 V, and 80 V stimulation across temperatures
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(Figure 4). In both atrial and ventricular tissue, the proportion of preparations producing spontaneous
contractions closely followed those responding to 10 V stimulation. The close match between
spontaneous activity and 10 V responses suggests that lower-voltage stimulation provides a better
estimate of the temperature at which cardiac tissue loses spontaneous contractile activity than higher-
voltage stimulation. However, it cannot be assumed to fully represent excitation in vivo. Because
spontaneous atrial contractions interfered with electrical stimulations, comparisons were restricted to
higher temperatures. In contrast, stimulations at 40 V and 80 V likely overestimate the ability of cardiac
tissue to contract at high temperatures. At 31°C and 32°C respectively, no spontaneous contractions of
the atrium and ventricle were observed anymore, yet 87% and 60% of those preparations still contracted

when stimulated with 40 V.
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Figure 4. Number of preparations still able to produce a contraction (= active) over the range of tested temperatures for
atrium (A) and ventricle (B). The black line depicts the percentage of tissue preparations still able to contract spontaneously
(without external stimulation). The coloured lines show the percentage of tissues that are still reacting to external stimulation,
when stimulated with 10V (turquoise), 40 V (blue) and 80 V (orange). The red vertical line shows the mean (SE as transparent)

CTnax value of the whole fish experiment.

Skeletal muscle

When stimulated at 40 V or 80 V, white skeletal muscle showed no decline in contractility over time
and was the most stable tissue regarding natural degeneration in the tissue baths (Figure SA). In contrast,
stimulation with 10 V resulted in a large drop in contraction force between the first stimulation (to) and
the second stimulation (t;, 30 min later). Because contraction force values were normalised to to, this
abrupt initial decrease, could not be adequately captured by a smooth model fit, likely leading to an

underestimation of the magnitude of natural decline at 10 V. To avoid this bias toward higher force
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values, to was therefore excluded from the control model at 10 V. Inclusion of ty would artificially
constrain the fitted curve toward the normalised baseline and thereby underestimate the extent of the
early force loss (See Figure S10, for the model including to for 10 V and the corresponding corrected

sample values).

The final contraction observed in a white skeletal muscle preparation during thermal ramping occurred
after 4 h 42 min, a time point that lay well within the duration of the control experiments (Figure 5A).
At this time, control preparations retained an estimated contraction force of 72% (95% Crl: 61-83.4%;
10 V); 98.1% (95% Crl: 87.2-109.2%; 40 V) and 94.7% (95% CrI: 83.7-105.8%; 80 V) relative to their
respective baseline values (Figure 5B). Despite these clear differences between 10 V and 40/80 V, the
LOO-CV did not indicate clear support for fitting separate curves for each voltage (elpd difference =
—4.1 £ 6.3), which can likely be attributed to the low sample size per voltage.

When stimulated at 40 V and 80 V, white skeletal muscle maintained near-maximal contractility up to
approximately 20°C, after which contraction force declined steadily with further warming. At 10 V, the
decline in contraction force began at temperatures slightly above acclimation temperature. However,
this reduction was small, and credible intervals overlapped extensively with those of the higher voltages.
Apart from the earlier onset of decline at 10 V, contraction force trajectories ran largely in parallel
across stimulation voltages. Furthermore, credible intervals for 40 V overlapped with those for both 10
V and 80 V across most of the temperature range, with non-overlapping intervals observed only between
10 V and 80 V at temperatures above 20°C. Accordingly, LOO-CV comparison provided no evidence
that fitting separate smooths for each voltage improved model performance (elpd difference =—11.6 £
7.9), indicating that the effect of temperature on skeletal muscle contractility was largely independent

of stimulation voltage.

Consistent with these patterns, the temperature windows over which contraction failure occurred lay
closer to each other in white skeletal muscle than in ventricle preparations. Loss of contractile activity

occurred at 24-30°C at 10 V, 29-32°C at 40 V, and 30-32°C at 80 V (Figure 5).
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Figure 5. Relative contraction force of isolated skeletal muscle preparations in organ baths. A) Natural decline in
contraction force over time at constant temperature (12°C) and B) temperature dependent decline of contraction force
(corrected for the natural decline, based on model predictions of the control samples) in skeletal muscle strip preparations
from rainbow trout in an in vitro organ bath set-up. Contraction force was normalized by setting the first measurement at time
point 0 (4) or 12°C (B) to 100%, with all subsequent values expressed as relative percentages. Tissues were stimulated at
three different voltages (10 V, 40 V, 80 V). Points represent the relative force measured for individual white muscle
preparations, smooth curves depict the estimated mean contraction force derived from the brms models, and ribbons indicate

the 95% credible interval. The red vertical line shows the mean (SE as transparent) CTmax value of the whole fish experiment.

Smooth muscle

Both stomach and intestine showed a strong natural decline in contraction force over time in our set-
up. Contractility of the intestine preparations decreased steadily over time to 59.1% (95% Crl: 32.5-
84.3%) after Sh 14min, when contractions ceased in the tissues undergoing thermal ramping (at 32°C).
For the stomach controls, mean contraction force dropped to 44.8% (95% CI: 15.1-73%) from the first
to second contraction. After this drop they stayed relatively stable and averaged a contraction force of
38.2% (95% CI: 10.6 - 65.6%) after Sh 49min - the time corresponding to the final contraction observed
in temperature-treated stomach tissues (at 34°C). Just like in the white skeletal muscle at 10 V, this
abrupt initial decrease from the first (to) to the second (ti, 30 min later) contraction cannot be adequately
captured by a smooth model fit. Once again, to avoid an underestimation of this decline in stomach
preparations, to was excluded from the control model (see Appendix, Figure S11, for the model

including to and the corresponding corrected sample values).
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Figure 6. Relative contraction force of isolated circular stomach and longitudinal intestine smooth muscle preparations in
an organ bath. Natural decline in contraction force over time, at constant temperature (12°C) for (A) stomach and (C)
intestine preparations and temperature dependent decline of contraction force (corrected for the natural decline, based on
model predictions of the respective control samples shown in A) and C)) in (B) stomach and (D) intestine preparations of
rainbow trout in an in vitro organ bath set-up. Contraction force was normalized by setting the first measurement at time point
0 (A and C) or 12°C (B and D) to 100%, with all subsequent values expressed as percentages. Contractions were induced
using electrical stimulations (70 V). Points represent the relative force measured for all stomach preparations, smooth curves
depict the estimated mean contraction force derived from the brms models, and ribbons indicate the 95% credible interval.

The red vertical lines shows the mean (SE as transparent) CTmax value of the whole fish experiment.

Amongst all tested tissues, stomach preparations were the most robust towards thermal ramping.
Contractility reached its maximum with 125% at 17°C and only dropped below baseline (100%) at
temperatures above 24°C. The decline in contractility from 17°C to 27°C was slow but picked up at
temperatures above 27°C until preparations lost their ability to contract between 32 and 34°C. Contrary
to this, the intestine was quite sensitive towards warming. Intestine preparations retained their original
contraction force up until 17°C, after which further warming decreased contractility steadily, with

preparations ceasing to contract between 28 and 32°C.
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Posterior distributions

To compare differences between the tissues in their ability to maintain relative contraction force over a
range of temperatures, two critical points were chosen. First, the retained relative contraction force of
the organs at the CTmax temperature of the whole fish (mean = 27.46°C) and second, the temperature at

which each tissue reached 50% of their baseline contraction force (Tso).

In the in vitro setting, white skeletal muscle strips were the most temperature sensitive tissue. At CTmax,
they were estimated to retain only 8% (95% Crl: 2.3-13.6%), of their initial contraction force measured
at 12°C when stimulated with 10 V. The corresponding values at 40 V and 80 V were 15% (95% Crl:
9.6-20.4%) and 21.7% (95% Crl: 16.3-27.1%) respectively. Skeletal muscle also showed the lowest T
with posterior means 0f 22.9°C (10V; 95% Crl: 22.3-23.4°C), 23.7°C (40V; 95% Crl: 23.3-24.1°C) and
24.5°C (80V; 95% Crl: 24-25°C). Similar to this, intestine strips reached Tso at 24.6°C (95% Crl: 23.6
- 26°C) and on average kept 31.9% (95% Crl: 22.4-41.4%) of baseline force at CTmax. Likewise, when
ventricle preparations were stimulated with 10 V the Tso (25.45°C (95% Crl: 24.95-25.93°C)) and
relative force at CTmax 16.41% (95% Crl: 7.05-25.21%)) values were similar to those estimated for the
skeletal muscle. However when stimulated with 40 V and 80 V, contractility of ventricle preparations
was robust towards changes in temperature with estimated Tso’s of 27.2°C (40 V; 95% Crl: 26.5-
27.9°C) and 27.9°C (80V; 95% Crl: 27.3-28.5°C) respectively and a retained contraction capacity of
46.8% (95% Crl: 38.4-54.8%) and 55.5% (95% Crl: 47.4-63.4%) at CTma. Finally, stomach
preparations were the most robust towards rising temperatures, estimated to maintain 86.9% (95% Crl:
60.7-113.5%) relative contraction force at CTmax With a Tso of 30.3°C (95% Crl: 28.4-32.1°C), almost
6°C higher than that of the intestine.

Posterior distributions of ventricle and skeletal muscle preparations showed little overlap between
voltages within each tissue and limited overlap between tissues (only the 10V ventricle distribution
overlapped with the 40V and 80V skeletal muscle distributions), suggesting a clear difference in
retained relative contraction force across both voltage and tissue types (Figure 7). Despite the broad
variation in posterior draws for the stomach, its posterior distribution remained distinct from that of the
intestine, indicating a meaningful difference in retained relative contraction force between the two

smooth muscle tissues.

For a more detailed comparison we computed the posterior distribution of the difference between two
conditions to estimate a posterior probability that one treatment is actually higher than the other. Tables
with comparisons of every temperature : tissue : voltage treatment can be found in the supplements

(Table S1 and S2).
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Figure 7. Posterior density distributions from the Bayesian models. A) Predicted relative contraction force capacity of each
tissue, separate for stimulation voltages, at the mean CTmax temperature of the whole fish (27.46°C). B) Temperature at which
50% contraction force is reached for each tissue and voltage. Skeletal muscle are depicted in yellow, ventricle in red, stomach
in blue and the intestine in purple. Different stimulation voltages are shown by the black lines (80 V) or black dots (40 V)
within each peak. No hatching represents the 10 V treatments for skeletal muscle and ventricle preparations or the 70 V

stimulation for the two smooth muscle preparations.
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4. Discussion
By investigating thermal tolerance at the organ level in rainbow trout, we 1) discovered that there are

surprisingly large differences in vulnerability to warming between tissues, 2) showed that skeletal
muscle contractility is the most sensitive to temperature of all tested tissues and 3) found support for
the TDEE hypothesis in cardiac myocytes, but not in white skeletal muscle, suggesting that reduced

electrical excitability at elevated temperatures is not universal across electrically excitable tissues.
Big differences in vulnerability to warming between muscle tissue types

Vulnerability to warming varied substantially between muscle tissue types. Skeletal muscle was the
most sensitive, followed by the cardiac muscles and intestine, with the stomach being the most heat
tolerant of the tested organs. The magnitude of the difference was large, for example up to 8 °C higher
in stomach than in skeletal muscle. Such a large difference is surprising from an evolutionary point of
view where the thermal windows of the various organs have all been shaped by the same thermal
environment. It has previously been suggested that the thermal windows of various organ systems
should be similar because “a weak link mechanism may constitute a point where selection may act,
while redundancy in a system may constitute a fitness cost” (Ern et al. 2023). This prediction appears
less likely in the light of the detected differences in thermal tolerance, and it is therefore possible that a
“weak link” organ system may exist, with skeletal muscle being one candidate. The differences in
tolerance between organs also indicate that a single unifying molecular mechanism is unlikely to
determine performance and tolerance for all organs but instead points to tissue-specific thermal limits

that may stem from distinct mechanisms.

Organs are specialised for different functional roles and contain different cell types and may therefore
not share the same thermal limits or optima. This aligns with the conceptual framework of “multiple
performances — multiple optima”, proposed as an alternative to the idea that thermal performance curves
of physiological functions generally line up with that for aerobic scope, as suggested by the OCLTT
hypothesis (Clark et al., 2013). The MPMO framework predicts that different physiological functions
can have distinct thermal optima and do not universally follow the thermal performance curve of aerobic
scope. While we did not test for optimal temperatures and focused on a single performance trait
(contractility), we showed that temperature dependence and thermal limits of contractility can differ
among organs. Because the physiological functions of the tested organs are closely linked to their ability
to contract, it is likely that their respective performance traits may differ in thermal optima and tolerance

accordingly.

We can only speculate which underlying processes may be responsible for the observed differences in
vulnerability to warming between tissues. These differences may arise from the accumulation of small,

tissue-specific variation in thermal sensitivity of various physiological systems involved in excitation,
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contraction or their coupling. Force generation depends strongly on intracellular Ca** concentration, yet
Ca?" handling differs among tissue types. Cardiac and gastrointestinal myocytes rely on extracellular
Ca?" influx to trigger further Ca>" release from intracellular stores, whereas in teleost white skeletal
muscle, Ca>" release is derived almost exclusively from the sarcoplasmic reticulum (Lennard &
Huddart, 1991; Lodge & Huddart, 1984; Rios & Brum, 1987; Schneider & Chandler, 1973; Vornanen,
1997). In addition, tissues express different isoforms of proteins involved in excitation—contraction
coupling, such as SERCA (Sarcoplasmic reticulum calcium ATPase) or troponin complex subunits,
which may differ in their thermal sensitivity (Alderman et al., 2012; Morrissette et al., 2000;
Schredelseker et al., 2010; Vornanen, 2021). Thus, similar physiological processes may become
thermally limiting at different temperatures across tissues, although direct evidence for tissue-specific

thermal sensitivity at the level of individual protein isoforms remains scarce.

Tissue-specific differences also occur in other physiological systems, including mitochondrial function
and enzyme stability or kinetics (Feng et al., 2019; Lau et al., 2020). Together, this highlights that
cellular systems differ between tissues within the same individual. As a result, temperature is likely to
influence performance differently in each tissue type, rather than through a single controlling
mechanism. It is important to note, however, that our in vitro approach isolates tissues from systemic
processes, and whole-animal performance or tolerance may instead be limited by other mechanisms,

such as neural failure, before these tissue-specific contraction mechanisms become critical.

Implications of tissue-specific differences for thermal tolerance

The heart has been suggested as an important contributor in setting upper thermal tolerance limits in
fish (Eliason & Anttila, 2017; Farrell et al., 2009; Sandblom et al., 2016). However, skeletal muscle
dropped to 50% of their maximal contraction force at temperatures 3—4°C lower than ventricular
myocytes. In addition, at the average whole-animal CTmax (27.46°C) temperature, skeletal muscle only
retained 8-22% of their initial contractility compared to 16-55% for the ventricle. This implies that
white skeletal muscle function may fail earlier than cardiac function during acute warming and that
locomotor performance near the whole-animal upper thermal limit is likely to be strongly compromised.
It is difficult to determine a percentage of contractility below which a tissue can no longer fulfil its
function. However, such a pronounced loss contraction force is unlikely to support proper skeletal
muscle function and indicates that skeletal muscle contractility in fish may play an important role in
setting thermal tolerance limits in fish during acute thermal challenges. While not direct evidence of
causation, we propose that skeletal muscle failure represents a plausible mechanism for the loss of

equilibrium observed during acute thermal challenges.

Although white skeletal muscle was more temperature sensitive than ventricular tissue, our results also

indicate that cardiac function is impaired near whole-animal CTmax. Around CTmax, only 50% of atrium
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preparations were still able to elicit spontaneous contractions, showing that spontaneous activity of
cardiac tissue declines close to the temperature at which the whole-animal loses equilibrium. These
findings align with observations of cardiac arrhythmias in fish near their upper critical temperatures
(Clark et al., 2008; Gollock et al., 2006) and support the suggestion of the heart as a potential

determinant of upper thermal tolerance limits in fish (Portner et al., 2017; Vornanen, 2020).

Furthermore, white skeletal muscle contractility declined to 50% of its baseline value at temperatures
around 3.5°C below CTax, indicating that heat waves may substantially impair fish locomotion well
before CTmay is reached. In fish, white muscle fibres make up most of the myotomal mass and power
burst swimming, rapid acceleration and escape responses (Domenici & Blake, 1997; Hudson, 1973;
James & Johnston, 1998; Walker, 1971). In the wild, such reduced muscle performance during heat
waves could increase vulnerability to predation and reduce foraging success. As marine and freshwater
heat waves become more frequent and prolonged under climate change, fish may therefore experience
repeated, sublethal excursions into this compromised performance range without approaching the upper
thermal limit. The reduction in contractility during warming could therefore have dramatic fitness

consequences well below CTmax temperatures.

Although our findings highlight the thermal vulnerability of white skeletal muscle, it does not
necessarily mean that the failure of these fast glycolytic muscle fibres during warming is directly
responsible for setting upper thermal tolerance limits in fish. It is still unclear which muscle type is
primarily responsible for maintaining an upright position in the water column, although recent studies
attributed a central role to red, oxidative muscle fibres during static postural control in zebrafish
(Nagaoka et al., 2025; Sugioka et al., 2023). Thus, loss of equilibrium — the most used proxy for upper
thermal tolerance limits — could also be connected to an impairment of red skeletal muscle function
rather than or in addition to the failure of white skeletal muscle. Red and white skeletal muscle fibres
differ in their electrophysiology. While contractions of white skeletal muscle are always triggered by
all-or-none Na'-induced action potentials, red skeletal muscle contractions appear to result from tonic,
graded membrane depolarisation (Hidaka & Toida, 1969; Kamata & Washio, 2003; Stanfield, 1972).
In zebrafish larvae an absence of depolarising Na* currents in red skeletal muscle was shown
(Buckingham & Ali, 2004; Coutts et al., 2006) and in adults two different isoforms of the L-type Ca*"
channel - responsible for mediating the influx of sarcoplasmic Ca*" into the cell - are expressed in red
and white muscle fibres (Morrissette et al., 2000; Schredelseker et al., 2010). Given these physiological
differences - and our observation that temperature vulnerability varies substantially among tissues
within the same species - the thermal tolerance of red skeletal muscle cannot be directly derived from
measurements in white skeletal muscle. Unfortunately, red skeletal muscle fibres are too fragile to be

reliably mounted and measured in our in vitro set-up, preventing a direct assessment of their
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vulnerability to warming. Further method development is therefore needed before red skeletal muscle

thermal tolerance can be assessed in in vitro chambers.
Voltage dependence in ventricle but not in skeletal muscle

The TDEE hypothesis proposes that elevated temperatures reduce cardiac myocyte excitability by
creating a mismatch between depolarizing inward Na'- and outward K'-currents (Vornanen, 2016,
2020). This mechanism has been suggested to apply to all electrically excitable cells and not only to
cardiac myocytes (Haverinen & Vornanen, 2020). While we found that the temperature-associated
decline in contractility of ventricle preparations was clearly dependent on stimulation voltage, as

predicted by the TDEE, this pattern was less pronounced in white skeletal muscle.

When stimulated with 10 V, ventricle contractility began to decline at approximately 23°C. At40 V and
80V, the onset of decline was shifted to temperatures roughly 2°C higher, and the decline in contraction
force was less steep. No preparations responded to 10 V stimulations above 31°C, yet contractions were
observed up to 34°C when preparations were stimulated with 40 V or 80 V. This suggests that the
capacity for excitation—contraction coupling and force generation is not immediately lost at elevated
temperatures. Instead, the complete recovery of force by higher stimulation voltages between 23-25°C
shows that stronger stimulation can initially overcome the temperature-dependent impairment. This
pattern is consistent with reduced electrical excitability or tissue recruitment, as predicted by the TDEE
hypothesis. At higher temperatures, however, force was only partially recovered, indicating that

additional mechanisms downstream of excitation may also contribute to the decline in contractility.

While the retained relative contraction force differed between stimulation voltages in skeletal muscle,
this voltage effect did not change across the temperature range. Thus, we found no evidence for a
temperature-dependent voltage effect in white skeletal muscle comparable to that observed in ventricle
preparations. One potential explanation lies in differences in excitation contraction coupling between
skeletal and cardiac muscles in fish. In cardiac myocytes, membrane depolarisation opens voltage-gated
L-type Ca®" channels in the sarcolemma, allowing extracellular Ca** influx, which can trigger further
Ca?" release from the sarcoplasmic reticulum (Lennard & Huddart, 1991; Lodge & Huddart, 1984;
Vornanen, 1997). In teleost skeletal muscle, by contrast, L-type Ca?" currents are not detectable during
excitation, and Ca?" release is derived almost exclusively from intracellular stores in the sarcoplasmic
reticulum (Rios & Brum, 1987; Schneider & Chandler, 1973; Schredelseker et al., 2010). Here, Ca®*
channels function as voltage sensors, opening sarcoplasmic Ca’" release channels (RyR1) through
voltage-dependent conformational changes and direct protein-protein interaction (Schredelseker et al.,
2010). This difference does not mean that white skeletal muscle contraction is independent of membrane
depolarisation. However, because the depolarisation-sensitive steps of excitation—contraction coupling

differ between skeletal and cardiac muscle, partial membrane depolarisation may affect Ca?" release
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and force generation differently in the two tissues. Thus, tissue-specific differences in excitation-
contraction coupling may help explain the contrasting voltage dependencies observed between ventricle

and white skeletal muscle.
Gradual decline in contraction force with warming

The vulnerability of the tested organs to warming was expressed as a gradual decline in contraction
force, indicating progressive impairment rather than an abrupt threshold-dependent collapse. One
potential explanation is reduced electrical excitability during warming. Because we used field
stimulation, electrical pulses likely did not depolarise all cells equally; as excitability decreases, some
cells may no longer reach the depolarisation threshold or action potential propagation may become
impaired. This interpretation is supported by the observation that increasing the stimulation voltage
recovered the lost contraction force in cardiac and skeletal muscle preparations completely for 2—3 °C
and partially at higher temperatures. However, once increased stimulation voltage no longer fully
recovered force, mechanisms downstream of excitation may also have contributed, including reduced
myofilament Ca*" sensitivity, structural damage to the contractile apparatus, impaired cross-bridge
function, or metabolic limitations such as poor oxygen diffusion and/or impaired mitochondrial function
leading to reduced ATP supply, (De Vos et al., 2018; Johnston & Altringham, 1985; Johnston & Brill,
1984; Michaelsen et al., 2021). While the underlying mechanisms cannot be identified with certainty,
the gradual and tissue-specific decline in contraction force still allows ecophysiological consequences

of warming to be examined.

Conclusion

By investigating thermal tolerance at the organ level in rainbow trout, we demonstrate a surprisingly
large difference in vulnerability to warming between muscle tissue types. This indicates that
temperature affects function differently across tissues, likely through partly distinct physiological
pathways, rather than through a single shared mechanism. Among the tissues examined, white skeletal
muscle exhibited the greatest thermal vulnerability, highlighting that skeletal muscle function may
represent a previously overlooked contributor to acute upper thermal tolerance limits in fish. Cardiac
myocytes showed a temperature-induced, voltage-dependent decline in contractility consistent with
predictions of the TDEE hypothesis, whereas the white skeletal muscle contractility declined
independently of voltage. This suggests that the TDEE hypothesis may not apply to all electrically
excitable cells, including those in white skeletal muscle. In addition to the implications for acute thermal
tolerance, the early reduction in skeletal muscle contraction force suggests that poor swim performance

could lead to ecologically relevant impacts well below the acute thermal limits.
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