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Triploid Atlantic salmon are
physiologically disadvantaged at
larger body sizes

Malthe Hvas'*?, André Morin2 & Tom J. Hansen?

Triploid Atlantic salmon are sterile and used in aquaculture to prevent escapees from breeding in the
wild. Meanwhile, triploids suffer poor animal welfare in the latter marine growth phase. Previous
experiments have mainly tested smaller fish, and physiological differences between triploids and
diploids tended to be subtle or non-existing. We therefore hypothesized that triploidy first becomes a
disadvantage at larger body sizes where scaling constraints become more magpnified in triploids owing
to them having larger cells with lower surface to volume ratios. We measured metabolic rates, stress
responses, hypoxia tolerance, and critical thermal maximum in big (=3 kg) triploid and diploid Atlantic
salmon. Additionally, we assessed gill histology metrics. Big triploids had higher standard metabolic
rates, lower aerobic scopes, and reduced tolerances to hypoxia and thermal stress. Oxygen extraction
coefficients were overall lower in triploids, suggesting reduced efficiency in gill oxygen uptake. This
was further supported by lower lamellar densities which indicate less gill surface area. In conclusion,
big triploid Atlantic salmon were more vulnerable to environmental extremes driven by oxygen supply
limitation and higher basal maintenance costs. This provides a mechanistic explanation for why
triploids become prone to animal welfare issues in the latter growth phase of marine aquaculture.

Keywords Aerobic scope, Animal welfare, Cell size, Critical thermal maximum, Gill histology, Hypoxia
tolerance

A major sustainability concern of sea cage-based Atlantic salmon (Salmo salar) aquaculture is the occurrence
of escaped farm fish interbreeding with salmon in the wild"2. Cultured salmon have been selectively bred for
desirable production traits over multiple generations since the 1970’**, and trade-offs in the domestication
process make cultured salmon less adapted to surviving in the wild>~’. Introgression of domesticated genotypes
may therefore hurt wild salmon populations that already are under pressure from other anthropogenic
activities>®®.

Introgression can be avoided by using sterile fish in aquaculture productions. Presently, the only reliable
method to create sterile fish at a commercial scale is via the induction of triploidy - that is three complete sets
of chromosomes as opposed to two sets in normal diploid fish'’. A triploid fish group is created by pressurizing
fertilized eggs to prevent the extrusion of the second polar body from the female gamete and thereby retaining
two maternal chromosome sets along with one paternal set!®!!. A consequence of being triploid is that cells
become larger as they contain 50% more DNA. Meanwhile, relative organ sizes and body proportions remain
roughly similar. A triploid fish will therefore comprise of fewer but larger cells relative to a diploid counterpart
of the same size!?.

Triploidy may cause physiological disadvantages leading to reduced health in aquaculture. In Norway, the
world’s largest producer of Atlantic salmon, it has been documented that triploids suffer reduced animal welfare
particularly in the latter part of the marine growth phase relative to diploids!*>!*. The Norwegian Food Safety
Authority therefore imposed a temporary moratorium after 2023 on the use of triploid Atlantic salmon in sea
cage-based aquaculture'. However, triploids are presently still being used in other salmon producing countries
such as Canada and Australia.

Notable animal welfare issues when using triploid Atlantic salmon in commercial sea cages include higher
mortalities, increased occurrences of wounds and ulcers, and generally being more susceptible to infectious
diseases!>!*1617 Reduced growth during the marine phase, higher occurrences of emaciated fish, and lower
quality gradation at harvest also make triploid Atlantic salmon less attractive from an economic point of view!8-21,
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The underlying physiological implications of being triploid has been extensively studied in salmonids to help
understand the potential benefits and challenges in aquaculture!®?>23, It can here be theorized that having cells
with an extra set of chromosomes should lead to higher basal maintenance costs, resulting in elevated standard
metabolic rates (SMR) when at rest. Although this effect may be offset by triploids consisting of fewer cells.
Larger cells with lower surface to volume ratios should also limit exchange rate capacities of oxygen between cells
and intracellular spaces, potentially restricting maximum metabolic rates (MMR) during strenuous activities
or acute stress. A potentially higher standard and lower maximum metabolic rate would both contribute to a
reduced aerobic scope for supporting any energetically costly activity. A reduced aerobic scope leads to higher
vulnerability to environmental hypoxia, a prevailing issue in salmon sea cages?*?>. Moreover, as energetic
demands in ectothermic fish increase with temperature while oxygen solubility in water decreases, a higher
basal maintenance cost and a reduced capacity for oxygen uptake should then result in a lower thermal tolerance,
which is a concern as summer heatwaves are projected to get worse and more frequent in the future in salmon
producing regions?®%’.

When investigating these above mentioned theoretical predictions, empirical studies on triploid salmonid
physiology have occasionally found support for them, but often also reported no or subtle effects depending on
experimental context. For instance, reduced aerobic scope has been implied in triploid brook char (Salvelinus
fontinalis) owing to an elevated SMR?3, and in triploid chinook salmon (Oncorhynchus tshawytscha) owing to
a reduced oxygen carrying capacity of the blood?. Meanwhile triploid Atlantic salmon had a lower aerobic
scope at 10.5 °C although it was similar to diploid counterparts at 3 °C*. In contrast, other studies found similar
critical swimming speeds®*-32, as well as similar metabolic rates between triploid and diploid salmonids*-%,
indicating that triploidy did not impose a substantial physiological disadvantage. With regards to environmental
vulnerability, indicators of lower hypoxia tolerance primarily at elevated temperatures has been found in different
triploid salmonid species, albeit effects tended to be subtle**~*%. Additionally, Bowden et al.,* reported negligible
differences in thermal tolerance between triploid and diploid Atlantic salmon while Verhille et al.* reported
impaired tolerance to high temperatures in triploid rainbow trout (Oncorhynchus mykiss).

A convincing and consistent physiological explanation for differences between triploid and diploid salmonids
has therefore not yet been demonstrated. However, laboratory experiments have primarily utilised smaller fish
and typically in freshwater, although the prevailing animal welfare issues first tend to emerge when triploid
Atlantic salmon become much larger during the latter marine sea cage production phase!*!4. It would therefore
be interesting to consider the theoretical implication of physiological scaling effects across body size between
diploids and triploids.

Larger-sized fish are generally assumed to have a lower thermal optimum and a lower aerobic scope owing to
geometrical scaling effects causing oxygen supply limitation’-*2. Moreover, this consequently implies that fish
species may become smaller as an adaptation to global warming**-%>. From this perspective, a triploid fish can be
considered an experimental model that encompass certain aspects of being a larger-bodied animal due to their
larger cell sizes and lower surface to volume ratios*, factors that likely impose comparable geometrical scaling
constraints on functionality. An example of this is the growth patterns of muscle cells, where fish generally rely
less on hyperplasia and more on hypertrophy of cells as they grow larger, and in adult Atlantic salmon continued
muscle growth relies solely on hypertrophy*”-#%. Interestingly, diploid Atlantic salmon have approximately one-
third more muscle fibres per myotome owing to higher rates of fibre recruitment and lower rates of hypertrophic
growth than triploid counterparts* highlighting that triploids indeed may functionally resemble larger animals.

In zebrafish (Danio rerio), triploid models have been established to investigate fundamental effects of
different cell and genome sizes (46). Triploid zebrafish larvae have been reported to perform better in colder
conditions, while they perform worse at higher temperatures and show slightly worse hypoxia tolerance than
diploid counterparts, indicating oxygen supply limitations in more challenging conditions>*°!.

Impairments to physiological capacities and environmental tolerance limits in triploids can therefore be
theorized to be similar to what will happen as a fish becomes larger. Furthermore, the magnitude of reduced
robustness with increasing body size should then be greater in triploid relative to diploid salmon in aquaculture
contexts. This would explain why the latter marine growth phase is when triploids are reported to struggle the
most'>!*. From an applied aquaculture perspective, it would be valuable to investigate whether the welfare issues
of triploid Atlantic salmon in the final phase of sea cage production indeed are a consequence of size-dependent
rate limitations that become exacerbated by larger cell sizes, making them more vulnerable to various stressors
when compared to diploid counterparts. If so, this would also make larger-sized triploids more vulnerable to
summer heatwaves and hypoxia events in the sea cage environment.

The purpose of this study was to measure key physiological capacities of larger-sized (= 3 kg) triploid Atlantic
salmon as compared to diploid counterparts when acclimated to a mid-seawater temperature of 12 °C. First, we
performed respirometry trials to measure metabolic rate traits and acute hypoxia tolerance. Then we performed
critical thermal maximum (CT max) trials and assessed haematological parameters in fish subjected to this
imposed thermal stress. Additionally, we did gill histology analyses on all the fish tested to potentially provide a
morphological link to the physiological data.

We hypothesized that the larger-sized triploid Atlantic salmon would have a lower maximum metabolic rate
and lower aerobic scopes compared to diploid counterparts of similar sizes, driven by larger cells with higher
surface to volume ratios limiting physiological rates at the cellular level. A reduced capacity for oxygen uptake
in triploids should also translate into a reduced hypoxia tolerance and a reduced oxygen extraction coefficient.
Acute thermal tolerance was also hypothesized to be lower in triploids owing to larger-sized cells making it more
difficult to maintain homeostasis. Overall, we hoped to demonstrate an obvious and more consistent difference
in physiological capacities and environmental limits between larger-sized diploid and triploid Atlantic salmon
when compared to past experiments on smaller-sized fish.
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Methods

Fish husbandry

The fish used for these experiments were produced and reared on site at the Matre Research station, Institute
of Marine Research, Norway. The diploid fish group was made from crossing 12 females and one normal male
(XY). The triploid fish group was made from the same parents as the diploids, where eggs were fertilized with
frozen milt and pressurized for 5 min at 655 bar 300 minC (second meiotic division) post-fertilization.

Each group was incubated in a single tray before being moved to single square, gray, covered, fiberglass
tanks (1 x 1 x0.43 m) supplied with filtered, UV-treated flow-through freshwater. When reaching approximately
40 g the fish were moved to larger tanks (1.5 1.5x0.7 m). The fish were then maintained in these tanks until
approximate sizes of 800 g whereafter they were moved to larger tanks (3 m in diameter, 5.6 m? in volume),
where they were growing until sizes of 2-3 kg.

From the initial feeding until the end of the experiment, the two fish groups were fed to satiation daily with
size appropriate pellets (Skretting) as the fish grew. Once the groups smoltified, the tank environments were kept
at 22-25 ppt and 7-9 °C.

One month prior to starting the experimental trials, the diploid and triploid fish groups were transferred to
a new circular holding tank (3 m in diameter, 6.3 m® in volume) with ~ 50 individuals per tank. The first week
following movement into the new tanks they were maintained at 25 ppt and 9 °C, corresponding to the previous
recent tank environment. Thereafter the water quality parameters were changed to 12 °C and full strength
seawater of 34 ppt which were the conditions used for the experimental trials.

In the final holding tanks, aerated, filtered, and UV-C treated water was supplied at a continuous flow-through
0f 130 1 min™! to provide normoxia (above 80% saturation at all times) and to remove waste products. Meanwhile,
the fish were still being fed size appropriate commercial feed pellets (Skretting, Norway) in excess daily via
automatic feeding devices and were subjected to a 12:12 photoperiod. The constant water temperature of 12 °C
was maintained and controlled automatically via computer software (SDMatre, Normatic AS, Nordfjordeid,
Norway) by mixing of ambient and heated water reservoirs in header tanks above the holding tanks. At the time
of the experimental trials, the fish groups were approximately 2.5 years old.

The experimental trials were performed between September and November 2024 following relevant
guidelines and regulations after having obtained approval from The Norwegian Food Safety Authorities (FOTS
Id number 30720) for the use of animals in scientific research. Humane endpoints were defined by the endpoint
of the experimental trials (See section "Respirometry setup and protocol” and "Thermal challenge setup and
protocol"). Data from this study are reported in accordance with the ARRIVE guidelines.

Respirometry setup and protocol

To measure oxygen uptake rates (MO,) in big diploid and triploid Atlantic salmon, an automatic static intermittent
flow respirometry system was used (Loligo Systems, Denmark). The system consisted of three cylindrical shaped
acrylic chambers submerged in their own separate water tanks so that three fish could be tested at the same
time in parallel. The chambers were 125 cm long with a 30 cm internal diameter and were connected to plastic
tubes forming an internal loop that passed through a flow-through oxygen sensor cell (measuring at 1 Hz) and
a circulation pump. For intermittent flush periods, each chamber was also connected to an open loop with a
flush pump (Eheim Universal 3400) with a flow capacity of 58 | min™!. A temperature probe along with the flush
pumps and fibre cables to the oxygen sensors were connected to a computer running the AutoResp software
(Loligo Systems). The oxygen sensor had been carefully calibrated according to the manufacturer’s instructions
before experimental trials started. The rectangular water tanks containing a respirometry chamber and associated
equipment were 200 x 60 x 50 cm, and each tank had their own flow-through water supply of ~30 I min™!. The
water supply was of the same quality as in the holding tank (12 °C, 34 ppt) and ensured a continuous exchange
with clean aerated water of the correct temperature. To mitigate potential disturbances to the fish while in the
chambers, the lights were dimmed and other activities in the laboratory hall were not allowed when trials were
running.

Before each respirometry trial feed was withheld from a holding tank for one day to mitigate confounding
metabolic effects associated with feeding and digestion to facilitate more accurate standard metabolic rate
estimates®?. The next day a fish was netted from a holding tank and transferred into a respirometry chamber.
As the setup was located adjacent to the holding tanks, the duration of air-exposure and handling of the fish
was brief and consistent between individuals (= 1 min). After having sealed off the respirometer and ensured
that any air bubbles were removed, measurement cycles of MO, were started. Automated intermittent-closed
measurement cycles were then repeated over the next 24 h. The measurement cycles used were 10 min long
and consisted of a 5-min closed measurement period followed by a 4.75-min flush period to reestablish oxygen
levels and a 0.25-min closed wait period to stabilize flow conditions before repeating the cycle. An exception to
this was made for the first few cycles at the start when MO, was highest where a 4-min closed period was used
instead.

After 24 h, the response to progressive hypoxia was assessed by omitting the flush period from the
measurement cycle. When MO, started to decrease below the baseline level established in normoxia and prior
to cessation of active gill ventilation, the chambers were opened and the fish were removed and euthanized by
immersion in an overdose of anaesthetics (300 mg 1-! Tricaine mesylate, Finquel vet.). The now empty chambers
were then resealed to account for background respiration rates where a minimum of three cycles were completed
in normoxia.

A blood sample was drawn via caudal puncture with a heparinized syringe to make duplicate blood smears
per fish for later assessments of red blood cell sizes to confirm ploidy status. Then the weight and fork length of
the fish were recorded. Additionally, the second right gill arch was removed, gently flushed with water to remove
blood, and preserved in a 4% buffered formalin solution for 72 h whereafter it was transferred to a 70% ethanol
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solution and stored at 4 °C until later processing. Lastly, the fish were opened to assess maturation status. In
the diploid fish the gonads were removed and weighed for calculation of the gonadosomatic index (GSI). The
triploids all had poorly developed gonads, and we therefore did not bother to weigh them. Afterwards to prepare
for more respirometry trials, the water tanks and equipment were cleaned. In total 15 diploid and 15 triploid
Atlantic salmon were measured individually in the respirometry setup.

Thermal challenge setup and protocol

To measure the critical thermal maximum (CT max) in larger-sized diploid and triploid Atlantic salmon, a
modified holding tank of the same dimensions as used for maintaining the fish groups was used. A pool heater
(Evolution 2 VFS Pool heater, 9 kW, 400 v, 13 A) was installed to heat and circulate water within the tank. The
inflow of the circulating water was kept above the water surface to provide gas equilibration with the air which
also served to avoid excessive super saturation of oxygen during heating, which was confirmed by an oxygen
sensor within the tank. To ensure a controlled and steady increase in water temperature, the pool heater was
connected to a relay box that could be switched on and oft by computer software as directed by input of a thermal
probe submerged within the tank (OmniCTRL, Loligo Systems, Denmark).

Prior to a thermal challenge, five fish were netted from a holding tank and transferred to the thermal trial
tank. They were then allowed to acclimate in the trial tank overnight. During this time the trial tank received
a normal open-flow water supply as in the holding tanks (12 °C, 34 ppt). The next day, the water supply was
stopped, and the water height slowly reduced to = 0.5 m and a water volume of = 3.5 m®>. The thermal challenge
was then initiated and consisted of heating the water steadily by 3 °C per hour. Meanwhile the fish were carefully
observed. When a fish eventually displayed a loss of equilibrium, it was immediately removed and knocked out
with a blow to the head. Time and temperature were noted whereafter the fish was sampled in the same way as
described for the respirometry protocol. Additionally, blood samples were here also used for haematological
analyses where 1.5 ml blood from each fish were transferred to Eppendorf tubes and centrifuged at 6000 g for
5 min at 4 °C, whereafter the plasma was stored at stored at —80 °C for later analyses. In total 15 diploid and 15
triploid Atlantic salmon were tested in the thermal challenge setup.

Confirmation of ploidy

To confirm ploidy status, blood smears from all fish tested were used to measure average red blood cell diameters
with the assumptions that triploid fish have larger cells®>. Blood smears were viewed with a Scion camera (CFW-
1312 C) mounted on a DMRE light microscope (type 020-525.755). An image was taken for each blood smear at
a resolution of 4.396 pixels um™! at 40 x magnification, and average cell diameter was calculated by automatically
measuring hundreds of cells per picture using the ImageJ software.

Haematological analyses

In the plasma samples obtained from fish subjected to the CT max trial, cortisol concentrations were measured
with an ELISA assay kit in 20 pl subsamples (standard range: 10-800 ng ml~!, IBL International GmbH).
Meanwhile, plasma osmolality was measured with freeze point determination in 20 pul subsamples with a Fiske
210 Micro-Sample Osmometer (Advanced Instruments). Additionally, concentrations of plasma glucose,
lactate, CI', Na*, K*, and Ca?* were measured in 65 pl subsamples using an ABL90 FLEX blood gas analyzer
(Radiometer).

Gill histology

Gill samples were passed through a benchtop histoprocessor (Leica TP 1020) according to the following protocol:
2%70%, 80%, 2x96%, and 2x 100% ethanol, 2 x xylene, 2 x paraffin, and then embedded in blocks of paraffin
and cut in 3 pm cross-sections with a rotary microtome (Thermo Fisher Microm HM 355 s). The sections were
then mounted on glass slides and stained with haematoxylin-eosin-safranin according to standard protocols.
Cross-sections were deparaffinised in xylene, rehydrated in a graded series of ethanol solutions, and rinsed with
distilled water to complete the rehydration. Samples were immersed in haematoxylin for 1.5 min and then rinsed
in distilled water for 4 min. Thereafter, samples were immersed in eosin for 1.5 min, dipped in distilled water,
and treated with 96% ethanol for 45 s followed by 100% ethanol for 1 min. Samples were immersed in safranin
for 10 s, treated with 100% ethanol for 1 min, and cleared in xylene for 10 min. Finally, coverslips were mounted
on the slides and cross-sections were imaged using a digital slide scanner (Hamamatsu Photonics NanoZoomer
S60).

Using NDP.view2 version 2.9.29 (Hamamatsu Photonics K. K., 2022) morphometric analysis were performed
on 100 lamellae per fish. 5 gill filaments were randomly selected and 20 lamellae (10 x2 lamellae) from each
filament were chosen using stratified random sampling (2 proximal, 1 middle, and 2 distal regions). Lamellar
density was quantified by measuring the distance spanned by 10 consecutive lamellae in each of the 5 regions,
averaging these measurements, and extrapolating the density per mm. Furthermore, common gill health metrics
were scored which included epithelial lifting, hyperplasia, clubbing, oedema, hyperemia, hypertrophy, lamellar
fusion, aneurysm, and necrosis®*. When no pathologies were present, lamellae were classified as being healthy.
The interpretative approaches of Wolf et al.>> was adapted to ensure accurate histopathological diagnosis. This
meant that only regions with lamellae that were full-length and symmetrical were scored, and tangentially
sectioned regions or potential artifacts such as tissue aggregation or sloughing of cells were avoided. Lastly, all
gill scoring was done blind to treatment groups to ensure objectivity.

Calculations and data analysis
The MO, (mg O, kg™! h™") was calculated for each measurement period from the decreasing oxygen level over
time:
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AQ2/At is here 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 W, is the weight of the fish.

The SMR was estimated as the mean of the 10% lowest values from the initial 24-h in the respirometer, after
having removed any outliers exceeding+2 standard deviations of the mean’®. The MMR was defined as the
highest MO, measured, coinciding with the start of the trial when the fish were maximally stressed owing to
handling, air-exposure and subsequent confinement in the respirometer, a novel unfamiliar environment®”. The
absolute aerobic scope was expressed as the difference between MMR and SMR, while the factorial aerobic scope
was expressed as MMR divided by SMR. The critical oxygen tension (P_) was defined as the oxygen level before
MO, decreased below SMR as measured in normoxia®**. The oxygen extraction coefficient (a) was expressed
as MO,/PO, at P_. and MMR®.

The CT max was calculated as the set temperature reached plus the proportion of the time interval endured
when a fish was removed, as the water was heating to and then stabilizing at the next set temperature.

Statistical differences between diploid and triploid Atlantic salmon in the various 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. If data did not adhere to these test assumptions, even after
having performed a log transformation, a Welch’s t-test was used instead. Additionally, a two-way ANOVA with
the Holm-Sidak post-hoc test was used to assess differences in a values between ploidies and MO, traits as well
as for gill morphology traits between ploidies and trial type. Lastly, linear regressions and Pearson’s correlation
analyses were used to assess links between lamellar density and physiological performance metrics. A P-value
below 0.05 was considered significant and data reported in the text are mean + s.e.m. unless stated otherwise.

Results

The correct ploidy status was confirmed in all tested individuals from size measurements of red blood cells.
The mean diameter of red blood cells was 12.8+0.04 um in the diploids and 15.4+0.06 pum in the triploids with
no overlap between any individuals between ploidy group (t-test, t=-35.8, DF=58, P<0.0001) (Fig. 1A). As
such, the sizes of diploid red blood cells appear noticeably smaller than in the triploids when viewed under a
microscope (Fig. 1B and C).

The weight, length and condition factor were overall similar between the experimental groups in each trial
type (Table 1). The only exception was that the diploids had a higher condition factor than the triploids tested
in the CT max trials (t-test, t=2.236, DF =28, P=0.0335). All of the fish tested were still immature. Across trial
type the GSI (% body weight) in the diploids was 1.37£0.20 in females and 0.17 +0.02 In males with a ratio of
1.3 females per male of the fish tested, and none of the triploids had developed gonads.
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Fig. 1. Diameter of blood cells in larger diploid and triploid Atlantic salmon (A). Data are shown as boxplots
together with individual data points. The asterisk indicates a significant difference (t-test, p <0.05) and n=30.
Additionally, representative photos of diploid (B) and triploid (C) red blood cells at 40 x magnification under a
light microscope. Dimensions of both photos are 568 x 456 pm.
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Trial Ploidy | Weight (g) | Length (cm) | Condition factor

Diploid | 2722+125 | 59.0+£0.9 1.31+£0.02
Triploid | 2893+105 | 60.8+0.7 1.28+0.02

Respirometry

Diploid | 2690+115 | 59.2+0.9 1.29+0.02*
Triploid | 2689+110 | 60.1+0.9 1.23+0.02°

CT max

Table 1. Summary of size parameters in the experimental groups. A statistical difference within trial type is
indicated with different superscript letters (t-test, p <0.05). Data are mean+s.e.m and n=15.
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Fig. 2. Metabolic rate traits in larger diploid and triploid Atlantic salmon. Standard metabolic rate (SMR) (A),
maximum metabolic rate (MMR) (B), aerobic scope (AS) (C), and factorial AS (D). Data shown are boxplots
together with individual data points. A significant difference is indicated with an asterisk (t-test, P<0.05)
(n=15).

The diploids had a significantly lower SMR of 82.9 + 3.1 compared to 97.0 +3.6 mg O, kg™ h™" in the triploids
(t-test, t=-2.969, DF =28, P=0.006) (Fig. 2A). The MMR was significantly higher in diploids at 428 +£19 mg
0, kg™ h™! compared to 377+10 mg O, kg™! h™! in triploids (Welch's t-test, t=2.150, DF=22.515, P=0.043)
(Fig. 2B). Both the resultant absolute and factorial aerobic scopes were significantly lower in the triploids
compared to the diploids (Welch’s t-test, t=3.208, DF=21.354, P=0.004 and logged t-test, t=4.942, DF =28,
P<0.001) (Fig. 2C and D).

The P_, was significantly lower in diploids being 26.9+0.9%PO, compared to 35.6 +1.3%PO, in triploids
(t-test, t=—5.647, DF=28, P<0.0001) (Fig. 3A), indicating poorer hypoxia tolerance in triploids. The CT max
was significantly higher in diploids at 27.7+0.09 °C compared to 26.8+0.08 °C in triploids (t-test, t=7.665,
DF =28, P<0.001) (Fig. 3B), indicating poorer thermal tolerance in triploids.

In triploids the oxygen extraction coefficient, a, was significantly lower than in diploids (logged Two-way
ANOVA, DF=59, P=0.001). Within traits, a was both lower in triploids at P_, (Holm-Sidak test, t=2.113
P=0.039), and at MMR (Holm-Sidak test, t=2.784, P=0.007). Additionally, o values were overall lower at
P, than at MMR regardless of ploidy and decreased at lower ambient oxygen levels (Holm-Sidak, t=12.229,
P<0.001) (Fig. 4).

The haematological parameters measured in fish immediately following loss of equilibrium imposed by acute
thermal stress are summarized in Fig. 5. Plasma cortisol and glucose levels were both significantly higher in the
diploids (t-test, DF =28, t=4.651, P<0.001 for cortisol; t=2.398, p=0.0234 for glucose) (Fig. 5A and B). In the
case of the other measured plasma parameters; lactate, osmolality, Cl', Na*, K*, and Ca?*, the diploid and triploid
groups were similar (t-test, DF =28, p>0.05) (Fig. 5C-H).

Histology revealed that the diploids had significantly higher lamellar densities than the triploids across trial
type being 20.98 £0.18 mm™! and 19.68 +0.19 mm}, respectively, indicating higher gill surface areas in diploids
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Fig. 3. Environmental tolerance limits in larger diploid and triploid Atlantic salmon. The critical oxygen
tension (P_. ) (A) and the critical thermal maximum (CT max) (B). Data shown are boxplots together with
individual data points. A significant difference is indicated with an asterisk (t-test, P<0.05) (n=15).
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Fig. 4. The oxygen extraction coefficient (a) at P_, and MMR in larger diploid and triploid Atlantic salmon.
Columns in (A) are mean *s.e.m and the asterisk indicate a significant difference between metabolic rate traits
while different letters indicate a significant difference between ploidies within a metabolic rate trait (two-way
ANOVA and Hold-Sidak test, P<0.05) (n=15). Panel (B) depicts individual a values versus PO,, showing that
a decrease in hypoxia and overall is lower in the triploid group.

(Two-way ANOVA, DF=59, P<0.001) (Fig. 6). Additionally, triploids subjected to hypoxia had higher lamellar
densities than triploids subjected to thermal stress (Hold-Sidak test, t=2.105, P=0.040) (Fig. 6).

The proportion of healthy gill lamellae did not differ between ploidies (Two-way ANOVA, DF =59, P=0.154)
but differed significantly between the two trial types (P=0.001). Specifically, the fish subjected to thermal stress
had lower proportions of healthy lamellae within both ploidies compared to the fish subjected to hypoxia
(Holm-Sidak test, t=2.397, P=0.020 in diploids, and t=1.292, P=0.016 in triploids) (Fig. 7A). A similar pattern
was found for epithelial lifting where proportions were similar between diploids and triploids across trial type
(Two-way ANOVA, DF =59, P=0.430), but differed between trial types where epithelial lifting frequently was
observed in fish subjected to thermal stress and rarely observed in fish subjected to hypoxia (P<0.001) (Fig. 7B).
The proportion of hyperplasia was similar between both ploidy and trial type (Two-way ANOVA, DF =59,
P=0.118 and P=0.203, respectively) (Fig. 7C). Meanwhile, diploids were found to have a higher proportion of
clubbing across trial type (two-way ANOVA, DF =59, P=0.022) (Fig. 7D). Additionally, moderate occurrences
(<10%) of lamellae with oedema were observed in 3 triploid fish and in 3 diploid fish. Finally, there were no
observations of hyperemia, fusion, hypertrophy, aneurysm, and necrosis in any of the gill histology sections.

A higher lamellar density as a proxy of gill surface area was overall associated with improved physiological
performance (Fig. 8). Specifically, Pearson’s correlation analyses showed that across groups the lamellar density
was positively and significantly correlated with CT max (Coeft.=0.593, P=0.0005, N=30), aerobic scope
(Coeff.=0.422, P=0.0201, N =30), and the factorial aerobic scope (Coeff. =0.502, P=0.00466, N =30) (Fig. 8A,
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C and D), whereas the P_, showed a negative correlation with lamellar density tending towards the significance
threshold (Coeff. -0.347, P=0.0603, N = 30) (Fig. 8B).

Discussion

Larger-sized triploid Atlantic salmon have diminished physiological efficiency

We hypothesized that larger-sized triploid Atlantic salmon would have reduced respiratory capacities and
environmental tolerance limits when compared to similar-sized diploid counterparts. The experiments confirmed
these predictions as the triploids were found to have higher SMR and lower MMR, resulting in lower aerobic
scopes. Furthermore, triploids had worse hypoxia and thermal tolerances. These differences were theorised to
be caused by physiological size-scaling effects together with larger cell sizes in triploids. This meant that being
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indicates a significant difference between ploidies and different letters indicate a significant difference between
trial type within a ploidy (two-way ANOVA and Hold-Sidak test, P<0.05).

triploid should become a greater disadvantage at larger body sizes, particularly with regards to oxygen supply
capacities. Indeed, the oxygen extraction coefficient, a, was found to be lower along ambient oxygen gradients.
Impaired gill-oxygen supply was also implied in our histological assessments where the triploids were found to
have lower lamellar densities, indicating lower gill surface areas. However, whether larger cell sizes in triploids
contributed to reducing the functional surface areas of gill tissues was not directly discerned here.

Previous physiological studies on smaller-sized triploid and diploid Atlantic salmon have typically reported
inconsistent or negligible differences®***. By testing larger-sized fish, we hoped to demonstrate more obvious and
consistent differences between triploid and diploid Atlantic salmon in accordance with our hypothesis. However,
as can be seen on the figures, we still observed appreciable overlap between triploid and diploid individuals
in the various physiological measurements. For instance, the P-value for MMR was close to the significance
threshold. Meanwhile the P-values for environmental limits (P_, and CT max) were highly significant (<0.001).
Some traits were therefore more obvious than others in their differences between ploidy groups. This also meant
that the best performing triploids would have comparable performances to an average diploid. Still, we found
that larger-sized triploid Atlantic salmon performed consistently worse across several metrics. It is therefore
reasonable to conclude that they indeed are less physiologically robust compared to their diploid counterparts.

Metabolic rates and oxygen supply limitation in larger triploid Atlantic salmon
A higher SMR in larger-sized triploid Atlantic salmon indicates higher basal maintenance costs when resting. On
average the SMR was 17% higher in the triploids compared to the diploids in 12 °C full strength sea water. While
this difference may seem minor, a 17% higher metabolic burden during routine conditions will accumulate to a
substantial energetic deficit over time. Such deficits will have to be compensated by higher feed intake to obtain
similar growth rates. In theory, this represents a disadvantage in aquaculture owing to reduced feed conversion
rates but would also be a disadvantage in the wild where feeding opportunities are more limited.

Previous studies reported similar SMR between smaller-sized triploid and diploid Atlantic salmon tested
across various acclimation temperatures spanning from 3 to 18 °C***>%1. A similar SMR between juvenile
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triploid and diploid rainbow trout and brook trout have also been reported®***, while on another occasion SMR
was reported to be higher in juvenile triploid brook trout?®. Additionally, juvenile triploid Atlantic salmon and
brook charr were both found to have higher routine metabolic rates at lower acclimation temperatures while at
higher acclimation temperatures routine metabolic rates were lower when compared to diploid counterparts®2.
As such, resting metabolic rates have previously mostly been found to be similar between smaller-sized triploid
and diploid salmonids, although routine metabolic rates that encompass additional activities can differ across
acclimation temperatures.

A potentially higher SMR in triploids may be ascribed to the increased cell maintenance costs from having
50% more DNA. However, this does not explain why SMR appear to be mostly similar among small juvenile
triploid and diploid salmonids, while then becoming elevated in larger-sized triploids. An additional factor
could perhaps be increased costs of osmoregulation in seawater for larger-sized triploid Atlantic salmon, while
osmoregulatory costs presumably are lower for juvenile fish in freshwater.

The MMR was previously reported unaffected by ploidy in juvenile Atlantic salmon across different
acclimation temperatures in freshwater®>, while MMR was lower in seawater adapted triploid Atlantic salmon at
10.5 °C but not at 3 °C3°. In the present study, MMR was lower in big triploids at 12 °C. Size, seawater, and higher
temperatures may therefore all contribute to reduce the MMR in triploid Atlantic salmon relative to diploid
counterparts. The underlying mechanism would likely be the lower surface to volume ratios impairing exchange
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rates across larger-sized cells while both increasing temperatures and higher salinities reduce dissolved oxygen
levels in water.

Hypoxia tolerance expressed as the P_, was substantially worse in big triploids in the present study. Reduced
hypoxia tolerance in triploid salmonids, particularly at elevated temperatures, is one of the more consistent
findings among previous studies*—* and has also been reported in triploid zebrafish larvae®. For instance,
triploid seawater adapted Atlantic salmon were observed to ram ventilate when being maintained in moderate
hypoxia at 19 °C while diploids displayed normal gill ventilation®. Onset of ram ventilation was also observed
at lower swimming speeds in triploid Atlantic salmon®. This points to a general issue with gill oxygen uptake
capacity in triploids. In the present study, we found lower lamellar densities in triploids which indicate lower gill
surface areas for gas exchange, providing a morphological link to impaired oxygen uptake capacity. Additionally,
these experiments were performed at an optimal mid-temperature of 12 °C. The oxygen supply limitation
observed in the larger triploid Atlantic salmon are therefore expected to be amplified further with increasing
temperatures owing to metabolism inevitably increasing in ectothermic fish while less oxygen becomes available
in the environment.

Reduced thermal tolerance in larger triploid Atlantic salmon

The larger-sized triploid Atlantic salmon had a lower CT max than their diploid counterparts. Previously the CT
max was found to be unaffected by ploidy in juvenile Atlantic salmon across different acclimation temperatures
in freshwater®. Moreover, CT max was also similar between juvenile diploid and triploid brook trout and
rainbow trout®*6364,

Larger-sized fish tend to have lower thermal tolerance, and this may in part be explained by physiological
scaling constraints causing oxygen supply limitation at increasing body sizes**~*2. Owing to having larger-sized
cells with lower surface to volume ratios, we therefore theorized that triploid fish would be subject to similar
functional limitations as what will happen when fish becomes larger. That is, any size-driven impairment in
physiological capacity should occur at relatively lower body sizes in triploids compared to diploids. Based on
these considerations, the observed lower thermal tolerance in larger-sized triploid Atlantic salmon was therefore
expected. This also align with lower aerobic scopes and oxygen extraction coefficients that were measured in the
respirometry trials.

We also measured blood plasma parameters in fish subjected to the CT max trial to compare stress levels
between ploidies at the point of loss of equilibrium. All the assessed plasma parameters resembled highly
stressed fish and values of cortisol, glucose, lactate, and the major plasma ions were within similar ranges of
seawater acclimated Atlantic salmon subjected to exhaustive exercise stress in critical swim speed trials®>.
As such, the CT max trial imposed high osmotic and ion disturbances as well as greatly elevated lactate values
which signifies a substantial anaerobic load. The various plasma ions, osmolality and lactate levels were all
similar between triploids and diploids at the point of loss of equilibrium. This suggests that both groups were
experiencing the same amount of osmotic and anaerobic stress when they reached their respective CT max. The
major difference being that the diploids were able to withstand higher temperatures before accumulating the
same deficit in homeostasis that triggered loss of equilibrium. As such, lower thermal tolerance in larger triploid
Atlantic salmon was indirectly associated with both reduced capacity for osmoregulation and oxygen uptake.

Thermal stress caused alterations in gill morphology

The CT max test is the most common method to measure thermal tolerance in fish species®’. While the endpoint
of the test is loss of equilibrium, the method is generally not considered too severe as fish tend to recover quickly
upon being returned to colder water. Furthermore, fish do not appear to suffer long-term consequences following
CT max trials as evidenced from experiments with repeat testing and monitoring of growth rates®®.

In the present study we assessed the gill histology of fish sampled following acute hypoxia exposure and
following loss of equilibrium in a CT max trial. Interestingly, thermal stress appeared to cause histopathological
changes that were not present in hypoxia exposed fish regardless of ploidy groups. This led us to wonder whether
the CT max method could be more severe than previously assumed. Specifically, thermal stress resulted in a
lower proportion of healthy lamellae, mainly owing to a high occurrence of epithelial lifting.

Epithelial lifting is a well-known histopathological response in the gills of fish species when exposed
to various toxicants such as oils, ammonia, acids and metals’®’!. The lifting of epithelial layers increases the
intracellular spaces of secondary lamellae which then increases the diffusion distance between water and
blood’>7%, Furthermore, epithelial lifting is a rapid and reversible change and may therefore be considered an
adaptive response to reduce uptake of pollutants from the environment”!74,

In the case of acute thermal stress, increasing the diffusion distance between the blood and the water via
epithelial lifting could also be interpreted as a beneficial response. For instance, it may serve to slightly delay
heating rates of circulating blood. Thermal stress in hyperosmotic seawater was here also associated with
osmotic disturbances and highly elevated plasma sodium and chloride concentrations. Increased diffusion
distances should initially have aided in preserving osmotic integrity by reducing ion leakage and passive water
uptake prior to loss of equilibrium. On the other hand, increased diffusion distances would compromise gas
transfer and eventually become detrimental as the fish struggle to supply enough oxygen, as indicated by high
lactate levels in the diploid and triploid Atlantic salmon subjected to the CT max test. Nevertheless, epithelial
lifting could serve as a useful response to balance the osmo-respiratory compromise of the gill during periods
of thermal stress. In the future it would be interesting to investigate at what point epithelial lifting occur during
a thermal challenge prior to physiological collapse and loss of equilibrium to further discern the role of this
morphological response.
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Animal welfare in aquaculture and the future use of triploid Atlantic salmon

Norway is the world’s largest producer of farmed salmon. In 2023 the mortality rates in Norwegian salmon
aquaculture were unfortunately the highest ever recorded where 63 million (16.7%) Atlantic salmon died
during the seawater growth phase”. High mortality and poor animal welfare gives a negative reputation to the
aquaculture industry, and there is presently a substantial political pressure to reduce mortalities. The ongoing
moratorium on the use of triploid Atlantic salmon in sea cages in Norway therefore needs to be evaluated with
this current situation in mind.

The welfare of triploid Atlantic salmon is mainly a concern during the latter marine growth phase, where
mortalities are linked to delousing operations and other imposed handling stressors'>!%. These field reports align
with the results presented here where larger-sized triploid Atlantic salmon were physiologically compromised
compared to their diploid counterparts. Lower aerobic scopes render triploids less flexible in coping with
additional challenges in the farm environment such as stressors, parasites, or other prevailing health issues. For
instance, infestation with the widespread salmon louse Lepeophtheirus salmonis may increase standard metabolic
rates by ~25%7%, leaving even less aerobic scope available when triploids become infested.

We also found that larger-sized triploids had reduced tolerance limits to hypoxia and thermal stress.
Meanwhile, heatwaves and hypoxia events are both reoccurring issues in sea cage environments that are projected
to become more frequent in the future owing to climate change?*2%2777 In future aquaculture scenarios triploid
Atlantic salmon will therefore become further disadvantaged.

Larger-sized triploid Atlantic salmon are still adequately functioning animals when maintained under fairly
optimal conditions. However, rearing conditions cannot be expected to remain optimal at all times in industrial-
scale marine aquaculture. The use of triploids will therefore impose a greater inherent risk of poor animal
welfare. Considering that mortalities in Norwegian salmon aquaculture already are too high”®, it becomes
difficult to ethically justify the use of fish that are less physiologically robust. Meanwhile, the problem of escaped
fish breeding in the wild will then remain unsolved for the time being. This imposes an ethical dilemma between
animal welfare and conservation of wild populations. Emerging biotechnologies may eventually provide
alternative solutions to produce sterile diploid salmon that do not suffer impaired robustness”®
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