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The effect of thermal acclimation on aerobic scope and critical
swimming speed in Atlantic salmon, Salmo salar
Malthe Hvas1,*, Ole Folkedal1, Albert Imsland2,3 and Frode Oppedal1

ABSTRACT
The Atlantic salmon is extensively studied owing to conservation
concerns and its economic importance in aquaculture. However, a
thorough report of their aerobic capacity throughout their entire
thermal niche has not been described. In this study, Atlantic salmon
(∼450 g) were acclimated for 4 weeks at 3, 8, 13, 18 or 23°C, and then
tested in a large Brett-type swimming respirometer in groups of 10 per
trial. Both standardmetabolic rate and activemetabolic rate continued
to increase with temperature, which resulted in an aerobic scope that
also increased with temperature, but was statistically similar between
13, 18 and 23°C. The critical swimming speed peaked at 18°C
(93.1±1.2 cm s−1), and decreased significantly at the extreme
temperatures to 74.8±0.5 and 84.8±1.6 cm s−1 at 3 and 23°C,
respectively. At 23°C, the accumulated mortality reached 20% over
4 weeks, while no fish died during acclimation at colder temperatures.
Furthermore, fish at 23°C had poor appetite and lower condition factor
despite still having a high aerobic scope, suggesting that oxygen
uptake was not the limiting factor in the upper thermal niche
boundary. In conclusion, Atlantic salmon were able to maintain a
high aerobic capacity and good swimming capabilities throughout the
entire thermal interval tested, thus demonstrating a high level of
flexibility in respiratory capacity towards different temperature
exposures.
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INTRODUCTION
Nearly all species of fish are poikilothermic animals and therefore
must copewith environmentally induced fluctuations in temperature
of various magnitudes (Nelson, 2016). Because temperature affects
the rate of physiological processes, fish have a preferred thermal
window in which they can function optimally, which is highly
dependent on species-specific adaptations (Scholander et al., 1953;
Fry, 1958; Beamish, 1981). Species from environments in which
temperature is nearly constant all year, such as in arctic regions and
tropical coral reefs, may only tolerate a very narrow range of
temperatures (Somero and DeVries, 1967; Nilsson et al., 2009),
whereas fish from more variable environments have broader and
more flexible thermal windows (Fry and Hart, 1948; Claireaux
et al., 2006; Norin et al., 2014). Flexibility in thermal tolerance is
partly due to the capacity for acclimation, which typically occurs
within days or weeks (Hazel and Prosser, 1974). Among other

factors, acclimation involves a range of biochemical changes in
enzyme functioning, alterations in the composition of membrane
lipids and adjustments of haematological parameters (Roots, 1968;
Houston and DeWilde, 1968, 1969; Somero and Hochachka, 1971).

Atlantic salmon (Salmo salar Linnaeus 1758) naturally reside
in the Atlantic Ocean and adjacent river systems from Svalbard at
78°N to Northern Spain at 42–43°N (Jensen et al., 2014; Horreo
et al., 2011). Within this geographical area, Atlantic salmon
encounter seawater temperatures down to 0–3°C in the far north
(Reddin, 1985; Lacroix, 2013) and above 20°C during river
migration in the south (Valiente et al., 2004). Local populations
have distinct genetic identities, which may aid in their adaptation to
the wide range of habitats in which they are found (Bourret et al.,
2013; Jensen et al., 2014). However, genotypic differences
appear negligible when evaluating cardiac function at different
temperatures, where Atlantic salmon show a remarkable ability to
improve cardiac performance through thermal acclimation regardless
of genetic origin (Anttila et al., 2014). This suggests that an Atlantic
salmon primarily relies on phenotypic plasticity when it encounters
different thermal environments throughout its natural distribution.

A widely used concept for the assessment of whole-animal
performance is the scope for activity, coined by Fry (1947) as the
aerobic scope (AS), which is the difference between the standard
metabolic rate (SMR) and the active metabolic rate (AMR). SMR
represents the minimum resting metabolic state, while AMR is the
maximum rate of aerobic metabolism. The AS thereby provides a
quantification of oxygen available for fitness related traits such
as growth, foraging, locomotion and fecundity (Priede, 1985;
Claireaux and Lefrancois, 2007).

Metabolism is greatly influenced by temperature, where SMR
increases inexorably from acceleration of all biochemical processes,
whilst AMR tends to either reach a plateau or decrease at higher
temperatures dictated by the maximal capacity of the cardio-
respiratory system. Consequently, the scope for activity exhibits a
thermal optimum (Fry and Hart, 1948; Brett, 1971; Eliason and
Farrell, 2016). The temperature at which AS is maximized is
associated with optimum growth (Brett, 1971; Claireaux et al.,
2000; Mallekh and Lagarder̀e, 2002; Khan et al., 2014) and the
highest critical swimming speed (Ucrit) in incremental swim speed
protocols, which also coincides with maximum cardiac function
(Brett, 1965; Farrell, 2002). Furthermore, fish populations are
expected to occupy habitats where AS is high (Pörtner and Peck,
2010; Asbury and Angilletta, 2010).

AS may thereby provide an indication of how well a species of
fish is coping in a given environment. However, some studies have
found discrepancies in this assumption where growth optima did not
correlate with the highest AS (Gräns et al., 2014), and where AS
continued to increase up to near-lethal temperatures, while the
fish behaviourally preferred colder waters (Norin et al., 2014).
Furthermore, a recent review found that fish species do not always
have a clear thermal optimum in AS (Lefevre, 2016).Received 25 November 2016; Accepted 10 May 2017
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Atlantic salmon are an extensively studied species because of
their economic importance in aquaculture and for conservation
concerns from declining natural populations (e.g. Horreo et al.,
2011; Bourret et al., 2013). To complete their anadromous life
cycle, Atlantic salmon undoubtedly need to function at a wide
range of temperatures, and appear to possess an impressive
phenotypic plasticity in response to thermal acclimation (Anttila
et al., 2014). However, a thorough description of the aerobic
capacity and swimming performance throughout their thermal
niche is lacking.
The aim of the present study was therefore to quantify the scope

for activity by measuring AMR and SMR, while also obtainingUcrit

and monitoring swimming behaviour, at five different acclimation
temperatures from 3 to 23°C. This was achieved by performing
swim tunnel respirometry, where oxygen uptake provides an
indirect measure of aerobic metabolism. It was hypothesized that
Atlantic salmon would be able to maintain a high scope for activity
and therefore also a highUcrit in a wide thermal interval, wherein the
optimum temperature for these parameters should correspond with
the optimum growth of post-smolts at 13°C (Handeland et al., 2003,
2008).

MATERIALS AND METHODS
Animals and environmental monitoring
Atlantic salmon post-smolts (Aquagen, Norway) were held in
the Tank Environmental Laboratory at the Institute of Marine
Research, Matre, Norway, in indoor large circular tanks (3 m
diameter, 5.3 m3) with a water flow of 120 litres min−1 in full-
strength seawater (34‰) under a natural photoperiod. The fish
were fed standard commercial feed (Nutra, 3 mm pellet size,
Skretting, Norway) in excess through automatic feeding devices
from 10:00 to 14:00 h each day. The temperature in the holding
tanks was continuously monitored and kept within ±0.1°C by
custom software at the research facility. Dissolved oxygen was
also monitored, and was not allowed to fall below 85% saturation.
To achieve this at the highest acclimation temperatures during
daytime, it was necessary to add an inlet of hyperoxic water. All
experiments were performed in accordance with the Norwegian
laws and regulations for procedures and experiments on live
animals under permit number 9776.

Swim tunnel setup
A thorough description of the large Brett-type swim tunnel
respirometer used for the experiments is provided in Remen et al.
(2016). The main specifications of the swim respirometer are briefly
summarized as follows. The swim section of the tunnel had an
internal diameter of 36 cm and was 248 cm long, which provided a
volume of 252 litres. The volume of the entire swim tunnel system
was 1905 litres. Water currents were generated by a motor-driven
propeller (Flygt 4630, 11° propeller blade, Xylem Water Solutions

Norge AS, Nesttun, Norway), and the propeller speed (rpm) was
controlled with a frequency converter (ITTMonitoring and Control,
Norway). To determine the relationship between propeller speed
and the water current velocity, an acoustic Doppler velocimeter
(Vectrino Lab Velocimeter, Nortek AS, Rud, Norway) was
mounted at the rear of the swim section. Water was added into the
tunnel opposite of the swim section through an adjustable inlet that
drew from the same reservoir used for the holding tanks, where
temperature was tightly regulated. The maximum flow capacity into
the tunnel was ∼280 litres min−1, which was more than enough for
rapid flushing of the setup, to restore oxygen levels and to maintain
constant temperatures during swim trials. A camera was placed at
the rear of the swim section to monitor the fish without disturbing
them. An oxygen sensor was deployed adjacent to the camera
(RINKO ARO-FT, JFE Advanced Co., Japan), which was
connected to a computer where measurements were logged every
2 s (MiniSoft SD200W, SAIV A/S Environmental Sensors &
Systems, Norway). Fatigued fish were easily removed from the
tunnel at the rear where the top opening could be partially removed.

The main advantage of using a relatively large swim tunnel
setup is that underestimations of Ucrit are avoided, since fish are
freely able to change between steady and burst and glide
swimming gaits (e.g. Tudorache et al., 2007; Deslauriers and
Kieffer, 2011; Remen et al., 2016). However, to obtain reliable
oxygen consumption rate (ṀO2

) measurements within a reasonable
time in this setup, groups of fish had to be tested simultaneously to
reduce the ratio between biomass and volume, which means that
measurements represent a group average. Because the mass-
specific ṀO2

decreases with size, it is imperative to use fish within
the same size class.

The fish used in the experiments had a cross-sectional area of
∼30 cm2, meaning that more than three fish would have to overlap
to exceed 10% of the cross-sectional area of the swim tunnel, which
was 1017 cm2. Generally, the fish were evenly spread out in the
swim section during swim trials and would not overlap for long
periods. Exceptions were at the lowest speed initially, and
infrequently when individuals fatigued simultaneously at the
highest speeds. Therefore, the effect of solid blocking was not
corrected for here (Bell and Terhune, 1970; Plaut, 2001). Because
groups of fish were tested simultaneously in this setup, it is likely
that individuals experienced either slightly higher or lower current
velocities depending on their relative position in the swim tunnel,
owing to hydrodynamic interaction with other fish and the tunnel
itself. However, the set current speed should still be representative
for the actual current speeds experienced by the fish and therefore
sufficient for the purpose of this study.

Experimental protocols
Acclimation procedures and swim tunnel respirometry were
conducted between June and September 2016. Prior to swim
trials, the fish had been acclimated for a minimum of 4 weeks to 3,
8, 13, 18 or 23°C. When targeting 3 and 23°C, the fish had
previously been exposed to 8 and 18°C, respectively, for 4 weeks
to better accommodate the transition to these more extreme
temperatures. Groups of 10 fish were used in each swim trial, and
six replicate trials were conducted for each of the five temperature
groups.

In the afternoon, random fish were gently netted and transferred
to the swim tunnel. Because the swim tunnel was situated in the
same room as the holding tanks, movement only took a few
seconds, which presumably minimised handling stress. The fish
were left to acclimate in the tunnel overnight at 15 cm s−1

List of symbols and abbreviations
AMR active metabolic rate
AS aerobic scope
COT cost of transport
FAS factorial aerobic scope
ṀO2

oxygen consumption rate
Q10 temperature coefficient
SMR standard metabolic rate
Ucrit critical swimming speed
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(∼0.45 body lengths s−1) with moderate flushing to maintain
temperature and oxygen levels.
Swim trials commenced the following day. Current velocity was

increased incrementally by 15 cm s−1 every 30 min until all fish
reached fatigue. Fatigue was defined as when fish no longer were
able to remove themselves from the rear grid, even with human
tactile stimulation. The time was noted, and then fatigued fish were
quickly removed from the tunnel and euthanized with a blow to the
head. Fork length (Lf ) and mass were measured for every individual
after removal from the tunnel.
To measure oxygen uptake, the swim tunnel system was kept

closed for the first 20 min of each increment interval and
subsequently flushed for the remaining 10 min, to re-establish
oxygen levels for the following increment speed. Oxygen was not
allowed to fall below 85% saturation during closed periods. To
accomplish this at 23°C during high current velocities, the closed
period was occasionally reduced to 15 min. Furthermore, because
10 fish were tested simultaneously, the period of oxygen
measurement was sometimes shortened when the first fish started
to fatigue and thus had to be removed from the tunnel. Because this
only occurred at the highest velocities, it was still possible to obtain
a good trace of oxygen consumption in these reduced measurement
intervals. If six or more fish remained at the onset of the next
increment speed, oxygen measurements were continued.With fewer
fish it became increasingly more difficult to obtain a proper trace
within reasonable time because of the large volume of the
experimental setup relative to fish biomass. However, the fish
generally reached fatigue within one increment interval, so final
ṀO2

measurements represented the majority of the fish, while the
best swimmers in each trial were already near fatigue when reliable
oxygen measurements were no longer possible. No noteworthy
background oxygen consumption from bacterial respiration was
detected after swim protocols.
Tail-beat frequency was measured in three randomly selected fish

at each current velocity by counting 100 tail beats with a stopwatch,
and changes from steady to burst and glide swimming as the current
speed increased were recorded.

Calculations
For each closed period in the swim trials, a linear regression was
fitted to the decrease in oxygen concentration as a function of time.
The slope was then used to calculate the mass-specific ṀO2

of the
fish at the given swimming speed:

_MO2
¼

DO2

Dt
ðVsys � VbÞ
Mb

; ð1Þ

where ΔO2/Δt is the change in oxygen over time, Vsys is the volume
of the system, and Vb and Mb are the volume and mass of the fish,
respectively, where a density of 1 kg l−1 is assumed. SMR was
calculated by exponentially fitting ṀO2

as a function of swimming
speed and extrapolating back to zero swimming speed (Brett, 1964;
Beamish, 1978). Theoretically, oxygen consumption should
increase exponentially with swimming speed (Beamish, 1978).
However, because the anaerobic component becomes more
substantial at high current velocities when the fish approaches its
maximum oxygen uptake, the curve tended to reach a plateau in the
present study. The final one or two measurements were therefore
omitted from the SMR calculation because they skewed the curve
and caused a substantial reduction to the R2 of the fit. A similar
plateauing in ṀO2

prior toUcrit has also been seen in other salmonids

with high anaerobic capacities (Lee et al., 2003). AMR was defined
as the highest ṀO2

measured which coincided with the current
velocity where the majority of the fish reached fatigue. Because
ṀO2

was not measured in the few fish that required one more
velocity increment to fatigue than the majority, AMR may have
been slightly underestimated for the best swimmers. However, a
plateau in ṀO2

was observed between the highest speeds where
some fish had been removed in between, indicating that the reported
AMR is representative for all the fish.

Ucrit was calculated according to Brett (1964):

Ucrit ¼ Uf þ tfUi

ti
; ð2Þ

where Uf is the last completed current velocity, tf is the time spent
at the current velocity where fatigue was reached, ti is the time
spent at each velocity and Ui is the magnitude of the velocity
increment.

To assess swimming efficiency, the gross and net cost of transport
(COT) was calculated for each swimming speed as the energy
required to travel 1 km. ṀO2

was converted to joules using an
oxycalorific coefficient of 14.2 J mg−1 O2 (Videler, 1993;
Ohlberger et al., 2006), and then divided by the swimming speed.
Only swimming intensities that were considered primarily
aerobically fuelled were included in these calculations. The
minimum COT was estimated as the minimum of a parabola fitted
to the gross COT as a function of swimming speed for each
acclimation temperature.

Statistical analyses
Differences in ṀO2

between groups were tested with a one-way
ANOVA (Sigmaplot 12.3, Systat Software), while a nested two-way
ANOVA (Statistica 13.0, Quest Software) was used when
measurements for individual fish were available (Ucrit and size
parameters). A Tukey’s post hoc test was used to determine which
groups differed, while the Shapiro–Wilk test and Levene’s mean test
were used to confirm normality and equal variance in the data,
respectively. P-values below 0.05 were considered significant. All
data are presented as means±s.e.m.

RESULTS
The fish used in the swim trials were within a similar size range
between acclimation groups (Table 1). However, the fish at 3 and
8°C were significantly heavier compared with 13 and 18°C because
these trials were carried out 1 month later. Even though trials at
23°C were conducted between the trials at 3 and 8°C, these fish had
a significantly lower mass, but similar fork length which resulted in
a poor condition factor for this group (Table 1). During the
acclimation at 23°C, the fish fed normally in the first week, but in
the latter period appetite declined. This coincided with increased
mortality where 20% had perished after four weeks of acclimation

Table 1. Mass, fork length and condition factor for Atlantic salmon used
in the swim trials at different acclimation temperatures (N=60)

Temperature (°C) Mass (g) Fork length (cm) Condition factor

3 479±18a 35.8±0.5a,b 1.02±0.01a

8 491±19a 36.9±0.5a 0.95±0.01b

13 437±16a,b 35.1±0.4b,c 0.98±0.01a,b

18 408±16b 34.0±0.4c 1.01±0.01a

23 413±13b 36.0±0.4ab 0.87±0.01c

Statistical differences between groups are indicated by superscript letters
(Tukey post hoc test, P<0.05). Data are means±s.e.m.
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(Fig. 1). At the other temperatures, no fish died except for a
small number initially due to side wounds obtained during the
transportation from the rearing facilities to the acclimation tanks
several weeks before acclimation protocols were initiated.

Oxygen consumption and aerobic scope
SMRincreased steadilywith temperature from44±5 mg O2kg

−1 h−1 at
3°C to 231±5 mg O2 kg

−1 h−1 at 23°C, corresponding to aQ10 of 2.2.
Themagnitude of theQ10 effect was greatest at the lower temperatures,
e.g. 3.1 from 3 to 13°C comparedwith 1.6 from 13 to 23°C. SMR at all
five temperatureswere significantly different fromeach other (Fig. 2A).
AMRcontinued to increase continually to 23°C,with themagnitude of
change being greatest from 3 to 13°C (Fig. 2A).

The highest AS (AMR–SMR) was measured at 23°C, where
it was 421±12 compared with only 212±7 mg O2 kg−1 h−1 at
3°C. However, AS was not significantly different between 13, 18
and 23°C (Fig. 2C). The factorial AS (AMR/SMR) decreased
throughout the entire temperature interval from 5.74±0.33 at 3°C
down to 2.95±0.12 at 23°C, where a significant difference was
found from 3 to 8°C and at every two temperature increments
thereafter (Fig. 2C).

An overview of the oxygen uptake rate as a function of swimming
speed at different temperatures, including total remaining fish at the
highest velocities, is shown in Fig. 3A. Each temperature has a
distinct curve owing to differences in SMR and AMR. Oxygen
consumption increased with swimming speed until a certain
temperature-dependent point where the curve flattens out. When
this occurs, continued swimming is not sustainable for long owing to
an increasingly greater reliance on anaerobic metabolism to meet
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energy requirements. Furthermore, the plateauing in ṀO2
was reached

when nearly all the fish still remained in the setup, suggesting that the
derived AMR is a representative average for the entire group.

Swimming performance
Ucrit increased significantly from 74.8±0.6 cm s−1 at 3°C to
statistically similar peak values of 91.3±0.4 and 93.1±1.2 cm s−1 at
13 and 18°C, respectively. At 23°C, Ucrit had decreased significantly
to a similar value as found at 8°C (84.9±1.6 and 84.7±0.4 cm s−1,
respectively) (Fig. 2B). Ucrit expressed as body lengths s−1 showed a
similar pattern (data not shown).
The tail-beat frequency appeared to be independent of

temperature at low and moderate swimming speeds (Fig. 3B).
However, at the colder temperatures, the highest attainable tail-beat
frequency was impaired, which was most apparent at 3°C, with a
peak of 2.78±0.04 tail beats s−1 when swimming at 75 cm s−1. In
comparison, at 18°C, the fish reached a tail-beat frequency of 3.24±
0.07 tail beats s−1 when swimming at the same speed. Generally,
burst and glide swimming was first observed sporadically at
60 cm s−1, and became gradually more pronounced and frequent at
higher speeds. Gait transition took place earlier at 3°C (45 cm s−1),
which in conjunction with the curves for tail-beat frequency and
ṀO2

from this group (Fig. 3B and A, respectively) indicates that they
became aerobically challenged at lower speeds compared with the
other groups, and hence the lower Ucrit (Fig. 2B). Gross COT had a

distinct curve for each acclimation temperature, where the calculated
minimum COT was 40, 45, 58, 61 and 59 cm s−1 at 3, 8, 13, 18 and
23°C, respectively (Fig. 3C). At intermediate and high swimming
speeds, net COT was similar between the 8, 13 and 18°C groups,
while the 23°C group had a higher net COT from 45 to 75 cm s−1,
and the 3°C group had a lower net COT from 30 to 60 cm s−1

compared with the other groups (Fig. 3D).

DISCUSSION
High aerobic capacity throughout the entire thermal niche
Although the pattern of oxygen consumption in Atlantic salmon
changed dramatically with temperature, the resulting scope for
activity generally remained fairly conserved with statistical
similarities from 13 to 23°C, and a reduction by 32% at 8°C
compared with the peak at 23°C (Fig. 2C). Similarly, the swimming
performance expressed as Ucrit also remained high throughout the
exposed temperatures.

A drastic impairment in swimming capability and AMR was
only measured at 3°C, where an earlier gait transition to burst
and glide swimming suggested that the salmon became
anaerobic at lower swimming speeds. In support of this, colder
temperatures reduce the maximum velocity of shortening of red
muscle fibres and their power production in fish, and as a
consequence, white muscles are recruited earlier (Rome, 1990;
Rome et al., 1992).
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Cold acclimation also increases red muscle mass in temperate
fish, which improves stride length, and thereby reduces the required
tail-beat frequency compared with warm-acclimated fish swimming
at similar speeds (Sisson and Sidell, 1987; Sidell and Moerland,
1989; Taylor et al., 1996). It is possible that relatively higher
tail-beat amplitudes compensated for the observed lower tail-beat
frequencies at 3°C in Atlantic salmon. However, amplitude was not
measured in this study. The observed reduction in maximum tail-
beat frequency at 3°C could therefore indicate that cold acclimation
also increases red muscle mass in Atlantic salmon. Thus, while the
maximum swimming capacity is reduced, the energetics of slow or
moderate swimming is improved, as illustrated by a reduced net
COT compared with the other acclimation groups. Furthermore, the
lowered SMR improves the cumulative COT, which may be another
important advantage in colder waters (Hoar and Randall, 1978).
Reverse seasonal acclimation has been found to reduce Ucrit in

brown trout (Salmo trutta) (Day and Butler, 2005). This indicates
that Ucrit may have been underestimated at 3 and 8°C in Atlantic
salmon because this experiment was performed during the summer
months in a simulated natural photoperiod. The seasonal variation
in swimming capacity for Atlantic salmon could therefore be even
smaller than suggested by the present study.
Regardless, the aerobic capacity appears to remain adequate in

the entire thermal niche, illustrating a high flexibility to changing
environmental conditions for this eurythermal species.

Physiological limitations at high temperatures
When Atlantic salmon were kept at 23°C, their appetite gradually
became more reduced, which resulted in a poor condition factor for
fish tested in the swim trials. More importantly, a cumulative
mortality of 20% in the holding tanks occurred, primarily over the
last 2 weeks of the 4-week acclimation period. If they were
struggling with meeting their oxygen requirements at 23°C, an overt
increase in gill ventilation or even the onset of ram ventilation
should be apparent, as seen in triploid Atlantic salmon during
moderate hypoxia at 19°C (Hansen et al., 2015). However, this was
not observed here, and oxygen saturation in the holding tanks was
always kept above 85%. Furthermore, the high AS found in the
swim tunnel trials strongly suggests that their routine oxygen
requirements were satisfied.
A possible explanation for the high mortality rate could instead

be hyperactivity initiated as a form of escape behaviour after
prolonged exposure in a suboptimal thermal environment. Delayed
death from strenuous activities is a well-documented phenomenon
in fish that is associated with high lactate levels and a high
intracellular acidosis (Black, 1958; Wood et al., 1983).
Furthermore, cortisol was likely elevated during these stressful
conditions, and lactate recovery is slower in the presence of
cortisol (Pagnotta et al., 1994).
Reduced growth and lower condition factor at high temperatures

has previously been documented in Atlantic salmon (Kullgren et al.,
2013; Hevrøy et al., 2015). In particular, decreased food intake
and lowered feed conversion efficiency in fish acclimated to 18°C
compared with 12°C was found to be associated with elevated
plasma levels of growth hormone and leptin, while several
metabolites in energy metabolism were reduced at 18°C (Kullgren
et al., 2013). These authors therefore concluded that impaired
growth and appetite at higher temperatures was caused by the
anorexigenic function of leptin in conjunction with changes in
growth hormone endocrinology (Kullgren et al., 2013).
Higher temperatures increases metabolic rates and the overall

maintenance costs of preserving homeostasis, and growth is

impaired if these are not compensated for by an increased feed
intake, as seen in rainbow trout (Morgan et al., 2001). If the
available AS is reduced at higher temperatures, the relative energetic
cost of feeding and growing may be too high. Reduced appetite
could therefore also be behaviourally driven to avoid anaerobic
metabolism, as suggested by the reduced feed intake in Atlantic cod
(Gadus morhua) under conditions with low AS (Claireaux et al.,
2000). However, in the present study, the AS was not reduced at
23°C in Atlantic salmon; on the contrary, it was higher here than at
any other temperature investigated, although statistically similar to
values at both 13 and 18°C. The inevitable increase in SMR was
accompanied by a similar increase in AMR, which demonstrates
that Atlantic salmon are well equipped to meet their oxygen
requirements well above temperatures at which growth and appetite
decline. This suggests that Atlantic salmon have evolved to cope
with extremely high temperatures relative to their preferred thermal
niche for periods of time (days), which should be adequate to
spatially deal with the problem by searching for lower temperatures
or withstanding the duration of exposure, e.g. during river
migrations in the summer.

Ucrit in Atlantic salmon was lower at 23°C compared with 13 and
18°C, despite similar AS. Assuming an increased tendency for
hyperactivity as previously discussed, fish at 23°Cwere perhaps in a
state of metabolic recovery during the swim trials, which may
have reduced their swimming efficiency and peak performance,
considering that AMR was not compromised. This was further
supported by a higher net COT, indicating that swimming at 23°C
was relatively more costly. Similarly, in warm-acclimated rainbow
trout, the repeated swimming performance was found to be reduced
because exercise recovery was slower compared with colder
acclimated fish (Jain and Farrell, 2003). Therefore, this may
partially explain a lower Ucrit at 23°C. However, the poor condition
factor and apparent lack of appetite during the acclimation period
are also likely to have impaired the swimming performance.

The physiological barrier at high temperatures in fish has
widely been ascribed to limitations in sufficient oxygen uptake
and supply to the tissues (Brett, 1971; Farrell, 2002; Pörtner and
Knust, 2007). In Pacific salmonids, AS and cardiac performance
decline when the fish approach their upper incipient lethal
temperature, which is linked to an insufficient myocardial
oxygen supply as returning venous blood to the heart becomes
more depleted during exercise (Farrell, 2002, 2007). In warm-
acclimated Atlantic salmon, the upper incipient lethal temperature
was found to be 27.8°C (Elliott, 1991), which corresponds with
cardiac collapse at 27.5°C (Anttila et al., 2014). In theory, AS
should therefore also collapse at ∼27°C, yet was still preserved at
23°C in the present study.

In barramundi (Lates calcarifer), AS was found to increase up to
near lethal temperatures (Norin et al., 2014), and likewise in
seasonal-acclimated European sea bass (Dicentrarchus labrax)
where AS continued to increase from 7°C to 30°C (Claireaux et al.,
2006), and approached its acute critical temperature at 35°C (Wang
et al., 2014). These patterns in thermal performance also describe
thermally acclimated Atlantic salmon.

Thus, in ecologically relevant settings, oxygen limitation does
not seem to be the proximal factor in defining the upper thermal
niche boundary in this species. To thrive and remain competitive
in environments with chronically elevated temperatures, other
factors concerning hormone balance, stress, behaviour and nerve
functioning to ensure proper growth, appetite and fecundity
therefore appear to be more important in Atlantic salmon and
other species of fish that are able to maintain high AS.
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Thermal optima in Atlantic salmon
Growth in Atlantic salmon post-smolts is maximized at 13°C
(Handeland et al., 2003, 2008), and Ucrit as a measure of swimming
capabilities peaks at 18°C while the AS still is conserved at 23°C
(present study). For the majority of their life cycle post smoltification,
Atlantic salmon will experience temperatures below 8°C (Reddin,
1985; Lacroix, 2013; Jensen et al., 2014), and may even
behaviourally avoid temperatures above 15°C (Johansson et al.,
2009; Lacroix, 2013). Therefore, Atlantic salmon fit the idea of
multiple optimum temperatures for different physiological processes
and life history traits, where it is acknowledged that any factor, in no
hierarchical order, may be limiting in either acute or chronic thermal
challenges (Clark et al., 2013). Similar multiple optimum
temperatures for different traits such as AS, growth and
gonadosomatic index have also been documented in other species
such as pink salmon (Oncorhynchus gorbuscha) (Clark et al., 2011),
killifish (Fundulus heteroclitus) (Healy and Schulte, 2012) and
Atlantic halibut (Hippoglossus hippoglossus) (Gräns et al., 2014).
The scope for activity can be expressed either as an absolute value

(AMR – SMR) or a factor (AMR/SMR). Absolute AS is arguably
more ecologically relevant because it provides a specific value for
the aerobic capacity, and various aerobic tasks will have a specific
oxygen cost, while it also makes for a better comparison between
species and different life stages that may be very different in their
energetics despite having similar factorial scopes (Clark et al., 2013;
Eliason and Farrell, 2016). The absolute AS has therefore been the
focus of this study.
In Atlantic salmon, the factorial AS has an opposing thermal

curve (Fig. 2D), as it decreases with temperature, because the
increase in SMR makes up a greater fraction of the AMR at higher
temperatures. It will therefore lead to different conclusions
regarding optimum temperatures. The factorial AS provides
additional insights into the relative energy allocations and
requirements of a species. A high factorial AS indicates low
maintenance costs as seen in Atlantic salmon during colder
temperatures, which could be an important advantage in energy
savings when food is scarce, during migration or for gonad
development. In contrast, the metabolic costs associated with
feeding and digestion can be two to three times higher than the
SMR, thus a low factorial AS may explain why growth and appetite
are reduced in suboptimal environments (Farrell, 2016). For
Atlantic salmon, a factorial AS of 2.95 at 23°C may therefore
have been too low to support proper digestion and growth while also
accommodating other activities. The absolute and the factorial AS
evidently provide different important insights, and although a recent
review on this topic argued that the absolute AS may be more
informative, ideally both should be reported (Clark et al., 2013).
The hypothesis that AS and Ucrit should be maximized at the

optimum growth rate (13°C) for Atlantic salmon post-smolts was not
confirmed. However, at 13°C, ∼90% of the maximum AS was still
preserved, while Ucrit was not significantly reduced. But given the
fact that Atlantic salmon at sea predominantly occupy colder waters
where AS, swimming capabilities and growth are not maximized,
such experimentally obtained values may have limited ecological
relevance. Ultimately, marine habitats may simply be selected based
on food availability. Furthermore, if prey items in the wild are not
overly abundant in conjunction with the migratory nature of Atlantic
salmon, improved energy efficiency at colder temperatures to reduce
maintenance metabolism and improve COT could be more important
during the majority of the species’ life cycle, while the improved
aerobic capacity and swimming performance at warmer temperatures
is crucial during summer river migration.
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McGinnity, P., Verspoor, E., Bernatchez, L. and Lien, S. (2013). SNP-array
reveals genome-wide patterns of geographical and potential adaptive divergence
across the natural range of Atlantic salmon (Salmo salar).Mol. Ecol. 22, 532-551.

Brett, J. R. (1964). The respiratory metabolism and swimming performance of
young sockeye salmon. J. Fish. Res. Board Can. 21, 1183-1226.

Brett, J. (1965). The relation of size to rate of oxygen consumption and sustained
swimming speed of sockeye salmon (Oncorhynchus nerka). Journal of the
Fisheries Research Board of Canada 22, 1491-1501.

Brett, J. R. (1971). Energetic responses of salmon to temperature. A study of some
thermal relations in the physiology and freshwater ecology of sockeye salmon
(Oncorhynchus nerka). Am. Zool. 11, 99-113.

Claireaux, G. and Lefrancois, C. (2007). Linking environmental variability and fish
performance: integration through the concept of scope for activity. Phil.
Trans. R. Soc. B Biol. Sci. 362, 2031-2041.

Claireaux, G., Webber, D. M., Lagarder̀e, J.-P. and Kerr, S. R. (2000). Influence of
water temperature and oxygenation on the aerobic metabolic scope of Atlantic cod
(Gadus morhua). J. Sea Res. 44, 257-265.

Claireaux, G., Couturier, C. and Groison, A.-L. (2006). Effect of temperature on
maximum swimming speed and cost of transport in juvenile European sea bass
(Dicentrarchus labrax). J. Exp. Biol. 209, 3420-3428.

Clark, T. D., Jeffries, K. M., Hinch, S. G. and Farrell, A. P. (2011). Exceptional
aerobic scope and cardiovascular performance of pink salmon (Oncorhynchus
gorbuscha) may underlie resilience in a warming climate. J. Exp. Biol. 214,
3074-3081.

Clark, T. D., Sandblom, E. and Jutfelt, F. (2013). Aerobic scope measurements of
fishes in an era of climate change: respirometry, relevance and recommendations.
J. Exp. Biol. 216, 2771-2782.

Day, N. and Butler, P. J. (2005). The effects of acclimation to reversed seasonal
temperatures on the swimming performance of adult brown trout Salmo trutta.
J. Exp. Biol. 208, 2683-2692.

Deslauriers, D. and Kieffer, J. D. (2011). The influence of flume length and group
size on swimming performance in shortnose sturgeon Acipenser brevirostrum.
J. Fish Biol. 79, 1146-1155.

Eliason, E. J. and Farrell, A. P. (2016). Oxygen uptake in Pacific salmon
Oncorhynchus spp.: when ecology and physiology meet. J. Fish Biol. 88,
359-388.

Elliott, J. M. (1991). Tolerance and resistance to thermal stress in juvenile Atlantic
salmon, Salmo salar. Freshw. Biol. 25, 61-70.

Farrell, A. P. (2002). Cardiorespiratory performance in salmonids during exercise at
high temperature: insights into cardiovascular design limitations in fishes. Comp.
Biochem. Physiol. A 132, 797-810.

Farrell, A. P. (2007). Cardiorespiratory performance during prolonged swimming
tests with salmonids: a perspective on temperature effects and potential analytical
pitfalls. Philos. Trans. R. Soc. B 362, 2017-2030.

Farrell, A. P. (2016). Pragmatic perspective on aerobic scope: peaking, plummeting,
pejus and apportioning. J. Fish Biol. 88, 322-343.

Fry, F. E. J. (1947). Effect of the environment on animal activity. Univ. Toronto Stud.
Biol. Ser. 55, 1-62.

2763

RESEARCH ARTICLE Journal of Experimental Biology (2017) 220, 2757-2764 doi:10.1242/jeb.154021

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

http://dx.doi.org/10.13039/501100005416
http://dx.doi.org/10.1038/ncomms5252
http://dx.doi.org/10.1038/ncomms5252
http://dx.doi.org/10.1038/ncomms5252
http://dx.doi.org/10.1086/653659
http://dx.doi.org/10.1086/653659
http://dx.doi.org/10.1007/BF00008273
http://dx.doi.org/10.1007/BF00008273
http://dx.doi.org/10.1139/f58-030
http://dx.doi.org/10.1139/f58-030
http://dx.doi.org/10.1111/mec.12003
http://dx.doi.org/10.1111/mec.12003
http://dx.doi.org/10.1111/mec.12003
http://dx.doi.org/10.1111/mec.12003
http://dx.doi.org/10.1139/f64-103
http://dx.doi.org/10.1139/f64-103
http://dx.doi.org/10.1139/f65-128
http://dx.doi.org/10.1139/f65-128
http://dx.doi.org/10.1139/f65-128
http://dx.doi.org/10.1093/icb/11.1.99
http://dx.doi.org/10.1093/icb/11.1.99
http://dx.doi.org/10.1093/icb/11.1.99
http://dx.doi.org/10.1098/rstb.2007.2099
http://dx.doi.org/10.1098/rstb.2007.2099
http://dx.doi.org/10.1098/rstb.2007.2099
http://dx.doi.org/10.1016/S1385-1101(00)00053-8
http://dx.doi.org/10.1016/S1385-1101(00)00053-8
http://dx.doi.org/10.1016/S1385-1101(00)00053-8
http://dx.doi.org/10.1242/jeb.02346
http://dx.doi.org/10.1242/jeb.02346
http://dx.doi.org/10.1242/jeb.02346
http://dx.doi.org/10.1242/jeb.060517
http://dx.doi.org/10.1242/jeb.060517
http://dx.doi.org/10.1242/jeb.060517
http://dx.doi.org/10.1242/jeb.060517
http://dx.doi.org/10.1242/jeb.084251
http://dx.doi.org/10.1242/jeb.084251
http://dx.doi.org/10.1242/jeb.084251
http://dx.doi.org/10.1242/jeb.01669
http://dx.doi.org/10.1242/jeb.01669
http://dx.doi.org/10.1242/jeb.01669
http://dx.doi.org/10.1111/j.1095-8649.2011.03094.x
http://dx.doi.org/10.1111/j.1095-8649.2011.03094.x
http://dx.doi.org/10.1111/j.1095-8649.2011.03094.x
http://dx.doi.org/10.1111/jfb.12790
http://dx.doi.org/10.1111/jfb.12790
http://dx.doi.org/10.1111/jfb.12790
http://dx.doi.org/10.1111/j.1365-2427.1991.tb00473.x
http://dx.doi.org/10.1111/j.1365-2427.1991.tb00473.x
http://dx.doi.org/10.1016/S1095-6433(02)00049-1
http://dx.doi.org/10.1016/S1095-6433(02)00049-1
http://dx.doi.org/10.1016/S1095-6433(02)00049-1
http://dx.doi.org/10.1098/rstb.2007.2111
http://dx.doi.org/10.1098/rstb.2007.2111
http://dx.doi.org/10.1098/rstb.2007.2111
http://dx.doi.org/10.1111/jfb.12789
http://dx.doi.org/10.1111/jfb.12789


Fry, F. E. J. (1958). Temperature compensation. Annu. Rev. Physiol. 20, 207-224.
Fry, F. andHart, J. (1948). The relation of temperature to oxygen consumption in the
goldfish. Biol. Bull. 94, 66-77.
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