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Abstract Atlantic salmon Salmo salar are experi-
encing widespread population declines, and reduc-
tions in growth and survival in the marine environ-
ment are contributing factors. Our aims were to
estimate marine food consumption of adult salmon
and to determine how energetics would be directly
affected by the increased ocean temperatures associ-
ated with climate change. We tagged previous spawn-
ers on outward migration (body size 76-119 cm)
with archival tags and used a bioenergetic model to
combine in situ temperature recordings with individ-
ual data on body growth. Average energy consump-
tion was estimated to be 331-813 kJ per day, which
is equivalent to 5-11 prey fish with an average body
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mass of ca. 15 g. Energy content of prey was the
most important factor determining food consump-
tion required to maintain growth. Conversely, the
increases in ocean temperatures expected with climate
change were predicted to have limited physiological
effects on energy budgets and limited impact on the
food consumption needed to maintain growth. We
conclude that climatic warming will impact Atlantic
salmon primarily through changes in prey availability
and ecosystem structure rather than the direct effects
of temperature on physiological performance.

Keywords Anadromous salmonids - Archival
telemetry - Bioenergetic modelling - Temperature

Introduction

Temperature increases due to global climate change
impact aquatic wildlife (Perry et al., 2004; Moore &
Huntington, 2008). For ectothermic fish, which have
the same temperature as the surrounding water, these
alterations may have direct effects on physiological
processes as well as impacts on growth and survival
through ecosystem changes (Alfonso et al., 2021;
Vollset et al., 2022). Atlantic salmon Salmo salar
Linnaeus, 1758 is a diadromous fish species affected
by global climate change both in freshwater and
marine habitats (Thorstad et al., 2021). Broad-scale
thermal shifts in the ocean are associated with eco-
logical regime shifts in marine food webs that have
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resulted in reduced individual growth and survival
(Beaugrand & Reid, 2012; Mills et al., 2013; Vollset
et al., 2022). It is likely that changing ocean tempera-
tures will continue to affect Atlantic salmon (Beau-
grand & Reid, 2012; Friedland et al., 2014). However,
few studies have investigated the direct effects of
ocean temperatures on individual energy budgets and
growth, and how this mechanistic link will change
under future climate scenarios.

In fisheries research, bioenergetic models are fre-
quently used to investigate the direct link between
environmental factors and individuals’ energy budg-
ets (Beauchamp et al., 1989; Moss et al., 2009;
Smith et al., 2009). This is done by a set of empiri-
cal functions that describe key physiological pro-
cesses (Deslauriers et al., 2017). For ectothermic
fish, many of these functions are strongly influenced
by water temperature and any discrepancy between
the assumed and the actual thermal habitat will result
in inaccurate model predictions, regardless of the
accuracy of the underlying functions. Detailed infor-
mation of individuals’ thermal environment would
therefore improve estimates of individuals’ energy
budgets. This is particularly the case for species
such as Atlantic salmon that performs long-term and
long-distance migrations across different ocean areas
(Strgm et al., 2017; Rikardsen et al., 2021), where
accurate assumptions on the thermal habitat are dif-
ficult to make.

In this study, we investigate the marine food con-
sumption of repeat ocean migrating Atlantic salmon
from a northern population, by using a bioenergetic
model that incorporates daily data from temperature-
sensing archival tags, and information on individuals’
marine growth based on body length and weight at sea
entry and when they returned from the ocean migra-
tion. The temperature data used in this study have
previously been described by Strgm et al. (2020) who
documented that adult ocean migrants spent most of
their time in waters with temperatures between 1.4
and 8.6 °C, and consistently inhabiting cold waters
(3.4-5.0 °C) during winter in both warmer and colder
years. This contrasted the temperatures experienced
during the first months at sea, which were higher in
warmer than in colder years (Strgm et al., 2020). The
main aim of this study was to estimate individual
food consumption of the tagged adult Atlantic salmon
during their ocean migration based on the recorded
water temperatures and growth at sea, and to explore
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how different temperature scenarios would affect the
consumption requirement given consistent realized
growth.

Materials and methods
Fish tagging

In total, 744 Atlantic salmon were captured, tagged
with archival tags, and released in the Alta River,
northern Norway (70° N 23.4° E, Fig. 1, Table 1) in
May 2008-2015. These were fish that had spawned
the previous fall and remained in the river during
the winter as kelts, before exiting the river for a new
ocean migration in spring and early summer. The fork
lengths of the tagged fish ranged from 56 to 121 cm
(mean+SD=92+9 cm) and body weights from 1.2
to 13.8 kg (mean+SD=6.0+1.8 kg). All fish were
captured by angling, using spoon lures with barbless
treble hooks and anaesthetized in an aqueous solution
of 0.5 ml/l 2-phenoxy ethanol prior to tagging. The
tags used (DST milli, Star-Oddi, Iceland, or Lat-2810,
Lotek Wireless Inc., Canada) recorded temperature
and depth and were implanted into the body cav-
ity of the fish. For further details about the tag types
and tagging procedures see Strgm et al. (2018, 2020)
and Hedger et al. (2017). The tagging of the fish was
approved by the Norwegian Animal Research Author-
ity and Norwegian Food Safety Authority (permit ref-
erence number 15950).

Of the 774 tagged Atlantic salmon, 42 individuals
were recaptured with functioning tags when return-
ing after spending approximately one year in the
ocean. Recaptures were done by sea fishers using bag
nets in the Alta fjord or by anglers in the river. Tags
from two fish tagged in 2008 failed to log data dur-
ing the last months at sea because the data memory
was full. These two fish were consequently removed
from the data set. Furthermore, body length and
weight at recapture were not recorded for seven of the
recaptured individuals. Hence, the number of indi-
viduals with sufficient information for the bioener-
getic model was reduced to 33 (Table 1). For the 33
Atlantic salmon included in the analyses, the duration
of the ocean migration ranged from 347 to 426 days
(mean+SD =381+ 20). Body length at tagging
ranged from 76 to 110 cm (mean+SD=94+7 cm),
and body length at recapture from 93 to 120 cm
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Fig. 1 Map showing the location of the Alta River (yellow
diamond) in Fennoscandia, with the main ocean migration
range of Atlantic salmon from the Alta River depicted by the

(mean+SD=107+6 cm). Body weight at tagging
ranged from 2.9 to 9.9 kg (mean+SD=6.2+1.4 kg)
and at recapture from 89 to 184 kg
(mean+SD=12.3+2.5 kg).

Growth at sea

Scales were sampled from all fish during tagging
and from 16 of the 33 individuals at recapture.
Paired scale samples were analysed to reconstruct
individuals’ somatic growth trajectory during the
last ocean migration (i.e. the period of their life
examined in this study). Scales of each fish were
photographed under a microscope (Leica M60, Wet-
zlar, Germany) and measured using the Image-Pro
Plus software (Media Cybernetics, Silver Spring,
MD, USA). The outermost zone in the scales, from

shaded area (Chittenden et al., 2013; Strgm et al., 2018; Rik-
ardsen et al., 2021). Inserted map depicts the area surrounding
the Alta River (yellow diamond)

the winter annulus laid down before the fish were
tagged in the spring, to the scale margin at recapture
in the summer about a year after tagging, was used
as a proxy for fish growth during the ocean migra-
tion, assuming proportionality between scale size
and fish body length (Shearer, 1992). The fish body
length in the winter was estimated based on the pro-
portion of the outermost scale zone that was formed
between tagging and the formation of the last winter
annulus in the scale. The last marine winter annu-
lus in the scale was identified by analysis of scale
characteristics in combination with counting of cir-
culi and measurements of intercirculi spacing (Todd
et al., 2014). We assumed that the winter annulus
was formed at winter solstice (i.e. December 21)
as suggested by Todd et al. (2014). In the model-
ling, we assumed a biphasic growth pattern with
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Table 1 Overview of the number of tagged Atlantic salmon
(Np), the number of retrieved tags (Ng), and the number of
Atlantic salmon included in the bioenergetic model (1)

Year Nr Ny n Previous
publica-
tions

2008 54 6 2 ab,c

2009 60 3 2 be

2010 94 7 7 b, ¢

2011 67 5 5 b, ¢

2012 73 2 1 b,¢

2013 140 6 5 b,c.d

2014 142 4 4 b,e,d

2015 144 9 7 b,c,d

Total 774 42 33

An overview of previous publications using data from these
tags for other purposes is also presented

2Chittenden et al. (2013)
bHedger et al. (2017)
¢Strgm et al. (2020)
dStrgm et al. (2018)

linear growth in length from sea entry to the winter
(first growth period), and linear growth from winter
to 14 days prior recapture (second growth period)
(Fig. 2). The cessation of growth 14 days prior
recapture was set to account for the limited foraging
displayed by adult Atlantic salmon from the Alta
River during the final phase of the ocean migration
(Hedger et al., 2022).

During the first growth period (G,), daily growth
increment in body length ranged between 0.23 and
0.66 mm (mean+SD=0.48+0.11 mm) and was on
average 2.49 times greater than growth during the
second growth period (G,), which ranged between
0.13 and 0.38 mm (mean+SD=0.22 +0.08 mm).
This ratio (G, =2.49 X G,) was used to estimate the
growth trajectories of the fish lacking growth data
from scale analyses by using the following equation:

Lipe = NGy + N, Gy,

where L;. is the total growth in cm during the
marine residency, and N, and N, are the number of
days in the first and second growth periods. Using
this approach to estimate the growth of the Atlantic
salmon that lacked paired scale samples ensured that
the estimated growth trajectories are independent of
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Fig. 2 Growth trajectories in length (a) and weight (b) for the
33 tagged Atlantic salmon (repeat ocean migrants) included in
the analyses, with colours denoting whether the growth trajec-
tories were measured based on scale analyses or estimated

the duration of the growth period. Growth in body
weight was estimated by using the same growth ratios
and followed identical trajectories as growth in body
length.

Bioenergetic model

Bioenergetic models can be used to estimate how
animals partition consumed energy into metabolism,
growth, and waste products (Deslauriers et al., 2017).
We estimated the marine consumption of Atlantic
salmon based on the energy balance equation:

C=G+ R+ F + E+ SDA,

where C is the consumed energy, G is the energy
invested in growth, R is the energetic costs of respira-
tion, F is the energy lost through egestion, E is the
energy lost through excretion, and SDA is the specific
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dynamic action. These physiological processes were
formalized by a series of underlying functions of
which several depend on water temperature and body
size. For the functions that depend on temperature,
daily mean water temperatures recorded by the tags
were used as the input variable. For the allometric
functions, daily estimates of length and weight were
used as described above. Due to limited information
on certain aspects of Atlantic salmon bioenerget-
ics, particularly for adults, several of the underlying
functions used in the simulations were parameterized
based on data from other salmonid species (Table 2).

Consumption

Consumption was estimated as the proportion of
maximum daily food consumption at a given body
size and water temperature (Deslauriers et al., 2017).

C. .= CAxw®B

max

C = C, Xf(T)XP,

where C,,, is the maximum daily food consump-
tion given as g of prey consumed per g of predator,
CA is the function’s intercept, w is the weight of
the Atlantic salmon (predator) in g, and CB is the
weight coefficient. C is the daily consumption rate (g
of prey consumed per g of predator), f(7) is the tem-
perature-dependent function, and P is a constant that
ranges between 0 and 1 and accounts for ecological
constraints on C,,,,. Parameters required for estimat-
ing C,,, and f(T) were derived from rainbow trout
Oncorhynchus mykiss (Walbaum, 1792) (Railsback &
Rose, 1999). P was treated as an unknown parameter
and estimated individually for each Atlantic salmon
using an iterative approach (see Deslauriers et al.,

Table 2 Parameters used

. ’ . Symbol Description Value Study Reference species
in the bioenergetic model
developeg for efstimatitng Cax Railsback & Rose (1999)  Oncorhynchus mykiss
commptnlipet - CA e
salmon CB Weight coefficient -0.30
G Jonsson et al. (1997) Salmo salar
al Intercept 6.51
a2 Intercept 6.99
bl Length coefficient 0.035
bl Length coefficient 0.044
Rs Macnaughton et al. (2019)  Salmo salar
a Intercept 0.003
b Weight coefficient —0.11
c Temperature coefficient 0.05
Rt Grgttum & Sigholt (1998)  Salmo salar
ACT  Activity multiplier 1.79
Uopt Beauchamp et al. (1989) Oncorhynchus nerka
w Intercept 9.9
d Weight coefficient 0.13
f Temperature coefficient 0.0405
F Elliott (1976) Salmo trutta
Fa Intercept 0.212
Fbl Temperature coefficient — 0.222
Fb2 Consumption coefficient 0.631
E Elliott (1976) Salmo trutta
Ea Intercept 0.026
Ebl Temperature coefficient 0.58
Eb2 Consumption coefficient —0.299

@ Springer



3082

Hydrobiologia (2023) 850:3077-3089

2017). Daily consumption rates were converted from
g of prey per g of predator, to energy by multiplying
the value with the weight of the Atlantic salmon in g
on that given day and the energy density of their prey.
When estimating consumption, we assumed that the
Atlantic salmon fed on fish with an energy density of
5 kJ/g wet weight while at sea.

Growth

Energy invested in growth is formalized as the
increase in energy content of the Atlantic salmon
during the ocean migration. The energy density of
individual fish was calculated as functions of body
length at tagging and recapture, using energy density
equations derived from post- and pre-spawned adult
Atlantic salmon from Norway (Jonsson et al., 1997).

GA — ea2+Lh2 _ ea1+th
where G, represents the energy invested in growth in
kJ, al and a2 are the intercepts before and after the
ocean migration, b1 and b2 are the corresponding
body length coefficients, and L is the body length in
cm.

Respiration

Standard respiration was modelled as a function of
body weight and temperature according to an expo-
nential model fitted to metadata from Atlantic salmon
(Macnaughton et al., 2019).

Rs = aw’cT,

where Rs is standard respiration rate in mgO,/h, a
is the intercept, w is the body weight in g, b is the
weight coefficient, ¢ the temperature coefficient, and
T is the water temperature. To include the additional
cost of swimming speed, an activity multiplier was
incorporated (Grgttum & Sigholt, 1998).

Rt = Rs x "™}V

where Rt is the total respiration cost in mgO,/h,
ACT is the activity multiplier, and U is the swim-
ming speed in body lengths per second. Respiration
was converted to energy using an oxycalorific coef-
ficient of 13.563 J/mgO, (Beauchamp et al., 1989).
Because little is known about the swimming speed
of adult Atlantic salmon at sea, parallel simulations
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were conducted with swimming speeds either fixed
to one body length per second or modelled as a posi-
tive power function of body weight and temperature
(Beauchamp et al., 1989).

Uopt = q?WdefT

where U, is the optimal swimming speed in cm/s,
@ 1is the intercept for the power function, w is the
body weight in g, d is the weight coefficient, f is the
temperature-dependent coefficient, and 7 is the water
temperature. For each day, U, was converted to body
length per second by dividing the estimated value by
the length of the fish on that given day. The model for
optimal swimming speed was parameterized for sock-
eye salmon Oncorhynchus nerka (Walbaum, 1792)
(Beauchamp et al., 1989).

Egestion, excretion, and specific dynamic action

Energy lost in faeces (egestion) and through excretion
was modelled as functions of water temperature and
the ratio between consumption and the daily maxi-
mum consumption (Elliott, 1976).

F = Fa X TFbl X erZX cr

E Ea X TEbl X eEbZXCr,

where F is the proportion of consumed energy lost
in faeces, E is the proportion of assimilated energy
(i.e. consumption—egestion) lost in excretion, Fa and
Ea are the intercepts, T is the water temperature, Fb1
and EDb1 are the temperature coefficients, Fb2 and
Eb2 are the consumption coefficients, and cr is pro-
portion consumed of the daily maximum consump-
tion (C/C,,,,)- Models for both egestion and excretion
were parametrized for brown trout Salmo trutta Lin-
naeus, 1758 (Elliott, 1976).

Specific dynamic action, SDA, was set as a fixed
proportion of the assimilated energy using a value of
0.17, which corroborates with the previous bioener-
getic models for anadromous salmonids (Beauchamp
et al., 1989; Smith et al., 2009).

Changes in thermal habitat
To quantify the impacts of increased ocean tempera-

tures on the required food consumption of Atlantic
salmon, alternative simulations were run to represent
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different climate scenarios. The observed growth dur-
ing the ocean feeding migration was held constant
and the recorded temperatures were increased in 5%
increments to a maximum of 3 °C during summer
(May—October), and by up to 2 °C in winter (Novem-
ber—April). This roughly corresponds to the predicted
temperature increase in relevant regions of the North-
east Atlantic Ocean during the next 50 years (Alexan-
der et al., 2018).

Note on model output and estimates in relation to the
energy density of prey

The bioenergetic model estimates energy consump-
tion in kJ. This is converted to food consumption in
g by dividing the consumed energy on the energy
density of prey. This direct link between food con-
sumption and the energy density of prey differs from
how the energy density of prey impacts individuals’
energy consumption, which remains constant at all
possible energy densities of prey. The reason why
energy consumption is not affected by changes in the
energy density of prey is that any alterations of prey
quality will be absorbed by the ecological constraint
of foraging P. The ecological constraint of foraging P
is defined as a proportion of the temperature-depend-
ent maximum consumption (see consumption equa-
tion) and is inversely related to the energy density of
prey. Because we model consumption at a fixed actual
growth, this means that a high ecological constraint
on foraging (low P) is required at high energy den-
sities of prey, and a low ecological constraint (high
P) is required when the prey is of low quality (Sup-
plementary Fig. 1). In summary, this means that a
change in the energy density of prey from 4 to 8 kJ/g
will halve the food consumption in g, have no effect
on the energy consumption in kJ, and increase the
ecological constraint of foraging (i.e. lower the P
value). Moreover, this means that any changes in the
energy consumption caused by alteration of the input
temperatures (i.e. the temperatures experienced by
the fish) will remain constant across all energy densi-
ties of prey.

Results

During the ocean migration, the total increase in body
length and weight of the Atlantic salmon (n=33)

ranged from 1 to 20 cm (mean+SD=13+4 cm), and
from 1.7 to 10.6 kg (mean+SD=6.2+1.9 kg). This
corresponded to an average increase in length and
mass of 15% and 105%, and an absolute growth rate
of 4-27 g/day (mean+SD=16+5 g/day). Estimated
optimal swimming speeds were substantially lower
than 1 body length per second (bl/s), with the mean
optimal swimming speed of individual fish ranging
from 0.37 to 0.44 bl/s (mean+SD =0.40+0.02 bl/s).

Food consumption at observed temperatures

The tagged Atlantic salmon experienced daily mean
temperatures ranging from—0.5 to 12.9 ‘C while at
sea. Although a clear seasonal trend was present in
the thermal habitat, with fish experiencing the cold-
est water from November till March (see Strgm et al.,
2020), this seasonal pattern was absent in the esti-
mated daily food consumption (Fig. 3).

For the tagged Atlantic salmon, mean daily con-
sumption ranged from 331 to 813 kJ/day at optimal
swimming speeds and from 397 to 966 kJ/day at
a fixed swimming speed of 1 bl/s (Table 3). At the
default energy density of prey of 5 kl/g wet weight,
this corresponded to a mean daily food consump-
tion between 66 and 163 g/day at optimal swim-
ming speeds, with individuals consuming between
25,124 and 63,753 g during the entire ocean migra-
tion (Table 3). Using a fixed swimming speed of 1
bl/s, mean daily food consumption ranged from 79
to 193 g/day and total prey consumption from 30,076
to 75,720 g (Table 3). Overall growth efficiency (i.e.
the total gain in body mass divided by the total food
consumption) ranged from 5 to 24% at optimal swim-
ming speeds, and from 4 to 20% at a fixed swim-
ming speed of 1 bl/s. The ecological constraint on
maximum daily food consumption P, which can range
from O to 1, was estimated to range from 0.52 to 0.81
at optimal swimming speeds and from 0.63 to 0.96
at fixed swimming speeds. The correlations between
daily mean temperature and consumption ranged
between—0.31 and 0.91 (Spearman correlation,
mean +SD =0.21 +0.34) among individuals.

Food consumption at increased temperatures
When increasing the experienced water tem-

perature, the Atlantic salmon were required to
increase their energy consumption to obtain the

@ Springer
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Fig. 3 Daily mean temperatures experienced by Atlantic
salmon based on data from archival tags (a), and their esti-
mated daily food consumption at different swimming speeds

observed somatic growth at sea (Fig. 4). How-
ever, the increase in energy demands was modest
even at the most extreme temperature manipula-
tions (i.e. 3 °C increase during summer and 2 °C
increase during winter). At optimal swimming
speed, the total consumption during the ocean
migration was between 10,413 and 22,393 kJ
(mean+SD=15,312+2951 kJ) greater at the
most extreme temperature manipulation than at
the recorded temperatures, with an increase in
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(b) during the ocean feeding migration. Colour coding refers to
the swimming speeds used in the simulations

total food consumption between 2083 and 4478 g
(mean+SD =3062+590 g) for the full ocean
migration, assuming an energy density of prey of
5 kJ/g wet weight. This corresponded to an aver-
age relative increase in consumption of 7.7% (SD =
0.8%). For comparison, a marginal reduction in
energy density of prey, from the default value of
5 kJ/g to 4.64 kJ/g, would at recorded temperatures
result in a similar increase in the food consumption.
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Table 3 Summary of food consumption by tagged Atlantic salmon (repeat migrants) during the ocean migration

Optimal swimming speed

Fixed swimming speed (1 bl s™!)

Daily energy consumption (kJ)
Daily food consumption (g) 66-163 (106+23)

Total energy consumption during the
full marine migration (kJ)

Total food consumption during the full
marine migration (g)

Growth efficiency (%) 5-24 (16 +5)
P 0.52-0.81 (0.63 +0.08)

331-813 kJ/day (528 +114)

125,620-318,763 kJ (202,076 +46,251)

25,124-63,753 (40,515 +10,719)

397-966 kJ/day (630+ 131)
79-193 (126 +26)
150,379-378,598 kJ (240,987 + 53,593)

30,076-75,720 (48,197 + 10,719)

4-20 (13+4)
0.63-0.96 (0.76 +0.09)

Estimated ranges (mean + SD) are based on values for individual fish and represent model outputs using the observed temperatures at
optimal and fixed swimming speeds, assuming an energy density of prey of 5 kJ/g. P represents the ecological constraints on maxi-

mum daily food consumption, which can range between 0 and 1
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Fig. 4 Contour plots of the average of daily mean food con-
sumption, C (in g), for tagged Atlantic salmon at manipulated
summer (May—October) and winter temperatures (November—
April). Numbers denote the consumption requirements for the
different isolines

Discussion

Although Atlantic salmon is one of the most stud-
ied fish species, many of the studies have been per-
formed on life stages in freshwater and near-coastal
areas, and the knowledge of the ocean part of their
life is more restricted (Thorstad et al., 2021). Regard-
ing marine growth, the understanding of how this is
impacted by ocean current systems, productivity, and
food availability has improved in later years (Ren-
kawitz et al., 2015; Utne et al., 2021, 2022; Vollset
et al., 2022), and models of marine growth in rela-
tion to water temperature and food consumption have
been developed for both wild and farmed Atlantic
salmon (Handeland et al., 2008; Smith et al., 2009;

Fgre et al., 2016). However, little is known on the
food consumption of wild fish in terms of how much
they must eat during the ocean migration to maintain
their growth, and on how increased ocean tempera-
tures with climate change directly impact their energy
budgets. By using a bioenergetic model, which cou-
ples in situ temperature recordings with information
on their actual marine growth, we estimate that repeat
ocean migrating Atlantic salmon consumed approxi-
mately 200 000 kJ during the ocean migration and
that the direct effect of increase ocean temperature
on individual food consumption is predicted to be
limited.

We based our estimates on the assumption that the
Atlantic salmon were eating prey with a mean energy
density of 5 kJ/g during the ocean migration. Atlan-
tic salmon are opportunistic feeders that feed on a
diversity of prey items including pelagic crustaceans,
squid, and fish (e.g. Hansen & Pethon, 1985; Jacob-
sen & Hanssen, 2001; Dixon et al., 2017, Utne et al.,
2021). The energy density of possible prey items for
Atlantic salmon varies largely, usually from 3.5 to
7.0 kJ/g, but with values as low as 1.7 kl/g recorded
for some Gammaridae, and as high as 10 kJ/g or more
for forage fish in good condition (Pedersen & Hislop,
2001). Despite this possible variability, large-sized
Atlantic salmon, as tagged in this study, likely feed
on fish during their ocean migration, and for Atlan-
tic salmon returning from the ocean to northern Nor-
way, four fish species comprised the bulk of the diet
(Aykanat et al., 2020). These four fish species were
sand eel Ammodytes spp., capelin Mallotus villosus
(Miiller, 1776), herring Clupea harengus (Linnaeus,
1758), and haddock Melanogrammus aeglefinus
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(Linnaeus, 1758), with sand eel being the most abun-
dant and herring constituting the largest percentage
by weight. Furthermore, Hedger et al. (2022) reported
that diet of returning Atlantic salmon from the same
sample as used here comprised mainly of herring.
Notably, the data published by both Aykanat et al.
(2020) and Hedger et al. (2022) only reflected forag-
ing during the last part of the ocean migration and it
cannot be ruled out that there is variation in prey com-
position during different stages of the ocean migra-
tion and among years. Nevertheless, reported energy
contents of herring, haddock, capelin, and sand eel
comply with our choice of using a mean energy den-
sity of 5 kJ/g (Pedersen & Hislop, 2001; Hedeholm
et al., 2011; Renkawitz et al., 2015). In particular,
herring during the winter months relevant for our
study had an energy density of 4.4-8.8 kJ/g, haddock
had an energy density of 3.6-5.5 kl/g, and sand eel
had an energy density of 4.4 kJ/g (Pedersen & Hislop,
2001). Capelin has been reported with energy densi-
ties from 4.0 to 4.5 kJ/g (Hedeholm et al., 2011) to
6.5 kl/g (Renkawitz et al., 2015).

Individual Atlantic salmon tagged in the present
study varied considerably in growth during the one-
year ocean migration, with an absolute growth rate of
4-27 g per day, corresponding to a total increase in
body mass of nearly 2 kg to more than 10 kg. Despite
these being large adults tagged after spawning, this
is a considerable growth, and according to our esti-
mates, they had to eat on average about 70 to 160 g
of prey with an energy density of 5 kl/g per day. In
other studies, Atlantic salmon of similar body sizes
had mainly been feeding on fish prey of body lengths
1020 cm, with a maximum prey size up to about
30-35% of their own body length (Renkawitz et al.,
2015; Aykanat et al., 2020). If we, based on the stud-
ies referred to above, assume that the Atlantic salmon
in our study had been eating prey fish with an individ-
ual body size of about 15 g, this would correspond to
a daily food intake of about 5 to 11 fish prey per day
on average during the course of the ocean migration.

In the bioenergetic model, the Atlantic salmon
were set to experience equal daily growth within the
two growth periods, which lasted from sea entry to
winter and from winter to 14 days prior their return.
This is based on the assumption that the Atlantic
salmon were feeding during their entire ocean migra-
tion, however, to what extent Atlantic salmon feed
throughout their ocean residency is uncertain. In a
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study by Renkawitz et al. (2015), a very low propor-
tion of Atlantic salmon had empty stomachs when
sampled West of Greenland in August—October, indi-
cating that the salmon were feeding daily during that
period. This contrasted the findings of Jacobsen &
Hansen (2001), where only half (53%) of the Atlantic
salmon captured in the Norwegian Sea had stomachs
containing food in the autumn, while during win-
ter, 78% had stomachs containing food. This pattern
was explained by the lower water temperatures dur-
ing winter, which would lead to lower gastric evacu-
ation rates, and thereby fewer stomachs being empty
due to slow digestion. Despite slower gastric evacua-
tion rates at low temperatures, more than 50% of the
food content in the stomach is shown to be digested
by Atlantic salmon within 24 h even at temperatures
down to 6 °C (Sveier et al., 1999; Handeland et al.,
2008). Hence, Atlantic salmon seem to feed actively
also during the winter months at low temperatures
and may even be able to feed daily if prey is available.

The average swimming speed of Atlantic salmon
during the entire ocean migration is unknown. We
therefore made two parallel estimates of the energy
consumption: one based on an average swimming
speed of 1 body length per second, and one based on
an optimal swimming speed calculated from a model
considering body weight and temperature (Beau-
champ et al., 1989) resulting in average swimming
speeds from 0.37 to 0.44 body lengths per second for
individual fish. During feeding, or in cases of preda-
tor avoidance, it is likely that Atlantic salmon swim
at relatively high speeds, whereas during periods of
digesting food, it is reasonable to assume that they
swim less actively at lower swimming speeds. Hence,
it might be that the most realistic estimates are those
based on the optimal swimming speeds. Neverthe-
less, the estimated energy consumption did not highly
depend on whether an average swim speed of 1 body
length per second or the optimal swimming speed
was used.

Expected increases in ocean temperatures due to
climate change did not largely impact the required
food consumption to maintain growth of the Atlan-
tic salmon in terms of direct physiological effects
on the energy budgets. In the most extreme climate
scenario, Atlantic salmon had to increase the food
intake during the entire one-year migration by aver-
age 3 kg prey to compensate for the increased water
temperatures assuming an energy density of prey of
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5 kl/g. This represented a relative increase in energy
demand of only 7.7%, which will provide the same
effect on the food requirement of Atlantic salmon as
a reduction in the energy density of prey from 5 to
4.64 kJ/g. From this, we conclude that the impacts of
climate warming on Atlantic salmon growth and sur-
vival will likely primarily occur through ecosystem
changes that alter prey availability and quality rather
than direct physiological effects caused by increased
water temperatures per se. This supports recent find-
ings by Vollset et al. (2022) and Utne et al. (2022)
who concluded that the reduced growth of Atlan-
tic salmon over large areas of the Northeast Atlantic
Ocean around year 2005 was likely due to an ecologi-
cal regime shift limiting food availability and growth
of Atlantic salmon, rather than a direct physiological
effect of the observed increase in water temperatures
during that period.

Conclusion

Detailed temperature recordings and observed growth
of repeat ocean migrating Atlantic salmon, combined
with bioenergetic models, enabled us to estimate the
required food consumption to maintain body growth
in individual fish during the marine feeding migra-
tion, and to estimate the energetic impacts of pre-
dicted increases in ocean temperatures due to climate
change. Expected increases in ocean temperatures due
to climate change did not largely impact the required
food consumption to maintain growth, indicating that
the most pronounced effects of increased ocean tem-
peratures are due to alterations of ecosystems and
subsequent changes in prey quality and abundance
rather than direct physiological effects of increased
water temperatures. These results are likely repre-
sentative for many northern Atlantic salmon popula-
tions in Norway, Denmark, and Canada, which to a
large extent seem to migrate to ocean areas with simi-
lar prey composition and experience similar waters
temperatures throughout large parts of their migra-
tion (Strgm et al., 2017; Rikardsen et al., 2021). How-
ever, for more southern populations, for instance from
Ireland, Iceland, and Spain, the direct consequences
of climate change on energy consumption may be
more severe, as Atlantic salmon from these regions
are already experiencing warmer water temperatures
(Gudjoénsson et al., 2015; Rikardsen et al., 2021) and

likely higher energy requirements compared to their
more northern conspecifics.
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