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ABSTRACT: A trend in Atlantic salmon aquaculture
is to establish new production sites that are suscep-
tible to extreme weather conditions; however,
strong and persistent water currents may compro-
mise fish welfare. Defining acceptable current con-
ditions necessitates an assessment of sustained
swimming abilities that are fuelled solely by
aerobic metabolism and do not result in fatigue. In
this study, the limit of sustained swimming was
quantified with regards to both speed and time in
Atlantic salmon of ~700 g and ~39 cm at 12°C by
testing fish in groups of 10 in a large swim tunnel
respirometer. First, critical swimming speed (Ugy)
(107 cm s7') and minimum cost of transport (66 cm
s7!) were measured. Sustained swimming trials at
constant speeds were then performed based on a
percentage of the group mean U, (80, 85, 90, 95,
100 or 105 %). Fish were forced to swim until they
fatigued or until 72 h had passed. Surprisingly,
most fish were able to sustain 80 and 85% Uy
for 72 consecutive hours. However, at the highest
speeds, fatigue was reached within the first 2 h. By
categorizing fatigue times of individual fish into <2,
2-72 or >72 h, significant differences in relative
swimming speeds were found that corresponded to
2.7, 2.5 and 2.2 body lengths s™!, respectively.
These results document impressive sustained swim-
ming capacities in farmed Atlantic salmon and add
important temporal insights about ambient current
limits with regards to fish welfare at exposed aqua-
culture sites.
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Atlantic salmon swimming against the current inside a sea
cage. New offshore farm sites are exposed to strong cur-
rents, which may become a welfare concern if swimming
limits are exceeded.
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1. INTRODUCTION

The Atlantic salmon Salmo salar aquaculture in-
dustry is currently seeking to establish production at
exposed locations that are susceptible to extreme
weather conditions such as strong water currents and
powerful waves (Holmer 2010, Bjelland et al. 2015,
Gentry et al. 2017). This process requires technologi-
cal advancements and novel management strategies
and, more importantly, thorough assessments of
whether the fish can thrive in harsher environments.
Since strong and persistent water currents are consid-
ered the greatest threat to fish welfare at exposed
aquaculture sites, recent efforts have focussed on de-
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veloping guidelines for acceptable current conditions
based on the behavioural and physiological impacts
on Atlantic salmon (Hvas et al. 2021a). In calm
weather or low currents, farmed Atlantic salmon
swim in circles in the cages at speeds chosen by the
fish themselves (Johansson et al. 2007, Oppedal et al.
2011). However, if the current speed exceeds this pre-
ferred swimming speed, the salmon will stop cruising
and instead maintain position in the current while
swimming at a speed dictated by the environment
(Johansson et al. 2014, Hvas et al. 2017a). This forced
increase in swimming speed may lead to welfare con-
cerns since voluntary behaviours become restricted.
Moreover, long-term exposure to moderately high
current conditions above the preferred swimming
speed may compromise growth since the fish need to
divert substantial energy towards continuous swim-
ming efforts (Farrell et al. 1991, Solstorm et al. 2015).
The spontaneous preferred swimming speed of At-
lantic salmon and other species reflects the migratory
nature of wild specimens and has been linked to the
minimum cost of transport (CoT) (Weihs et al. 1981,
Tudorache et al. 2011, Hvas et al. 2017a). The mini-
mum CoT is achieved at a swimming speed that mini-
mizes energy use per distance travelled and is meas-
ured using swim tunnel respirometry (Ohlberger et
al. 2006, Palstra et al. 2008, McKenzie et al. 2021). If
the experimental conditions used to measure mini-
mum CoT are representative of growing salmon in
sea cages, this metric may provide a theoretical base-
line for tolerable constant water currents at exposed
aquaculture sites owing to its link with voluntary
swimming behaviours (Hvas et al. 2017a).

In the event of very high current speeds, the fish
need to increase their swimming efforts accordingly.
Eventually, this may lead to physiological exhaustion
where locomotory control is lost, causing the fish to
collide with the net wall which likely will result in
injuries (Remen et al. 2016). Furthermore, the acid-
base and endocrine disturbances caused by exhaus-
tive exercise can kill salmonids (Black 1958, Wood et
al. 1983).

To define the maximum tolerable peak currents at
exposed aquaculture sites, the critical swimming
speed (U,) has been proposed as a suitable welfare
indicator (Remen et al. 2016). Similar to CoT, Uy is
most often measured using swim tunnel respirometry
and is obtained by a stepwise increase in current
speed until the fish being tested reach fatigue (Brett
1964). U,y thereby represents the maximum pro-
longed swimming speed that can be maintained for a
limited duration and is fuelled by both aerobic and
anaerobic metabolism (Wilson & Egginton 1994).

Owing to tidal currents and strong winds, peak
currents at exposed sites may persist for several
hours or days, whereas U, only can be maintained
for minutes. Therefore, it is necessary to assess the
capacity for high-intensity swimming that does not
result in fatigue. This is termed ‘sustained swim-
ming' and is powered solely from aerobic slow red
muscle fibres while the fast white anaerobic fibres
remain inactive (Hudson 1973, Bone et al. 1978).
Contrary to Uy, sustained swimming should, in the-
ory, not result in fatigue since lactate buildup is
avoided and homeostasis is maintained.

For pragmatic reasons, sustained swimming has
often been defined as speeds that can be main-
tained for 200 min (Beamish 1978). However, few
studies have tested fish for such long durations (e.g.
Brett 1967, Cotterell & Wardle 2004, Palstra et al.
2008, Hvas & Oppedal 2017). To identify the limit of
sustained swimming in fish, it is instead more com-
mon to find the point of transition from aerobic to a
mixture of aerobic and anaerobic metabolism in
shorter U,y tests, and this indirect approach sug-
gests that in salmonids this limit is 70-90% of the
Uuit (Kiceniuk & Jones 1977, Burgetz et al. 1998,
Beddow & McKinley 1999). Recently, it was con-
firmed that Atlantic salmon post smolts can sustain
80 % of their Uy for 4 h while maintaining constant
oxygen uptake rates, indicating that swimming
efforts remained strictly aerobic (Hvas & Oppedal
2017).

To evaluate whether Atlantic salmon can be
farmed responsibly at exposed aquaculture sites, it is
essential to collect information on maximum current
speeds and their duration. To date, only 1 study has
evaluated an extensive time series of water current
data at exposed aquaculture sites from a fish welfare
perspective (Jonsdéttir et al. 2019). In that study, it
was found that strong currents above 60 cm s~! occa-
sionally persisted for up to 5 h, which is higher than
the preferred swimming speeds of growing Atlantic
salmon post smolts (Hvas et al. 2017a) but less than
their presumed sustained swimming limit (Hvas &
Oppedal 2017).

To our knowledge, sustained swimming limits
above the 4 h mark have not yet been explored in
salmonids. Furthermore, while the aetiology of fa-
tigue in U,y tests is the inability to maintain ade-
quate energy production per time unit, another type
of fatigue may be encountered during constant
swimming for very long periods owing to depletion of
metabolite supply (Jones 1982). Hence, Atlantic
salmon may also eventually become fatigued despite
swimming within their aerobic capacity.
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The purpose of this study was to quantify the limit
of sustained swimming in Atlantic salmon post smolts
with regards to both speed and time. This was done
by subjecting fish to a series of swim trials at constant
speeds above the minimum CoT based on a percent-
age of the U, until fatigue was reached or 72 h of
swimming had been endured.

2. MATERIALS AND METHODS
2.1. Animal husbandry

Atlantic salmon post smolts (Aquagen) were kept
in large indoor holding tanks (diameter: 3 m; volume:
5.3 m®) at the Matre Research Station, Institute of
Marine Research, Norway. The holding tanks were
supplied with filtered, aerated, and UV-C treated
seawater (34 ppt) in an open-flow system (120 1
min~!) which maintained oxygen saturation above
85% at all times and prevented CO,, ammonia and
other waste products from accumulating. The water
temperature was maintained at 12°C by controlled
mixing from ambient and heated water supplies. A
simulated natural photoperiod was provided, and the
fish were fed commercial feed (4.5 mm pellet size;
Skretting) in excess each day via automated feeders.
The fish were acclimated to these conditions for
a minimum of 1 mo before the experimental trials
began.

The use of animals in the present study was ap-
proved by the Norwegian Food Safety Authorities
under permit identification number 23196.

2.2. Swim tunnel setup

A large swim tunnel respirometer designed to
assess swimming behaviour in groups of larger sal-
monids was used for all swim trials in the present
study and has been thoroughly described (Remen et
al. 2016, Hvas et al. 2017b). Briefly, the cylindrical
swim section was 248 cm long and 36 cm in diameter
and the entire volume of the setup was 1905 1. The
top lid at the downstream end of the swim section
could be removed for access when fish had to be
either placed into or removed from the tunnel. A
camera was placed behind the rear grid of the swim
section, allowing for remote observation of the fish
during the swim trials. An oxygen sensor (RINKO
ARO-FT; JFE Advanced) was located next to the
camera and was programmed to log oxygen concen-
tration at 2 s intervals (MiniSoft SD200W; SAIV En-

vironmental Sensors & Systems). Desired current
speeds were generated with a motor-driven pro-
peller (Flygt 4630, 11° propeller blade; Xylem Water
Solutions), after carefully calibrating motor output
with its corresponding flow speed using a flow meter
(Hontzsch Flow Measuring Technology). Before en-
tering the swim chamber section of the setup, the
water flow would enter a resting chamber, a honey-
comb to straighten the flow (cell diameter of 5 mm),
and a reduction cone (diameter reduced from 65 to
36 cm). This setup was designed to minimize turbu-
lence and provide approximately laminar flow condi-
tions during the swim trials. Water was supplied into
the swim tunnel via a large pipe connected to the
same header tank that supplied water to the holding
tanks. A continuous moderate open flow through the
swim tunnel system ensured a stable temperature of
12°C as well as normoxic conditions. When oxygen
uptake rates (MO,) were being measured, the water
supply could be closed off and subsequently opened
again for rapid flushing with a maximum capacity of
270 1 min~! to quickly reestablish oxygen levels.

There are several advantages with testing groups
of fish in a large swim tunnel rather than individual
fish in a small swim tunnel. For instance, smaller
flumes may artificially inhibit U, by restricting nat-
ural swimming behaviours such as burst and glide
swimming (Tudorache et al. 2007, Remen et al. 2016).
Group testing in larger setups also allows for more
individuals to be tested within a reasonable time and
is a better approximation of real aquaculture condi-
tions (Hvas & Oppedal 2019, Palstra et al. 2020). Fur-
thermore, swimming in schools can provide hydrody-
namic benefits in some species (Herskin & Steffensen
1998, Svendsen et al. 2003), although in Atlantic
salmon specifically, U,y was unaffected by swim-
ming in groups compared to swimming alone in the
swim tunnel system used in the present study (Hvas
& Oppedal 2019).

2.3. Experimental design and protocol

In the introductory part of the experiment the pur-
pose was to establish a representative average Uy
and the minimum CoT of the fish in the holding
tanks. Here, 10 fish were netted and quickly trans-
ferred to the swim tunnel, which was in the same
room as the holding tanks. The fish were then
allowed to acclimate to their new environment in
the swim tunnel at a modest current speed of 15 cm
s7! until the following morning when the swim trial
commenced. The swim trial protocol consisted of a
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stepwise increase in current velocity of 15 cm s~}
every 30 min. Eventually, the fish would struggle to
swim against the current, and the point of fatigue
was defined when they became trapped on the rear
grid and were unable to regain a swimming posi-
tion, despite being encouraged to do so with tactile
stimulation. Elapsed time was then recorded, and
the fish were removed from the swim tunnel and
immediately euthanized with a blow to the head,
and fork length and weight were measured. The
swim ftrial continued until all fish had reached
fatigue and replicated 3 times to provide 30 individ-
ual U,y measurements. To measure MO, during
these swim ftrials, the system was closed off for 20
min and then flushed for 10 min in each increment
interval. In these temporarily closed periods, the
oxygen saturation never dropped below 85 %, even
at the higher current speeds. In addition, the tail
beat frequency was recorded in 4 random fish at
each swimming interval by manually counting the
time required to perform 100 tail beats.

The main part of the experiment consisted of sus-
tained swimming trials where fish were forced to
swim at constant speeds based on a percentage of
the mean U,;; obtained. Similarly to the Uy swim
trials, fish were transferred to the tunnel the day
before being tested to allow for overnight acclima-
tion at a current speed of 15 cm s™!. The sustained
swim ftrials were started by gradually increasing
the current speed by 15 cm s™! every 5 min until
the target speed was reached. When individual fish
became fatigued, as described in the U, trials,
they were removed from the swim tunnel and euth-
anized, and elapsed time was recorded along with
fish size parameters. The sustained swim ftrials
were continued for up to 72 h, and if any fish were
still swimming at this time, they were noted to
have completed the test and removed as described
above. Dimmed light was present at night to allow
for remote observation of swimming status via the
camera deployed in the swim tunnel. In addition,
the camera feed was streamed so that observations
could be continued via other devices throughout
the night. This allowed the experimenter to go
home in the evenings, and if any fish started to
struggle with maintaining position, the laboratory
could be reached in less than 10 min, which al-
lowed the experimenter to be present at the time
any fish reached fatigue. Sustained swimming trials
at 6 linearly increasing test speeds were completed
as the main part of the experiment, which corre-
sponded to 80, 85, 90, 95, 100 and 105% of the
mean U;;.

2.4. Data analyses

U.,it was calculated according to Brett (1964):

teU;

Ugin =Ur + (1

were Uy is the highest completed current speed (cm
s, U; is the increment speed (15 cm s7'), t; is the
time endured at the final speed before fatiguing
(min) and ¢;is the increment interval (30 min). Owing
to a large cross-sectional area in the swim section rel-
ative to the size of the fish being tested, solid block-
ing effects were not corrected for in the reported Uy
values, as this effect would have been minimal (Bell
& Terhune 1970, Hvas & Oppedal 2019). The MO,
was calculated in each closed period of the Uy trials
from the linear decrease in oxygen concentration
over time as:

AO
=2 (Viys = W)

MO, - AL (2)
b

where AO,/At is the change in oxygen concentration
over time, V; is the volume of the system, V, is the
volume of the fish where a density of 1 kg 17! is
assumed, and W, is the weight of the fish. The CoT
at different swimming speeds was derived from MO,
and is expressed as mg O, kg~! km™'. A quadratic
regression was then fitted to the CoT versus swim-
ming speed; the minimum of this function was
defined as the minimum CoT. Background respira-
tion was not corrected for, as this effect was found to
be insignificant during pilot trials owing to the high
volume to surface area ratio of this large swim tunnel
system. The condition factor of each fish was calcu-
lated according to Ricker (1975) as 100(W/L;%), where
W is the body weight (in g) and L;is the fork length
(in cm).

Where appropriate, 1-way ANOVA along with
Tukey's post hoc test was used to test for differences
between groups after having confirmed equal vari-
ance and normality with Levene's mean test and the
Shapiro-Wilk test, respectively. Pearson product-
moment correlation was used to assess potential cor-
relations between U, and fish length; p < 0.05 was
considered significant, and data are reported as
means + SE unless specified otherwise.

3. RESULTS

The weight, fork length, and condition factor of
each treatment group are shown in Table 1. All fish
came from the same holding tanks and were tested
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Table 1. Size parameters for the Atlantic salmon swimming
trials, showing mean (+SE) weight, fork length, condition
factor (K) and number of fish measured (n) in each treatment
group. Different superscript letters indicate a significant dif-
ference (p < 0.05; 1-way ANOVA with Tukey's post hoc test)

Weight (g) Length (cm) K n
U, trials 667 =23 38.4 +0.4*® 1.17+0.02 30
80% U,; 656 +26° 38.7+1.1*® 1.13+0.03 10
85% U,y 767 +24®®  40.9+0.5* 1.12+0.01 10
90% U,y ~ 592 + 44° 37.1+0.7° 1.14+0.04 10
95% U,y 770 £ 34 40.8 +0.76* 1.13+0.02 10
100% Uy 787 £56%  40.0 £ 1.2** 1.21+0.02 10
105% Uy, 783 +39%® 40.6 £ 0.6** 1.16+0.02 10

within a fairly short time frame, therefore the sizes
were similar between groups, except for the 90 %
U.iit group, which had lower weight than the 100 %
U.it group and lower fork length than the 85 and
95% U,y groups (ANOVA, df = 89, p < 0.001 in all
cases). The average size of all tested fish was 705.4 g
in weight, 39.2 cm in fork length and 1.16 in condi-
tion factor, and the achieved fish density in the swim
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tunnel ranged from 23.5-31.2 kg m~3, with a mean
density of 28.0 kg m~ across all trials.

U,y was 107.3 = 1.2 cm 57!, which corresponded to
2.80 + 0.04 body lengths s7!. In Fig. 1A, the Uy of
individual fish is shown as a function of fork length.
Fork length did not significantly correlate with U
within the range of sizes tested here (Pearson, R? =
0.129, p =0.498, n = 30). The minimum CoT speed, as
derived from the minimum of a quadratic regression
fitted to CoT versus swimming speed, was 65.9 cm s~
(1.72 body length s7!), corresponding to ~61 % of the
U, (Fig. 1B). MO, increased exponentially with
swimming speed (Fig. 1C), and the tail beat fre-
quency increased linearly with increasing swimming
speed, from 1.41 + 0.03 beats s™! at 30 cm s~ up to
3.65 + 0.27 beats s at 105 cm s7! (Fig. 1D).

The sustained swimming limit expressed as a per-
centage of the group mean U, is shown in Fig. 2A.
The amount of time the fish were able to maintain
constant swimming increased with decreasing test
speeds. Specifically, in the 105 and 100% Uy
groups, the mean fatigue times were 0.56 + 0.11 and
0.94 + 0.12 h, and all fish had reach fatigue within

B

65.9cms™

20 40 60 80 100

Tail beats (s77)

20 40 60 80 100 120

Swimming speed (cm s~7)

Fig. 1. (A) Critical swimming speed (U,;) versus fork length of Atlantic salmon; horizontal line: group mean. (B) Cost of

transport (CoT) at different swimming speeds; fitted quadratic regression and horizontal line intersect at the minimum CoT.

(C) Oxygen uptake rate (MO,) and (D) tail beat frequency as a function of swimming speed. Data in (B), (C) and (D) are
means + SE
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Fig. 2. Sustained swimming limits in Atlantic salmon, showing (A) time required to reach fatigue at constant swimming speeds

based on a percentage of the group mean critical swimming speed (U;;). A power function is fitted to those treatment groups

where all the fish fatigued (y = 101.18x7%%6, R? = 0.974); data are means = SE. (B) Fatigue time of individual fish swimming at

constant speed derived from a percentage of the group mean U,; when expressed as their relative swimming speeds (body

lengths s71). Different colours correspond to a percentage of U.;. Swim tests were stopped after 72 h in those cases where fish
did not become fatigued; therefore, values do not represent a threshold

1.25 and 1.36 h, respectively. In the 95 and 90 % U,
groups, the mean fatigue times were 4.37 + 0.20 and
12.3 £ 4.3 h, and the best swimmers were able to
endure 19.5 and 38.9 h, respectively. At the lowest
test speeds of 85 and 80% U,;;, no fish became fa-
tigued within the first 24 h. Moreover, 9 out of 10 fish
in the 80 % U, group and 6 out of 10 fish in the 85%
U.iit group endured 72 h of constant swimming with-
out reaching fatigue. Here, the worst swimmers
fatigued after 30.1 h in the 85 % U, group and after
67 h in the 80 % U, group.

In Fig. 2B, the fatigue time of each fish is shown as
a function of their corresponding relative swimming
speed (body lengths s7!) in the sustained swim trials.
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Fig. 3. Mean (+SE) categorized fatigue times of Atlantic

salmon. Fish are divided into 3 groups based on their fatigue

times, with n = 29 for the <2 h group, n = 16 for the 2-72 h

group and n = 15 for the >72 h group. Different letters indi-

cate significant differences (p < 0.05) in relative swimming
speed between groups

There was minimal overlap in relative swimming
speeds between fish that endured the entire trial and
fish that fatigued within the first few hours, with a
notable divide at ~2.3 body lengths s~'. Hence, all
fish that fatigued early were swimming above 2.3
body lengths s7!, while fish that endured 72 h were
swimming at or below 2.3 body lengths s™! (Fig. 2B).
Furthermore, by categorizing the fish into 3 groups
based on their fatigue times, significant differences
in relative swimming speeds were found between
fish that endured less than 2 h (2.66 + 0.04 body
lengths s71), between 2 and 72 h (2.50 + 0.06 body
lengths s7!), and above 72 h (2.23 + 0.02 body lengths
s7!) (ANOVA, df = 59, p < 0.001) (Fig. 3).

4. DISCUSSION
4.1. Limit of sustained swimming

The limit of sustained swimming in Atlantic salmon
has been estimated to be 80-85% of the U,y as
inferred from the point of transition between strictly
aerobic to a mixture of aerobic and anaerobic metab-
olism (Beddow & McKinley 1999, Hvas & Oppedal
2017). However, to our knowledge, whether such
high-intensity aerobic swimming eventually results
in fatigue has not been previously investigated. In
the present study, we found that Atlantic salmon post
smolts swimming close to their aerobic limit were
able to sustain continuous swimming for more than
72 h without becoming fatigued, while fish swim-
ming above the aerobic limit (e.g. >85% U.) all
reached fatigue, generally within the first few hours
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and more rapidly at the higher test speeds. Hence,
there appears to be a fine line between sustained and
unsustained swimming, here exemplified as ~2.3
body lengths s~!, where below this limit swimming
can be maintained for very long periods.

Fatigue in fixed velocity tests is thought to be
caused by substrate depletion rather than the failure
to supply energy at a sufficient rate while maintain-
ing homeostasis (Jones 1982). However, surprisingly,
72 h at 80 or 85% U, did not trigger this effect in
most of the fish tested. This demonstrates an impres-
sive capacity for endurance swimming in farmed
Atlantic salmon and shows that previous estimates of
the transition to partly anaerobic metabolism provide
good proxies for sustained swimming limits on longer
timescales than previously assessed.

A fish swimming near its aerobic limit for several
days, as in the present study, will need to feed at
some point. Ingestion and digestion of food imposes
an additional metabolic burden and alters systemic
blood flow distribution, which also may impair swim-
ming performance (Randall & Daxboeck 1982, Alsop
& Wood 1997, Farrell et al. 2001). In theory, feeding
during swimming near the aerobic limit will push the
fish into the anaerobic zone and fish therefore cannot
swim indefinitely at this speed. Hence, a definition
of sustained swimming that also allows fish to feed
and grow while swimming at their upper limit should
also be considered when assessing sustained swim-
ming limits at very long timescales (e.g. weeks). In
Atlantic salmon, such thresholds would likely be
above the minimum CoT (~60% U.;), where addi-
tional aerobic capacity remains to support the meta-
bolic costs of feeding, but below the transition to
partly anaerobic swimming (80-85% U,y), where
the entire aerobic capacity is permanently ex-
hausted.

Considering the treatment groups tested above the
aerobic limit (i.e. 90, 95, 100, and 105% U.y), an
interesting pattern emerged where the average time
to fatigue decreased exponentially as the test speed
increased. This neatly reflects the energetics of swim-
ming. For instance, MO, increases approximately
exponentially, or theoretically more precisely as a
power function, with increasing swimming speed
until the maximum aerobic metabolic rate is reached
(Norin & Clark 2016). This is due to hydrodynamics,
as drag forces increase in proportion to the square of
the speed, and the power required to overcome drag
thus increases with the cube of the speed (Webb
1975, Videler 1993). It therefore becomes energeti-
cally expensive to further increase swimming efforts.
Moreover, if the maximum aerobic metabolic rate

has already been reached, additional energy needs
to be supplied anaerobically, meaning that the an-
aerobic burden rapidly accumulates with modest fur-
ther increases in swimming speeds. In the present
study, this explains why time to fatigue drastically
decreased as test speeds increased in those treat-
ment groups where anaerobic metabolism was
required to support swimming efforts.

4.2. Implications for exposed aquaculture

Our assessment of sustained swimming limits of
fish in fixed velocity tests for up to 72 h is substan-
tially longer than any previous work on salmonids
that we are aware of. The interest in swimming limits
at longer timescales has emerged only recently with
the trend towards exposed offshore salmon aquacul-
ture (Bjelland et al. 2015, Hvas et al. 2021a). In these
harsher farm environments, prolonged periods of
inescapably fast water currents may occur and
become a serious fish welfare concern (Remen et al.
2016). Furthermore, knowledge of swimming capac-
ities at different timescales is required when evaluat-
ing ocean data from site surveys for potential new
farm sites (e.g. Jonsdottir et al. 2019). However, for
wild fish, as well as farmed fish in conventional aqua-
culture settings, such extended test durations are
probably of limited relevance since these fish can
generally choose their preferred swimming speed.

In earlier work on fish subjected to swim trials that
lasted for days or weeks, the focus was primarily on
growth performance and not swimming capacity
(Christiansen & Jobling 1990, Brown et al. 2011, Cas-
tro et al. 2011, Palstra et al. 2015, Solstorm et al.
2015). The highest swimming speeds investigated
have therefore only been of moderate intensity and
typically below the minimum CoT. An underlying
assumption in these studies has been that exercise
regimes may enhance growth and provide health
benefits, and such positive effects have indeed often
been reported in several finfish aquaculture species
(reviewed by McKenzie et al. 2021).

However, above a certain threshold, the growth
performance will decrease owing to the energetic
burden of continuous swimming (Farrell et al. 1991,
Solstorm et al. 2015). Specifically, Atlantic salmon
post smolts maintained in raceways for 6 wk and
constant swimming speeds of 1.5 body lengths s7!
showed reduced growth rates compared to fish at
lower speeds (Solstorm et al. 2015). Here, it is impor-
tant to consider scaling effects when interpreting
swimming speeds reported in body lengths s7!, as the
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relative swimming capacity of fish decreases with
size (Brett 1965, Hvas et al. 2018). Hence, Solstorm et
al. (2015) tested smaller fish starting at 98.6 g and
22.3 cm, and the minimum CoT of similar-sized
Atlantic salmon was determined to be 2 body lengths
s7! (Oldham et al. 2019), while the minimum CoT of
substantially larger fish was 1.67 body lengths s~! in
the present study. Interestingly, the test speed of 1.5
body lengths s~! used by Solstorm et al. (2015) was
most likely below the minimum CoT, yet growth was
mildly impaired. In contrast, a recent study found
improved growth when Atlantic salmon with initial
sizes of 83 g and 19.3 cm were kept at 2.5 body
lengths s! over a 3 mo period when compared to
lower speeds (Timmerhaus et al. 2021). Considering
that this treatment was likely higher than the speed
for minimum CoT, and more so in the latter part of
the experiment owing to scaling effects, this result
was surprising. However, while growth improved,
fish welfare decreased, as indicated by inflamed
muscle fibres, gill lesions and fin damage, thus it can
be misleading to only focus on growth performance
when defining minimum environmental conditions
(Timmerhaus et al. 2021). Nevertheless, considering
the extended definition of sustained swimming dis-
cussed above, life can be sustained at and slightly
above the speed for minimum CoT. However, such
conditions will not be ideal from an aquaculture pro-
duction perspective owing to the risk of reduced pro-
duction performance and various negative welfare
impacts (Solstorm et al. 2015, Timmerhaus et al.
2021) Moreover, it will likely also become difficult to
administer feed efficiently in sea cages if currents
remain rough and horizontal fish distribution
becomes skewed (Johansson et al. 2014).

Regarding welfare guidelines for exposed aquacul-
ture, the present work adds novel temporal insights
into the endurance swimming capacities of farmed
Atlantic salmon. Most importantly, periods of persist-
ent strong water currents that do not exceed the aer-
obic swimming limit should be endurable by the fish
until calmer conditions resume. However, current
speeds approaching the U.; will likely result in
fatigue within minutes or hours.

Another factor to consider when interpreting wel-
fare guidelines derived from small-scale laboratory
swim trials is that Atlantic salmon in commercial sea
cages form massive schooling structures where
notable current damping occurs within the cage and
downstream (Johansson et al. 2007, 2014, Gansel et
al. 2014, Klebert & Su 2020). Individual fish could
theoretically switch position to the rear end of the
group if swimming requirements upfront become too

strenuous. However, it is presently unclear whether
farmed Atlantic salmon can exploit positional bene-
fits during group swimming. Hence, individual vari-
ation in positioning within schools and their relation
to swimming efforts in exposed sea cages would be a
highly relevant topic in future studies.

In addition to scaling with fish size, the swimming
abilities of Atlantic salmon are also modulated by a
range of environmental and health-related factors
such as water temperature, hypoxia, and parasites
(Bui et al. 2016, Hvas et al. 2017b,c, Oldham et al.
2019). For instance, the present study was performed
at 12°C, which is close to the optimal range for swim-
ming performance in Atlantic salmon (Hvas et al.
2017b); moreover, the fish were in excellent health
because they were maintained in a controlled labo-
ratory environment with a sterilized water supply.
Hence, the swimming limits reported here may over-
estimate the capabilities of Atlantic salmon in com-
mercial sea cages that are subject to less optimal con-
ditions and prevailing diseases and parasites.

For management purposes at exposed farm sites,
camera observations of fish behaviours can provide
good indicators of real-time swimming status in the
ambient environment e.g. though recordings of
swimming speeds (provided ambient currents are
corrected for), tail beat frequency and overall group
cohesion (Johannesen et al. 2020). Tail beat fre-
quency is particularly easy to observe from video
recordings and has been found to correlate strongly
with both swimming speeds and metabolic rates
(Steinhausen et al. 2005, Hvas et al. 2021b). Hence,
based on results from the present study, a tail beat
frequency of 3.2 beats s™! would suggest that the fish
are swimming at their maximum sustained limit,
while 2.5 beats s™! corresponds to the optimum CoT,
and less than 2 beats s™! signifies low swimming
efforts that do not warrant concerns at any timescale.
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