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Abstract
1. Climate change poses a challenge to wild fishes, yet little is known about the
behavioural use and metabolic consequences of thermally heterogeneous water
encountered by wild salmon during their energetically demanding upstream
spawning migration.
2. Temperature, body size and activity levels were modelled to predict energy
depletion of salmon during their spawning migration in rivers. Archival temperature loggers revealed the thermal habitat of adult migrating Atlantic salmon
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(Salmo salar Salmonidae), which we used to apply bioenergetics models that estimated size-dependent temperature-driven metabolic expenditures as part of the
costs of the migration.
3. Between July 16 and August 19, the mean water temperature experienced by
salmon (tFISH) ranged from 11.5 to 18.0°C (14.5 ± 1.2 SD °C) and closely followed the ambient surface water temperature (tRIVER) of the river (11.5–18.5°C;
14.8 ± 1.4°C) such that the regression equation tFISH = 3.24 + 0.76 (tRIVER) was
highly correlated with observations (R2 = 0.94).
4. Although temperature increases were predicted and confirmed to increase energetic costs, rates of energy depletion were more sensitive to changes in swimming speed and body size than to temperature increases in the range explored
for this system.
5. We conclude that warming could contribute to changing life history phenotypes
of salmon in some rivers, for example, delayed river entry or reduced probability
of iteroparity, with potentially more dire consequences for smaller individuals.
KEYWORDS
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1 | INTRODUCTION

ectotherms such as most fishes, temperature directly controls, and
can ultimately limit, the rates of enzymatic, metabolic and cardiac

Temperature constrains the distribution of species (Pörtner, 2002)

processes (Behrisch, 1969; Farrell, Eliason, Sandblom, & Clark, 2009;

and influences the timing and expression of many life history events

Fry, 1971). At temperatures beyond optimum, the tissue demands

(Walther, Post, Convey, & Menzel, 2002) such as breeding, aestiva-

for oxygen increase (Pörtner & Knust, 2007) but the capacity to deli-

tion/hibernation and migration (Lennox, Chapman, et al., 2016). For

ver that oxygen decreases (i.e. decline in aerobic scope; Priede,
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1977) until glycolytic ATP production replaces aerobic respiration

threats to salmon in the north. The phenotypic plasticity of salmon

(i.e. anaerobiosis; Pörtner, 2002). Warm water temperature can be

means that they may adjust either their body size through changes

energetically taxing (Katinic, Patterson, & Ydenberg, 2015; Rand et

to maturation schedules or their behaviour by shifting run timing to

al., 2006), accelerate maturation (Morbey, Brassil, & Hendry, 2005)

adapt to changing demands associated with climate change (Clark et

and promote pathogen infection and development (Harvell et al.,

al., 2012; Dempson et al., 2017; Otero et al., 2014). Models predict-

2002).

ing the energetic costs of size, activity and water temperature will

In many rivers, water temperature is increasing due to climate
change (Caissie, 2006; Mote et al., 2003; Webb, 1996). This is a par-

therefore yield a better understanding of Atlantic salmon migration
and potential responses to climate change.

ticular concern in the Arctic where water temperatures are projected

Animal size, activity and temperature contribute simultaneously

to increase at a faster pace than at lower latitudes (O'Brien, Sygna,

to the metabolic rate and the energy demands upon the individual.

& Haugen, 2004; Prowse et al., 2006). As water temperatures rise,

Warming temperatures portend bioenergetic failure of some organ-

the costs of freshwater residence will be altered and ectotherm biol-

isms (Farrell et al., 2008; Rummer et al., 2014) and the temperature‐

ogy will be affected (Crozier et al., 2008; Jonsson & Jonsson, 2009).

size rule posits that smaller organisms should be favoured at warmer

There are many freshwater animals in coastal zones that use both

temperature regimes (Kingsolver & Huey, 2008). Given that thermal

marine and freshwater environments to complete their life history.

ecology of adult Atlantic salmon during their freshwater migration is

Migrants must negotiate the two environments and allocate energy

poorly understood (Bardonnet & Baglinière, 2000), we designed a

such that their rate of energy depletion does not exceed physiologi-

study to investigate the contributions of water temperature and size,

cal limits or energetic reserves (Burnett et al., 2014; Hodgson &

along with swimming activity, to energetic depletion of this anadro-

Quinn, 2002). As temperatures increase, the physiology and beha-

mous fish on its spawning migration in fresh water. We hypothe-

viour of freshwater animals are expected to reflect higher energetic

sised

costs of residence and activity (Crozier & Hutchings, 2014). Ener-

temperature) would influence energy demands on individuals, which

getic models provide tools for ecologists to investigate energy alloca-

would imply that climatic changes will accelerate the rate of energy

tion of animals; energy acquisition must be balanced against

depletion of freshwater fish during their migration.

that

all

three

variables

(size,

swimming

activity

and

depletion, which depends on the individual's size, activity and the
water temperature (Brett, 1971; Fry, 1971; Kingsolver & Huey,
2008). Individuals must allocate energy during the migration efficiently with a goal of successfully participating in spawning and
other life history events, which yields considerable diversity in physi-

2 | METHODS
2.1 | Study area

ological and behavioural phenotypes to promote survival (Glebe &

We studied a population of Atlantic salmon in the Lakselva River in

Leggett, 1981; Jonsson, Jonsson, & Hansen, 1997; Standen, Hinch,

Finnmark, Norway. These Atlantic salmon enter the river from May

Healey, & Farrell, 2002).

to September (E. Liberg, personal communication), but based on

Atlantic salmon (Salmo salar Salmonidae) have a Holarctic distri-

quantitative catch records, the majority begin their freshwater migra-

bution and rely on fresh water for spawning and nursery grounds.

tion in July and August (www.scanatura.no). The Lakselva River

Adults return from the sea to spawn at various sizes, often with an

flows through two lakes, Øvrevatnet and Nedrevatnet (Figure 1).

earlier timed river entry associated with southern latitudes that have

River discharge is measured at Skoganvarre (69°50′13.2″N 25°05′

warmer temperature regimes (Heggberget, 1988; Klemetsen et al.,

07.5″E), encompassing 61% of the watershed, which can be extrapo-

2003; Thorstad, Whoriskey, Rikardsen, & Aarestrup, 2011). Freshwa-

lated to estimate total discharge (T. Havn, unpublished). Estimated

ter residence is also briefer for many adult salmon at the northern

average yearly discharge from 2000 to 2016 was 24 ± 2.2 m3/s

edge of their range, although some individuals enter more than a

(range = 21–33 m3/s). The river also has one major tributary, which

year before reproducing. Timing of entry is known to depend upon

flows into Lake Nedrevatnet. Most salmon hold within the river just

river characteristics as well as individual size (Jonsson, Hansen, &

below the lakes (Lennox, Cooke, et al., 2016) until spawning begins

Jonsson, 1991), and salmon can exhibit a refuging behaviour during

in October (E. Liberg, personal communication). After spawning,

the migration as a maintenance strategy (Frechette, Dugdale, Dod-

surviving Atlantic salmon typically overwinter in the river as kelts

son, & Bergeron, 2018; Richard, Bernatchez, Valiquette, & Dionne,

and then exit the following spring to recondition at sea.

2014). When salmon enter fresh water they cease feeding, such that

Lakselva has a catchment area of 1,536 km2 and the mainstem

stored energy must then suffice for migration, completion of sexual

of the river has 45 km available to salmon for spawning habitat. Lak-

maturation and spawning (Moore, 1997). Iteroparous migrants such

selva River drains into the Porsangerfjord within the administrative

as Atlantic salmon must also preserve enough energy after spawning

district of the municipality of Lakselv (70°03′55.2″N 24°55′43.8″E).

for its return to the ocean where it can begin the reconditioning pro-

To monitor ambient river water temperature, we deployed four

cess for subsequent migration and reproduction (Halttunen et al.,

HOBO temperature loggers (HOBO Pendant Temperature/Light Data

2013; Jonsson, Jonsson, & Hansen, 1991; Jonsson et al., 1997). The

Logger 64K‐UA‐002‐64, Onset, MA) in the river from July 17 to

Arctic is an area of relatively sparse human habitation and impact;

October 24, 2014 (see Supporting Information for description of log-

therefore, climate change may present one of the most salient

ger calibration). One river temperature data logger was stationed in
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F I G U R E 2 Double‐tagging Atlantic salmon (Salmo salar) with
coded radio‐transmitting tags (bottom) and archival temperature
loggers (top). Salmon were maintained submerged in water in a PVC
tube during tagging and externally tagged prior to release. Colour
image available online only [Colour figure can be viewed at
wileyonlinelibrary.com]

radio‐transmitting tags in the frequency range 142.114–142.213
(model F2120; Advanced Telemetry Systems [ATS], MN) and archival
temperature loggers (iButton Thermochron© Temperature Data LogF I G U R E 1 Lakselva in Porsanger, Finnmark, Norway. The
watershed incorporates two major lakes, Øvrevatnet and
Nedrevatnet. Atlantic salmon return to Lakselva from the ocean via
the Porsangerfjord throughout the summer and migrate upriver to
spawning grounds. The location of the river temperature logger and
river discharge metre is indicated on the map. For this study, all
tagged salmon remained in Lakselva below the lakes throughout
their migration. Note that the river flows from south to north,
draining into the Porsangerfjord

gers DS1921Z‐F5; Maxim Integrated, San Jose, CA). Sterile hypodermic needles and steel wire were used to secure the tag through the
dorsal musculature at the base of the dorsal fin (described in Lennox,
Cooke, et al., 2016). Opposite the radio tag, an iButton archival temperature logger (set to record temperature at 90 min intervals) was
attached instead of the usual plastic backplate (Figure 2; see Supporting Information for calibration information). All handling and tagging were conducted in accordance with the Carleton University
Animal Care and Use Committee.

the lower section of the river, one in Lake Nedrevatnet and one in
the upper section of the river; all were placed approximately one
metre below the surface (Figure 1). The river monitoring stations

2.3 | Data analysis

recorded water temperature every 10 min. Previous monitoring by

A 500 NOK reward for returning tags was offered to anglers that

the Lakselva Landowners Association observed little variability of the

captured tagged salmon. Archival temperature loggers were recov-

surface water temperatures among sites in the lower reach of the

ered from 10 of the 21 salmon that were tagged (Table 1). Five were

river (E. Liberg, personal communication).

recovered from salmon that were removed from the river by
harpoon on September 25, and the other five loggers were removed

2.2 | Sampling

from salmon that were recaptured and harvested by anglers (one
was recaptured as a kelt the following summer, June 20, 2015). As a

We cooperated with local anglers and captured Atlantic salmon for

result, the sampling intervals differed among individuals, with some

our experiment from July 7 to August 29, 2014. Cooperation with

temperature records spanning several days whereas others covered

local anglers encouraged engagement of locals and other stakehold-

much longer periods. Our modelling was implemented to determine

ers in the work and was important for ensuring that logging tags

the relationship between fish habitat and river temperatures using

from recaptured salmon were returned. Only experienced salmon

linear regression in R (R Core Team, 2017). In consideration of possi-

anglers participated and we did not tag any salmon that was in poor

ble differences among fish attributable to differences in fish size, fish

condition because of angling (i.e. critical hooking, extreme bleeding;

position in the river or other factors, we generated a mixed effects

Lennox, Cooke, et al., 2016). Twenty‐one Atlantic salmon (mean =

linear model (lme function in R package nlme; Pinheiro, Bates, Deb-

90 ± 16 cm SD TL, range: 62–121 cm) were double‐tagged with

roy, & Sarkar, 2014) with fish ID as a random intercept. To
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determine whether the mixed effects model fit better than the fixed

placed in the sinus venosus (Eliason et al., 2013a). The flow probe

effects model, the mixed effects model was compared to a gener-

and cannulae/oxygen probe leads were sutured along the dorsal

alised least squares regression (gls function in R package nlme) with

ridge of the fish's body using 2‐0 silk sutures. Fish were placed in a

restricted maximum likelihood estimation using Akaike information

Brett‐type swim tunnel (220 or 400 L; described in Steinhausen,

criterion (Zuur, Ieno, Walker, Saveliev, & Smith, 2009). Examination

Sandblom, Eliason, Verhille, & Farrell, 2008) and allowed to recover

of the autocorrelation function revealed residual autocorrelation, so

overnight at ambient water temperatures at low water velocity (0.3–

we generated models accounting for residual autocorrelation by fish

0.4 body lengths per second [bl s−1]). This water velocity was suffi-

ID while accounting for time (i.e. form = ~time|fishID). Comparison

cient to orient the fish but did not induce swimming. Similar surg-

of AIC values among gls models with different autocorrelation struc-

eries did not impair swimming metabolism of Pacific salmon

tures (corGaus, corExp, corLin, corSpher, corAR1, corRatio) revealed

compared to controls (Eliason, Clark, Hinch, & Farrell, 2013b). The

a best fit of the exponential correlation structure. Model predictions

next day, resting oxygen uptake (MO2) was measured at the ambient

were extracted with the predict function and compared to actual val-

water temperature (ranged from 7 to 12°C over the study) and then

ues measured by the tags placed on the fish using linear regression.

the fish underwent a standard ramp Ucrit critical swimming challenge
(Eliason et al., 2013a). Water velocity was increased every 5 min
until ~50% of the critical swimming speed (Ucrit; ~1 bl s−1) was

2.4 | Bioenergetics modelling

attained. Thereafter, the water velocity was increased in smaller

To determine the rates of oxygen uptake of fish swum at different

velocity increments (~0.15 bl s−1) every 20 min until fatigue was

speeds and temperatures, hatchery‐raised adult Atlantic salmon

induced (defined as the fish resting at the back of the swim tunnel

(body mass: 2.6 ± 0.4 kg; fork length: 60.6 ± 3.9 cm SE) were held in

for >30 s). MO2 was measured during the second half of each

outdoor 4,000 L circular fibreglass tanks in ambient seawater condi-

20 min interval. When the fish became fatigued, the water velocity

tions (7–11°C, dissolved oxygen >90% saturation) and seasonal pho-

was immediately reduced back to the resting velocity (~0.3 bl s−1)

toperiod at the Centre for Aquaculture and Environmental Research

and the fish was allowed to recover overnight. The next day, the

(West Vancouver, BC, Canada). Food was withheld for 24 hr before

water temperature was acutely increased by 2°C/hr to the warm test

experiments. A subset of fish (N = 22) was instrumented to measure

temperature (10–22°C). Resting MO2 was assessed and then the fish

cardiovascular parameters (data not shown here), whereas other fish

underwent the same Ucrit protocol described above.

were not instrumented (N = 14). Surgical protocols followed those

To account for the allometric scaling of standard metabolic rate

detailed in Eliason, Clark, Hinch, and Farrell (2013a). The fish were

(Brett & Glass, 1973), we standardised the resting oxygen uptake for

anesthetised in buffered tricaine methane‐sulphonate (0.1 g L−1 MS‐

three fish sizes in the river, small (total length = 63.5 cm, mass =

222 and 0.1 g L

−1

NaHCO3; Sigma‐Aldrich, Oakville, ON, Canada),

3.03 kg), medium (total length = 89.0 cm, mass = 8.34 kg) and large

weighed and transferred to a surgical table where they were main-

(total length = 119.0 cm, mass = 20.18 kg); these lengths approxi-

tained under a lower dose of buffered anaesthetic (0.075 g L−1 MS‐

mately spanned the minimum, average and maximum lengths

222 and 0.05 g L−1 NaHCO3). A 3‐mm SB flow probe (Transonic

encountered in Lakselva. Corresponding weights were derived from

Systems, Ithaca, NY) was placed around the ventral aorta, a PE‐50

an empirical table of length‐to‐weight conversions for fish from the

cannula was inserted into the dorsal aorta, and a PE‐50 cannula or

study site (www.lakselva.no; the table is based on fork lengths which

an oxygen probe (custom‐designed; Ocean Optics, Dunedin, FL) was

required that we convert our total lengths to fork length by dividing
by 1.046). The measured resting values of MO2 were scaled using

T A B L E 1 Summary of fish from which iButton archival
temperature loggers were recovered. The table details the size of
the salmon as well as the number of days the tags recorded data
Sampling
interval
(days)

an equation from Steffensen, Bushnell, and Schurmann (1994), in
which the MO2corrected = MO2initial × (Massinitial/Masscorrected)(1−exp),
where the MO2initial is the oxygen uptake of fish of Massinitial, cor-

Total
length
(cm)

rected by dividing that fish's mass by the mass of the fish of the
desired size (cm; in this case, we used the three values above) and

Fish ID

Tagging
date

142.144‐8

July 13

73

73

Rosewarne, Wilson, & Svendsen, 2016; Steffensen et al., 1994; Win-

142.123‐14

July 14

18

97

berg, 1956). The oxygen uptake data at temperatures between 7

142.213‐14

July 15

4

98

and 22°C (above) were fit with an exponential curve for resting data

142.203‐12

July 16

12

91

and a second order polynomial relationship for fish swimming at

142.123‐9

July 16

70

90

1.0 bl s−1. Although oxygen uptake was not measured at an interme-

142.144‐11

July 17

11

80

142.213‐9

July 19

67

95

142.114‐8

July 30

30

111

142.123‐75

August 12

126

94

142.144‐112

August 28

27

66

the exp is the scaling exponent 0.80 (Clarke & Johnston, 1999;

diate swim speed, we estimated oxygen uptake at 0.5 and 0.7 bl s−1
by interpolating from the resting and 1.0 bl s−1 data and fit exponential curves through the data to evaluate the internal sensitivity of
our oxygen consumption equations. For these curves, values were
derived using only fish at temperatures measured for both resting
and swimming velocities.
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We estimated daily oxygen uptake for fish in the river between

between 11.5 and 18.0°C (average: 14.5 ± 1.2°C). By comparison,

July 13 and December 16 based on the average daily temperatures

average daily water temperatures during the same period ranged

fish would have experienced given river temperatures. The HOBO

between 11.5 and 18.5°C (average: 14.8 ± 1.4°C). One salmon,

river temperature logger was active in the river between July 19 and

which was caught by an angler in the river in the spring after its

August 19; beyond these dates, the water temperatures were esti-

release (fish ID 142.123‐75; Table 1), provided a continuous 126‐day

mated from the iButton archival temperature loggers by back calcu-

temperature log through to December 16, 2014 (Figure 3). This fish

lation using the regression equation (see Results). By fitting the

had experienced temperatures as low as −0.1°C in winter.

regression equations to the water temperature data, daily oxygen

Comparison of the mixed effects and fixed effects models sug-

uptake (mg O2 kg−1 min−1) was estimated for each day in the study

gested a better fit of the mixed effects model rather than the gener-

period for three size classes of fish and at the four swimming

alised least squares model (ΔAIC = 708). There was a significant

speeds. Daily energy consumption was then derived by multiplying

relationship between river temperature and fish habitat temperature

by 1,440 (minutes in a day) and by the total mass of the fish con-

(t = 260.82, p < 0.01; Figure 4). Model‐predicted values of fish habi-

verted from the three lengths that we selected (2.67, 7.00, 17.69 kg)

tat temperature had a strong (model adjusted R2 = 0.94) positive

−1

consumed per fish of the three sizes.

relationship to actual values. Predictions of fish habitat temperature

Values in mg O2 kg−1 min−1 were multiplied by 60 to get mg O2

could therefore be accurately generated using river surface tempera-

to calculate the mg O2 day
kg

−1

−1

hr

−1

and then multiplied by 0.00325 to convert to kcal kg

ture data by a regression equation: tFISH = 3.24 + 0.76(tRIVER).

hr−1 based on the caloric conversion for Pacific salmon (Brett, 1995).

Swim tunnel respirometry of hatchery Atlantic salmon was used

Daily kilocalories for fish in each size class were then calculated by

to derive oxygen uptake equations as a function of water tempera-

multiplying by the weight (kg) and by 24 (hr). Energetic scope of

ture (Table 2; Figure 5). Based on published equations for estimating

migrants was estimated based on equations in Jonsson et al. (1997).

energy content of Atlantic salmon, initial energy content of the wild

Energy available for migration is a function of individual length

salmon in Lakselva was estimated based on their length to be

(LTOTAL); the initial energy in kilojoules is described by the equation:

48,762, 13,026 and 4,242 kcal for salmon measuring 119.0, 89.0

E = exp(0.044 × LTOTAL + 6.99) and the postspawn energy described

and 63.5 cm, respectively, with an expected depletion of 52%, 39%

by the equation: E = exp(0.035 × LTOTAL + 6.51) and then converted

and 21% of somatic energy at present temperatures (Figure 6). Dur-

from kJ to kcal by multiplying by 0.239. Projected energy depletion

ing the 150‐day modelled period (July 16 to December 16), large fish

was calculated based on the initial energy available with a lower limit

(119.0 cm) were projected to deplete the most gross energy,

(i.e. threshold for life) considered to be the postspawn energy. Models

between 10,212 (at rest) and 47,610 kcal (swimming at 1.0 bl s−1;

of global temperature increase are available to project the rate of

Figure 7). Small salmon had the most extreme relative energy deple-

warming, but vary based on latitude and have uncertainty associated

tion; at rest, we estimated 52% energy depletion for small salmon

with the emissions scenario, along with concomitant changes in radia-

but only 21% for large salmon at present temperatures (Figure 8).

tive forcing, precipitation, cloud cover, albedo, ecosystem structure,

Projected increases in temperature to 4°C increased gross energy

etc. (Joos et al., 2001). Instead of using specific projections, we calcu-

consumption to 65% and 26% for small and large salmon, respec-

lated the expected energetic use for the study period at the present

tively. Faster swimming speeds depleted energy more rapidly than

water temperature and for warming scenarios of 1, 2 and 4°C.

slower speeds, demanding 169% of the somatic energy of small
salmon compared to 98% from large salmon at 1.0 bl s−1 (present

3 | RESULTS
Of the 21 salmon that were tagged, one salmon left the river prior
to the spawning season and one salmon died immediately after
release (see Lennox, Cooke, et al., 2016). Of the remaining 19 tagged
salmon, archival temperature loggers were recovered from 10 salmon (Table 1). These salmon were mostly tagged in the lower
reaches of the river and none of them transited the lakes to access
upper reaches of the river or the tributary Vuolajohka (Figure 1).
Therefore, no tagged salmon was recorded by the fixed receiver stations and given that all tagged fish remained in this river section
(N = 39; Lennox, Cooke, et al., 2016), only temperature readings
from the lower section of the river were used for modelling purposes (Figure 1).
We recorded a seasonal decline as well as daily oscillations in
water temperature (range in daily variation = 0.48–4.21°C). Between
July 16 and August 19, salmon were recorded at temperatures

F I G U R E 3 Fish thermal experience logged in Lakselva by salmon
142.123‐75, whose logger remained active until December 16, 2014
(note that the values have been adjusted based on the regression
analysis; see Supporting Information)
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spawning migration in fresh water. The ability to predict the experienced temperature allowed us to estimate energetic expenditure. In
doing so, we also provided the first equations approximating the
relationship between water temperature and oxygen uptake of
Atlantic salmon at various swimming speeds, and the first estimates
of the energy metabolism of Atlantic salmon modelled to wild fish.
Climate change is an ongoing threat to all freshwater ecosystems
including in the Arctic. Understanding how key parameters, temperature, locomotion and body size, contribute to energy depletion is relevant across species, particularly as changes to the global climate
will require physiological and behavioural adaptations to cope. Our
finding that activity is the most substantial contributor to energy
depletion suggests that animals will need to adapt their migration
F I G U R E 4 The relationship between fish temperature and the
river temperature in Lakselva. Each grey line represents values from
a temperature logger of an individual salmon in the river. The solid
black line is the line of identity at y = x. Linear mixed effects
modelling with an exponential temporal autocorrelation structure
(see Methods) supported a linear relationship between river
temperature and habitat temperature of salmon during this period
and the line of prediction is illustrated by the broken black line

activity and behaviours to adjust to the increased metabolic
demands associated with warmer river temperatures.
Compared to values published for pink (Oncorhynchus gorbuscha
Salmonidae) and sockeye (Oncorhynchus nerka Salmonidae) salmon,
Atlantic salmon appear to have slower metabolism (Eliason et al.,
2011; MacNutt et al., 2006). Regression validated that ambient
water temperatures could predict fish habitat temperature in this
river within the range of 11.5–18.5°C, which is within the reported

temperature regime). Warmer temperature (+4°C) increased caloric

range of optimal temperatures of this species (Anttila et al., 2014;

consumption for fish swimming at 1.0 bl s−1 by 9% for small individ-

Booth, 1998; Frechette et al., 2018; Mills, 1989). While ongoing

uals and 5% for large individuals (Figure 7), with less drastic effects

increases in summer temperature may portend an increasingly ener-

at slower swimming speeds. Overall, this modelling revealed that an

getically demanding freshwater migration, we found that the varying

individual's activity accelerates energy depletion more drastically

effects of body size and swimming speeds will play a crucial role in

than warming does, and the ability to moderate swimming can effec-

energy management for the response of anadromous fish to warm-

tively conserve energy across climate scenarios. Our estimates also

ing. Migrants that have stopped feeding necessarily economise

suggest that large fish will be more resilient to temperature increases

energy during the migration to ration their energy reserves for

than small fish provided they can hold using a slow swimming speed

spawning (Bernatchez & Dodson, 1987). This strategy is true for
today's thermal regime and also in future years when rivers are pro-

during the migration.

jected to be warmer. Fleming (1998) provided a range of 52%–65%
energy depletion for Atlantic salmon during the spawning migration,

4 | DISCUSSION

similar to that of migratory Arctic charr (Salvelinus alpinus) in Canada
(52%; Dutil, 1986). However, Jonsson et al. (1997) suggested a more

We derived a linear relationship between water temperature and fish

extreme energy depletion of 72% for salmon in the Norwegian River

habitat temperature for an anadromous ectotherm during its

Drammen, similar to that of anadromous American shad (70–80%;

T A B L E 2 Oxygen consumption equations derived from hatchery
Atlantic salmon (Salmo salar) at rest and swimming at 1.0 bl s−1.
Data for 0.5 and 0.7 bl s−1 were interpolated. Tw is the ambient
water temperature. Oxygen consumption is returned in
mg O2 kg−1 min−1 and converted to mg O2 day−1 by multiplying by
body size and 1,440 (min/day)

salmon (males: 82%, females: 92%; Bowerman, Pinson‐Dumm, Peery,

Glebe & Leggett, 1981) but less than long‐distance migrating Pacific
& Caudill, 2017). The disparity within Atlantic salmon is likely related
in part to body size; applying our regression equation to the ambient
temperatures in the river provided a minimal (i.e. at rest) 20% depletion of somatic energy for large salmon (119.0 cm length) and 51%
for small salmon (63.5 cm length).

Swimming
speed

Fish size

Oxygen consumption equation

Resting

Small (63.5 cm)

MO2 = 0.55 × exp (0.07 × Tw)

geneity in swim speeds that would include increased activity during

Resting

Medium (89.0 cm)

MO2 = 0.45 × exp (0.07 × Tw)

active migration. Bowerman et al. (2017) suggested that such gait

Resting

Large (119.0 cm)

MO2 = 0.38 × exp (0.07 × Tw)

0.5 bl s−1

All

MO2 = 1.32 × exp (0.03 × Tw)

0.7 bl s−1

All

MO2 = 1.85 × exp (0.03 × Tw)

1.0 bl s−1

All

MO2 = 2.90 + (0.02 × Tw) +
(0.0021 × Tw2)

Our estimates of energy depletion do not account for a hetero-

transitions would contribute to the majority of the energy depletion
for migrating Pacific salmon. However, Pacific salmon have a much
more extensive spawning migration distance (920 km) compared to
the much shorter distance travelled by Lakselva salmon. In a corresponding manner, a large proportion of the time in fresh water is
spent holding because most Atlantic salmon enter rivers weeks or
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F I G U R E 5 Atlantic salmon oxygen metabolism between 7 and 22°C at four swimming speeds. Values for the resting fish were mass‐
corrected for three sizes using a scaling exponent of 0.80 (see Clarke & Johnston, 1999). Curves are presented for three body lengths, near
the minimum, mean and maximum values we encountered in Lakselva. Values for resting and 1.0 bl s−1 were derived from swim tunnel
respirometry (see Table 2). Values for 0.5 and 0.7 bl s−1 were interpolated from these data by averaging the oxygen uptake values. Regression
curves were fit to the plots using a polynomial (second order) equation fit to the 1.0 bl s−1 data and exponential curves fit at other swimming
speeds. Dashed portions of the curves are extrapolations made by the regression equations beyond the temperature ranges at which oxygen
uptake was measured (i.e. 0–7°C)

known to be closely linked to the life history of fishes (Eliason &
Farrell, 2016; Glebe & Leggett, 1981). Bernatchez and Dodson
(1987) calculated the average swimming speed of Atlantic salmon
(rivermouth to spawning grounds) to be 0.1 bl s−1 (using data from
Belding, 1934), which is consistent with observations from telemetry
that Atlantic salmon hold for long periods in slow‐moving pools prior
to spawning (Lennox, Cooke, et al., 2016; Økland et al., 2001;
Richard et al., 2014). Although fish activity has been suggested to
benefit energetically from burst‐and‐coast over steady‐state swimming (Hinch & Rand, 2000; Weihs, 1974), limitations in data availability require simulations such as ours that assume continuous
swimming (see McElroy, DeLonay, & Jacobson, 2012). Our model
revealed that energy depletion was sensitive to changes to the rate
of continuous swimming; individuals at slow swimming speeds will
conserve energy across water temperature scenarios. Higher resoluF I G U R E 6 Predicted somatic energy at length (cm) of Atlantic
salmon (Salmo salar) based on equations derived by Jonsson et al.
(1997) in the River Drammen, Norway. Both curves follow
exponential equations and represent measurements made in July
(Einitial = exp [0.044 × LTOTAL + 6.99]) and November, following
spawning (Epostspawn = exp [0.035 × LTOTAL + 6.51]). Broken vertical
lines represent the lengths we selected for our bioenergetics
modelling in this study, showing the energetic scope during the
freshwater migration

tion data of swimming behaviour during the migration and throughout the migration (i.e. over the winter) will contribute to more
complete models of the energy budget by identifying actual movement rates during all phases of a spawning migration including
movement within pools.
Individual size was shown to be important to depletion of energy
stores, with larger individuals depleting less energy and hence being
more resilient than small to temperature increases and activity
demands. We found that large size conferred considerably greater

months in advance of spawning (Økland et al., 2001). The precise

scope for activity, likely because of their higher energy reserves,

costs of swimming activity are presently not known because there

whereas smaller individuals migrate with less stored energy and are

are no long‐term studies of migrating Atlantic salmon energetics;

likely to have greater sensitivity to temperature increases that accel-

therefore, we generated our model at several speeds. Speed is

erate energy depletion. Based on this, large salmon may be more
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F I G U R E 7 Predicted cumulative energetic expenditure (kCal) of Atlantic salmon measuring either 63.5, 89.0 or 119.0 cm, either resting or
swimming at 0.5, 0.7 and 1.0 bl s−1 from July 13 to December 16. Monthly ticks are the first day of the noted month. Daily temperatures
experienced were converted from measured river values with the regression equation: tFISH = 3.24 + (0.76 × tRIVER) at present river
temperatures or given increases of 1, 2 or 4°C. The horizontal line indicates the scope for depletion (i.e. initial energy minus postspawn
energy) for each size class based on regression equations in Jonsson et al. (1997). The shaded area signifies the approximate spawning period
in Lakselva, October 10–31. Energy depletion increased at higher temperatures, faster rates of movement and larger body size

F I G U R E 8 Predicted proportion of energy remaining to Atlantic salmon measuring either 63.5, 89.0 or 119.0 cm, either resting or
swimming at 0.5, 0.7 and 1.0 bl s−1 from July 13 to December 16. Monthly ticks are the first day of the noted month. Fish habitat
temperatures were calculated from the regression equation: tFISH = 1.62 + 0.88(tRIVER) at present river temperatures or given increases of 1, 2
or 4°C. The horizontal line represents the expected proportion of energy remaining in a postspawn salmon of each size based on a regression
equation in Jonsson et al. (1997). The shaded area signifies the approximate spawning period in Lakselva, October 10–31. Relative energetic
depletion increased at higher temperatures and for faster rates of movement but decreased with body size
resilient to climate warming and have higher fitness; however, we

regime of the natal river (Jonsson, Hansen, et al., 1991). Larger

did not account for larger fish having a cooler optimum temperature

salmon also have higher fecundity and fitness (de Gaudemar,

(Morita, Fukuwaka, Tanimata, & Yamamura, 2010). Body size in

Bonzom, & Beall, 2000; Fleming, 1996). Warming of environmental

Atlantic salmon is genetically and phenotypically linked to environ-

temperature towards a species’ optimum temperature accelerates

mental factors such as the difficulty of migration and the flow

growth and maturation, generally resulting in smaller body size at
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the time of maturation (i.e. the temperature‐size rule; Jonsson, Jon-

mortality of Atlantic salmon is liable to increase in a warming world.

sson, & Finstad, 2013; Kingsolver & Huey, 2008), which has been

For survivors of a first reproduction, it will probably result in

shown experimentally for semelparous salmon (Clark et al., 2012)

decreased survival and reduced iteroparity (Halttunen et al., 2013;

and reef fishes (Messmer et al., 2017). The temperature‐size rule has

Jonsson, Jonsson, et al., 1991). The relationship among temperature,

received attention in the context of climate change (e.g. Cheung et

size, activity and energy use is evidently complex and requires fur-

al., 2013; Daufresne, Lengfellner, & Sommer, 2009; Sheridan &

ther investigation.

Bickford, 2011), although the validity of the underlying physiological
mechanisms requires further validation (Lefevre, McKenzie, &
Nilsson, 2017). Our data suggest that migratory fish such as salmon

4.1 | Limitations

could compensate for climate change with a larger size, but there

Although bioenergetics modelling is well established as a field of

are competing selective pressures. Warm ocean temperatures favour

ecological inquiry, field metabolic data for fish including adult

earlier maturation and smaller body size of salmon (Jonsson & Jon-

Atlantic salmon are scarce (Cooke, Thorstad, & Hinch, 2004). We

sson, 2004). Indeed, Atlantic salmon from warmer rivers at southern

used hatchery Atlantic salmon for our bioenergetic equations, an

latitudes tend to mature at smaller body size (Jonsson & Jonsson,

approach that may be somewhat limited; hatchery and wild salmon

2004, 2009).

(and likely wild salmon of different origin) may have somewhat dif-

As a relatively cold river, warming of the Lakselva River will

ferent conversion of energy to locomotion and future research may

increase the cost of freshwater residence by Atlantic salmon, with

address this. Nonetheless, the use of surrogates is relatively com-

possible effects on life history such as reducing prespawn and post-

mon to physiological studies and surrogates of the same species

spawn survival (such impacts have been observed in other species,

should provide the most reliable information (Cooke et al., 2017).

e.g. American shad Alosa sapidissima Clupeidae; Glebe & Leggett,

Jonsson et al. (1997) modelled somatic energy density of Atlantic

1981; Castro‐Santos & Letcher, 2010). River temperatures and dis-

salmon in the Drammen River (Jonsson et al., 1997), which are

charge are key factors moulding the life history of Atlantic salmon

generally smaller than those in Lakselva. Thus, our energy calcula-

populations including smolt ages, run timing, body sizes and

tion for the largest sized salmon lies beyond the data range derived

iteroparity (Jonsson, Hansen, et al., 1991; Power, 1981). Rivers with

for that population. Drammen is also warmer and so the salmon

less annual water discharge are generally characterised by spawning

there

runs of younger and smaller salmon (Jonsson, Hansen, et al., 1991).

(Heggberget, 1988). The estimates would be improved using oxy-

spawn

several

weeks

later

than

salmon

in

Lakselva

Sea trout (Salmo trutta) populations at high latitudes have less

gen uptake rates from wild Atlantic salmon that have entered fresh

frequent iteroparity than do southern populations (Jonsson &

water at temperatures ranging lower than ours (min = 7°C) instead

L'Abée‐Lund, 1993), a trend that may also be true of the congeneric

of relying on extrapolations from hatchery fish oxygen uptake.

Atlantic salmon. Phenological changes such as shifts to later run

Finer scale data on the cost of swimming and the logged data on

timing could also buffer energetic costs of warming water, as has

swimming effort would also improve the models (Hendry & Beall,

been observed for populations in Newfoundland and Labrador,

2004; Johnstone, Lucas, Boylan, & Carter, 1992; Lucas, Johnstone, &

Canada (Dempson et al., 2017). Entering rivers later may decrease

Priede, 1993), but would still contain inaccuracies because it is logisti-

the accumulated thermal units during migration and offset energetic

cally difficult to perfectly estimate field metabolic rates based on swim

costs of higher water temperatures (Katinic et al., 2015) and enter-

tunnel values. Such work would have to include the oxygen debt due

ing earlier and swimming upriver to holding sites before tempera-

to anaerobic exercise (e.g. Lee, Devlin, & Farrell, 2003; Lee, Farrell, et

tures become elevated will avoid a collapse in aerobic scope (Farrell

al., 2003), especially because burst‐and‐coast swimming behaviours

et al., 2008). Late entry is generally expressed by smaller Atlantic

are likely to defer the immediate oxygen cost of swimming.

salmon with less somatic energy than larger individuals, and perhaps

Like Jonsson et al. (1997), we cannot predict the energy loss

the relationship can be explained by energy demands of migration

through the winter months. Owing to the cold temperatures, the

(Niemelä et al., 2006; Shearer, 1990). According to Power (1981),

energy demands during this period are predicted to be small

increased water temperature promoted the evolution of a bimodal

(17.53 kcal/day at 0°C at rest) compared to during the summer

run timing distribution in Atlantic salmon to avoid movement in

(48.73 kcal/day at 14.5°C at rest), as calculated for an average sized

midsummer at high temperature (i.e. an early run and a late run

salmon (89.0 cm) for this site. Nevertheless, salmon kelts clearly

establish within the same river).

have exceedingly lower energetic reserves prior to outmigration

Physiological acclimation to warming thermal regimes is possible

(Moore, 1997), warranting the term “spent.” Therefore, warmer win-

when fish rear in those conditions. Anttila et al. (2014) identified sig-

ter river temperatures will accelerate energy depletion and could

nificant thermal plasticity of Atlantic salmon originating from the

perhaps trigger an earlier outmigration, possibly resulting in a mis-

nearby Alta River (69°58′06.3″N 23°22′29.5″E) reared in warmer

match of outmigration and peak ocean productivity that is believed

water, suggesting that fish from these northern populations could

to facilitate reconditioning of spent Atlantic salmon, as it does for

adjust, to some extent, to warming conditions in fresh water

out‐migrating smolts (Otero et al., 2014).

depending on early life experience. In the absence of species adapta-

Intersexual differences were set aside from our analysis, yet

tion, our estimates of energy depletion suggest that prespawn

Jonsson, Jonsson, et al. (1991) found somatic energy loss to be
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Ola H. Diserud

ET AL.

https://orcid.org/0000-0002-5407-0659
https://orcid.org/0000-0002-7331-3230

females survive spawning whereas males are more prone to die
(Hawkins & Smith, 1986; Jonsson, Jonsson, et al., 1991). The minimum energy density at which salmon are capable of living and still
spawning (i.e. threshold for life) has been calculated for semelparous
sockeye and pink salmons and ranged between 693 kcal/kg (Hendry
& Berg, 1999) and 956 kcal/kg (Crossin, Hinch, Farrell, Whelly, &
Healey, 2003; Crossin et al., 2004). Bowerman et al. (2017) calculated an energy density of 860 (female) and 980 (male) kcal/kg in
postspawned chinook salmon. Jonsson et al. (1997) provided an
equation for estimating the somatic energy of a postspawn salmon
based on length (see Methods), although their work did not identify
an explicit threshold for life.

5 | CONCLUSION
As expected, energy depletion was accelerated at higher temperatures and given scenarios of higher activity. However, activity had a
more profound impact on the rate of energy depletion than did
increases in temperature within the modelled range. This disparity
was more evident among smaller salmon than for larger individuals
given that larger individuals possess greater energetic storage. Body
size of Atlantic salmon is closely linked to reproductive success (de
Gaudemar et al., 2000; Fleming, 1996) and salmon exhibit considerable variation in life history phenotypes across body sizes (Niemelä
et al., 2006; Shearer, 1990). Our models should inspire research into
how physiological plasticity and behavioural adaptations, especially
run timing, could compensate for warming and should also be met
with further research into interacting effects of temperature and disease (Rand et al., 2006). Ultimately, a better understanding of the
behavioural and physiological mechanisms that facilitate successful
migration, associated life history events (i.e. run timing, spawning)
and physiological processes (i.e. cardiophysiology, biochemistry and
biomechanics; Anttila et al., 2014) is necessary to understand and
manage fish in a warming Arctic and advance efforts to focus conservation initiatives on sensitive populations.

ACKNOWLEDGMENTS
We thank Egil Liberg, Pablo Sanchez Jerez and the Lakselva River
Owner's Association for their support of this study. We also wish to
acknowledge anglers and guides that contributed by capturing fish
for the study and returning tags. RJL was supported by a graduate
scholarship from the Natural Sciences and Engineering Research
Council of Canada (NSERC). SJC and APF were supported by the
Canada Research Chairs programme and NSERC.

ORCID
Robert J. Lennox
Erika J. Eliason

http://orcid.org/0000-0003-1010-0577
https://orcid.org/0000-0002-0120-7498

REFERENCES
Anttila, K., Couturier, C. S., Øverli, Ø., Johnsen, A., Marthinsen, G.,
Nilsson, G. E., & Farrell, A. P. (2014). Atlantic salmon show capability
for cardiac acclimation to warm temperatures. Nature Communications, 5, 4252. https://doi.org/10.1038/ncomms5252
Bardonnet, A., & Baglinière, J. L. (2000). Freshwater habitat of Atlantic
salmon (Salmo salar). Canadian Journal of Fisheries and Aquatic
Sciences, 57(2), 497–506. https://doi.org/10.1139/f99-226
Behrisch, H. W. (1969). Temperature and the regulation of enzyme
activity in poikilotherms. Fructose diphosphatase from migrating
salmon. Biochemical Journal, 115(4), 687–696. https://doi.org/10.
1042/bj1150687
Belding, D. L. (1934). The cause of the high mortality in the Atlantic
salmon after spawning. Transactions of the American Fisheries Society,
64(1), 219–224. https://doi.org/10.1577/1548-8659(1934)64[219:
TCOTHM]2.0.CO;2
Bernatchez, L., & Dodson, J. J. (1987). Relationship between bioenergetics and behavior in anadromous fish migrations. Canadian Journal of
Fisheries and Aquatic Sciences, 44(2), 399–407. https://doi.org/10.
1139/f87-049
Booth, R. K. (1998). Swimming performance of anadromous Atlantic salmon, Salmo salar L., during their spawning migration in the Exploits
River, Newfoundland, Canada. Doctor of Philosophy thesis, University of Waterloo, Ontario.
Bowerman, T. E., Pinson-Dumm, A., Peery, C. A., & Caudill, C. C. (2017).
Reproductive energy expenditure and changes in body morphology
for a population of Chinook salmon Oncorhynchus tshawytscha with a
long distance migration. Journal of Fish Biology, 90(5), 1960–1979.
https://doi.org/10.1111/jfb.13274
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). American Zoologist,
11(1), 99–113. https://doi.org/10.1093/icb/11.1.99
Brett, J. R. (1995). Energetics. In C. Groot, L. Margolis, & W. C. Clarke
(Eds.), Physiological ecology of Pacific salmon (pp. 3–68). Vancouver,
BC: University of British Columbia Press.
Brett, J. R., & Glass, N. R. (1973). Metabolic rates and critical swimming
speeds of sockeye salmon (Oncorhynchus nerka) in relation to size
and temperature. Journal of the Fisheries Board of Canada, 30(3), 379–
387. https://doi.org/10.1139/f73-068
Burnett, N. J., Hinch, S. G., Braun, D. C., Casselman, M. T., Middleton, C.
T., Wilson, S. M., & Cooke, S. J. (2014). Burst swimming in areas
of high flow: Delayed consequences of anaerobiosis in wild adult
sockeye salmon. Physiological and Biochemical Zoology, 87(5), 587–
598. https://doi.org/10.1086/677219
Caissie, D. (2006). The thermal regime of rivers: A review. Freshwater Biology, 51(8), 1389–1406. https://doi.org/10.1111/j.1365-2427.2006.
01597.x
Castro-Santos, T., & Letcher, B. H. (2010). Modeling migratory energetics
of Connecticut River American shad (Alosa sapidissima): Implications
for the conservation of an iteroparous anadromous fish. Canadian
Journal of Fisheries and Aquatic Sciences, 67(5), 806–830. https://doi.
org/10.1139/F10-026
Cheung, W. W., Sarmiento, J. L., Dunne, J., Frölicher, T. L., Lam, V. W., Palomares, M. D., … Pauly, D. (2013). Shrinking of fishes exacerbates
impacts of global ocean changes on marine ecosystems. Nature Climate
Change, 3(3), 254–258. https://doi.org/10.1038/nclimate1691
Clark, T. D., Donaldson, M. R., Pieperhoff, S., Drenner, S. M., Lotto, A.,
Cooke, S. J., … Farrell, A. P. (2012). Physiological benefits of being

LENNOX

ET AL.

small in a changing world: Responses of coho salmon (Oncorhynchus
kisutch) to an acute thermal challenge and a simulated capture
event. PLoS ONE, 7(6), e39079. https://doi.org/10.1371/journal.pone.
0039079
Clarke, A., & Johnston, N. M. (1999). Scaling of metabolic rate with
body mass and temperature in teleost fish. Journal of Animal Ecology, 68(5), 893–905. https://doi.org/10.1046/j.1365-2656.1999.
00337.x
Cooke, S. J., Birnie-Gauvin, K., Lennox, R. J., Taylor, J. J., Rytwinski, T.,
Rummer, J. L., … Haddaway, N. R. (2017). How experimental biology
and ecology can support evidence‐based decision‐making in conservation: Avoiding pitfalls and enabling application. Conservation
Physiology, 5(1), cox043.
Cooke, S. J., Thorstad, E. B., & Hinch, S. G. (2004). Activity and energetics of free‐swimming fish: Insights from electromyogram telemetry.
Fish and Fisheries, 5(1), 21–52. https://doi.org/10.1111/j.1467-2960.
2004.00136.x
Crossin, G. T., Hinch, S. G., Farrell, A. P., Higgs, D. A., Lotto, A. G., Oakes,
J. D., & Healey, M. C. (2004). Energetics and morphology of sockeye
salmon: Effects of upriver migratory distance and elevation. Journal of
Fish Biology, 65(3), 788–810. https://doi.org/10.1111/j.0022-1112.
2004.00486.x
Crossin, G. T., Hinch, S. G., Farrell, A. P., Whelly, M. P., & Healey, M. C.
(2003). Pink salmon (Oncorhynchus gorbuscha) migratory energetics:
Response to migratory difficulty and comparisons with sockeye salmon (Oncorhynchus nerka). Canadian Journal of Zoology, 81(12), 1986–
1995. https://doi.org/10.1139/z03-193
Crozier, L. G., Hendry, A. P., Lawson, P. W., Quinn, T. P., Mantua, N. J.,
Battin, J., … Huey, R. B. (2008). Potential responses to climate
change in organisms with complex life histories: Evolution and plasticity in Pacific salmon. Evolutionary Applications, 1(2), 252–270.
https://doi.org/10.1111/j.1752-4571.2008.00033.x
Crozier, L. G., & Hutchings, J. A. (2014). Plastic and evolutionary
responses to climate change in fish. Evolutionary Applications, 7(1),
68–87. https://doi.org/10.1111/eva.12135
Daufresne, M., Lengfellner, K., & Sommer, U. (2009). Global warming
benefits the small in aquatic ecosystems. Proceedings of the National
Academy of Sciences of the United States of America, 106(31), 12788–
12793. https://doi.org/10.1073/pnas.0902080106
de Gaudemar, B., Bonzom, J. M., & Beall, E. (2000). Effects of courtship
and relative mate size on sexual motivation in Atlantic salmon.
Journal of Fish Biology, 57(2), 502–515. https://doi.org/10.1111/j.
1095-8649.2000.tb02188.x
Dempson, B., Schwarz, C. J., Bradbury, I. R., Robertson, M. J., Veinott, G.,
Poole, R., & Colbourne, E. (2017). Influence of climate and abundance
on migration timing of adult Atlantic salmon (Salmo salar) among rivers in Newfoundland and Labrador. Ecology of Freshwater Fish, 26(2),
247–259. https://doi.org/10.1111/eff.12271
Dutil, J. D. (1986). Energetic constraints and spawning interval in the
anadromous Arctic charr (Salvelinus alpinus). Copeia, 1986(4), 945–
955. https://doi.org/10.2307/1445291
Eliason, E. J., Clark, T. D., Hague, M. J., Hanson, L. M., Gallagher, Z. S.,
Jeffries, K. M., … Farrell, A. P. (2011). Differences in thermal
tolerance among sockeye salmon populations. Science, 332(6025),
109–112. https://doi.org/10.1126/science.1199158
Eliason, E. J., Clark, T. D., Hinch, S. G., & Farrell, A. P. (2013a). Cardiorespiratory collapse at high temperature in swimming adult sockeye
salmon. Conservation Physiology, 1(1), cot008.
Eliason, E. J., Clark, T. D., Hinch, S. G., & Farrell, A. P. (2013b). Cardiorespiratory performance and blood chemistry during swimming and
recovery in three populations of elite swimmers: Adult sockeye
salmon. Comparative Biochemistry and Physiology Part A: Molecular &
Integrative Physiology, 166(2), 385–397. https://doi.org/10.1016/
j.cbpa.2013.07.020

|

1391

Eliason, E. J., & Farrell, A. P. (2016). Oxygen uptake in Pacific salmon
Oncorhynchus spp.: When ecology and physiology meet. Journal of
Fish Biology, 88(1), 359–388. https://doi.org/10.1111/jfb.12790
Farrell, A. P., Eliason, E. J., Sandblom, E., & Clark, T. D. (2009). Fish
cardiorespiratory physiology in an era of climate change. Canadian
Journal of Zoology, 87(10), 835–851. https://doi.org/10.1139/Z09092
Farrell, A. P., Hinch, S. G., Cooke, S. J., Patterson, D. A., Crossin, G. T.,
Lapointe, M., & Mathes, M. T. (2008). Pacific salmon in hot water:
Applying aerobic scope models and biotelemetry to predict the
success of spawning migrations. Physiological and Biochemical Zoology,
81(6), 697–708. https://doi.org/10.1086/592057
Fleming, I. A. (1996). Reproductive strategies of Atlantic salmon: Ecology
and evolution. Reviews in Fish Biology and Fisheries, 6(4), 379–416.
https://doi.org/10.1007/BF00164323
Fleming, I. A. (1998). Pattern and variability in the breeding system of
Atlantic salmon (Salmo salar), with comparisons to other salmonids.
Canadian Journal of Fisheries and Aquatic Sciences, 55(S1), 59–76.
https://doi.org/10.1139/d98-009
Frechette, D. M., Dugdale, S. J., Dodson, J. J., & Bergeron, N. E. (2018).
Understanding summertime thermal refuge use by adult Atlantic salmon using remote sensing, river temperature monitoring and acoustic
telemetry. Canadian Journal of Fisheries and Aquatic Sciences, 1–12.
https://doi.org/10.1139/cjfas-2017-0422
Fry, F. E. J. (1971). The effect of environmental factors on the physiology
of fish. In W. S. Hoar & D. J. Randall (Eds.), Fish physiology: Environmental relations and behavior (pp. 1–98). New York, NY: Academic Press.
Glebe, B. D., & Leggett, W. C. (1981). Latitudinal differences in energy
allocation and use during the freshwater migrations of American shad
(Alosa sapidissima) and their life history consequences. Canadian Journal of Fisheries and Aquatic Sciences, 38(7), 806–820. https://doi.org/
10.1139/f81-109
Halttunen, E., Jensen, J. L. A., Næsje, T. F., Davidsen, J. G., Thorstad, E.
B., Chittenden, C. M., … Rikardsen, A. H. (2013). State‐dependent
migratory timing of postspawned Atlantic salmon (Salmo salar).
Canadian Journal of Fisheries and Aquatic Sciences, 70(7), 1063–1071.
https://doi.org/10.1139/cjfas-2012-0525
Harvell, C. D., Mitchell, C. E., Ward, J. R., Altizer, S., Dobson, A. P., Ostfeld, R. S., & Samuel, M. D. (2002). Climate warming and disease risks
for terrestrial and marine biota. Science, 296(5576), 2158–2162.
https://doi.org/10.1126/science.1063699
Hawkins, A. D., & Smith, G. W. (1986). Radio-tracking observations on
Atlantic salmon ascending the Aberdeenshire Dee. Scottish Fisheries
Research Report 36, 24 pp. Edinburgh, UK: Scottish Office.
Heggberget, T. G. (1988). Timing of spawning in Norwegian Atlantic salmon (Salmo salar). Canadian Journal of Fisheries and Aquatic Sciences,
45(5), 845–849. https://doi.org/10.1139/f88-102
Hendry, A. P., & Beall, E. (2004). Energy use in spawning Atlantic salmon.
Ecology of Freshwater Fish, 13(3), 185–196. https://doi.org/10.1111/j.
1600-0633.2004.00045.x
Hendry, A. P., & Berg, O. K. (1999). Secondary sexual characters, energy
use, senescence, and the cost of reproduction in sockeye salmon.
Canadian Journal of Zoology, 77, 1663–1675. https://doi.org/10.1139/
z99-158
Hinch, S. G., & Rand, P. S. (2000). Optimal swimming speeds and forward‐assisted propulsion: Energy‐conserving behaviours of upriver‐
migrating adult salmon. Canadian Journal of Fisheries and Aquatic
Sciences, 57(12), 2470–2478. https://doi.org/10.1139/f00-238
Hodgson, S., & Quinn, T. P. (2002). The timing of adult sockeye salmon
migration into fresh water: Adaptations by populations to prevailing
thermal regimes. Canadian Journal of Zoology, 80(3), 542–555.
https://doi.org/10.1139/z02-030
Johnstone, A. D. F., Lucas, M. C., Boylan, P., & Carter, T. J. (1992).
Telemetry of tail beat frequency in Atlantic salmon, Salmo salar L.,

1392

|

during spawning. In L. M. Priede & S. W. Swift (Eds.), Wildlife telemetry (pp. 456–465). New York, NY: Ellis Horwood.
Jonsson, N., Hansen, L. P., & Jonsson, B. (1991). Variation in age, size
and repeat spawning of adult Atlantic salmon in relation to river discharge. The Journal of Animal Ecology, 60, 937–947. https://doi.org/
10.2307/5423
Jonsson, N., & Jonsson, B. (2004). Size and age of maturity of Atlantic
salmon correlate with the North Atlantic Oscillation Index (NAOI).
Journal of Fish Biology, 64(1), 241–247. https://doi.org/10.1111/j.
1095-8649.2004.00269.x
Jonsson, B., & Jonsson, N. (2009). A review of the likely effects of climate change on anadromous Atlantic salmon Salmo salar and brown
trout Salmo trutta, with particular reference to water temperature
and flow. Journal of Fish Biology, 75(10), 2381–2447. https://doi.org/
10.1111/j.1095-8649.2009.02380.x
Jonsson, B., Jonsson, N., & Finstad, A. G. (2013). Effects of temperature
and food quality on age and size at maturity in ectotherms: An
experimental test with Atlantic salmon. Journal of Animal Ecology, 82
(1), 201–210. https://doi.org/10.1111/j.1365-2656.2012.02022.x
Jonsson, N., Jonsson, B., & Hansen, L. P. (1990). Partial segregation in
the timing of migration of Atlantic salmon of different ages. Animal
Behaviour, 40(2), 313–321. https://doi.org/10.1016/S0003-3472(05)
80926-1
Jonsson, N., Jonsson, B., & Hansen, L. P. (1991). Energetic cost of spawning in male and female Atlantic salmon (Salmo salar L.). Journal of Fish
Biology, 39(5), 739–744. https://doi.org/10.1111/j.1095-8649.1991.
tb04403.x
Jonsson, N., Jonsson, B., & Hansen, L. P. (1997). Changes in proximate
composition and estimates of energetic costs during upstream migration and spawning in Atlantic salmon Salmo salar. Journal of Animal
Ecology, 66, 425–436. https://doi.org/10.2307/5987
Jonsson, B., & L'Abée‐Lund, J. H. (1993). Latitudinal clines in life‐history
variables of anadromous brown trout in Europe. Journal of Fish Biology, 43(sA), 1–16. https://doi.org/10.1111/j.1095-8649.1993.tb
01175.x
Joos, F., Prentice, I. C., Sitch, S., Meyer, R., Hooss, G., Plattner, G. K., …
Hasselmann, K. (2001). Global warming feedbacks on terrestrial carbon uptake under the Intergovernmental Panel on Climate Change
(IPCC) emission scenarios. Global Biogeochemical Cycles, 15(4), 891–
907. https://doi.org/10.1029/2000GB001375
Katinic, P. J., Patterson, D. A., & Ydenberg, R. C. (2015). Thermal regime,
predation danger and the early marine exit of sockeye salmon Oncorhynchus nerka. Journal of Fish Biology, 86(1), 276–287. https://doi.org/
10.1111/jfb.12596
Kingsolver, J. G., & Huey, R. B. (2008). Size, temperature, and fitness:
Three rules. Evolutionary Ecology Research, 10(2), 251–268.
Klemetsen, A., Amundsen, P. A., Dempson, J. B., Jonsson, B., Jonsson, N.,
O'Connell, M. F., & Mortensen, E. (2003). Atlantic salmon Salmo salar
L., brown trout Salmo trutta L. and Arctic charr Salvelinus alpinus (L.):
A review of aspects of their life histories. Ecology of Freshwater Fish,
12(1), 1–59. https://doi.org/10.1034/j.1600-0633.2003.00010.x
Lee, C. G., Devlin, R. H., & Farrell, A. P. (2003). Swimming performance,
oxygen consumption and excess post‐exercise oxygen consumption
in adult transgenic and ocean‐ranched coho salmon. Journal of Fish
Biology, 62(4), 753–766. https://doi.org/10.1046/j.1095-8649.2003.
00057.x
Lee, C. G., Farrell, A. P., Lotto, A., MacNutt, M. J., Hinch, S. G., & Healey,
M. C. (2003). The effect of temperature on swimming performance
and oxygen consumption in adult sockeye (Oncorhynchus nerka) and
coho (O. kisutch) salmon stocks. Journal of Experimental Biology, 206
(18), 3239–3251. https://doi.org/10.1242/jeb.00547
Lefevre, S., McKenzie, D. J., & Nilsson, G. E. (2017). Models projecting
the fate of fish populations under climate change need to be based
on valid physiological mechanisms. Global Change Biology, 23(9),
3449–3459. https://doi.org/10.1111/gcb.13652

LENNOX

ET AL.

Lennox, R. J., Chapman, J. M., Souliere, C. M., Tudorache, C., Wikelski,
M., Metcalfe, J. D., & Cooke, S. J. (2016). Conservation physiology of
animal migration. Conservation Physiology, 4(1), cov072. https://doi.
org/10.1093/conphys/cov072
Lennox, R. J., Cooke, S. J., Diserud, O. H., Havn, T. B., Johansen, M. R.,
Thorstad, E. B., … Uglem, I. (2016). Use of simulation approaches to
evaluate the consequences of catch‐and‐release angling on the migration behaviour of adult Atlantic salmon (Salmo salar). Ecological Modelling, 333, 43–50. https://doi.org/10.1016/j.ecolmodel.2016.04.010
Lucas, M. C., Johnstone, A. D., & Priede, I. G. (1993). Use of physiological
telemetry as a method of estimating metabolism of fish in the natural
environment. Transactions of the American Fisheries Society, 122(5),
822–833.
https://doi.org/10.1577/1548-8659(1993)122&lt;0822:
UOPTAA&gt;2.3.CO;2
MacNutt, M. J., Hinch, S. G., Lee, C. G., Phibbs, J. R., Lotto, A. G., Healey,
M. C., & Farrell, A. P. (2006). Temperature effects on swimming performance, energetics, and aerobic capacities of mature adult pink salmon (Oncorhynchus gorbuscha) compared with those of sockeye
salmon (Oncorhynchus nerka). Canadian Journal of Zoology, 84(1), 88–
97. https://doi.org/10.1139/z05-181
McElroy, B., DeLonay, A., & Jacobson, R. (2012). Optimum swimming
pathways of fish spawning migrations in rivers. Ecology, 93(1), 29–34.
https://doi.org/10.1890/11-1082.1
Messmer, V., Pratchett, M. S., Hoey, A. S., Tobin, A. J., Coker, D. J.,
Cooke, S. J., & Clark, T. D. (2017). Global warming may disproportionately affect larger adults in a predatory coral reef fish. Global
Change Biology, 23(6), 2230–2240. https://doi.org/10.1111/gcb.
13552
Mills, D. (1989). Ecology and management of Atlantic salmon. London, UK:
Chapman and Hall.
Moore, J. P. (1997). Energetics of spring and autumn run Atlantic salmon
from the Ponoi River, Russia. M.Sc. Thesis, University of New Brunswick.
Morbey, Y. E., Brassil, C. E., & Hendry, A. P. (2005). Rapid senescence in
Pacific salmon. The American Naturalist, 166(5), 556–568. https://doi.
org/10.1086/491720
Morita, K., Fukuwaka, M. A., Tanimata, N., & Yamamura, O. (2010). Size‐
dependent thermal preferences in a pelagic fish. Oikos, 119(8), 1265–
1272. https://doi.org/10.1111/j.1600-0706.2009.18125.x
Mote, P. W., Parson, E. A., Hamlet, A. F., Keeton, W. S., Lettenmaier,
D., Mantua, N., … Snover, A. K. (2003). Preparing for climatic
change: The water, salmon, and forests of the Pacific Northwest.
Climatic Change, 61(1), 45–88. https://doi.org/10.1023/A:1026302
914358
Niemelä, E., Orell, P., Erkinaro, J., Dempson, J. B., Brørs, S., Svenning, M.
A., & Hassinen, E. (2006). Previously spawned Atlantic salmon ascend
a large subarctic river earlier than their maiden counterparts. Journal
of Fish Biology, 69(4), 1151–1163. https://doi.org/10.1111/j.10958649.2006.01190.x
O'Brien, K., Sygna, L., & Haugen, J. E. (2004). Vulnerable or resilient? A
multi‐scale assessment of climate impacts and vulnerability in Norway. Climatic Change, 64(1–2), 193–225. https://doi.org/10.1023/B:
CLIM.0000024668.70143.80
Økland, F., Erkinaro, J., Moen, K., Niemelä, E., Fiske, P., McKinley, R. S.,
& Thorstad, E. B. (2001). Return migration of Atlantic salmon in the
River Tana: Phases of migratory behaviour. Journal of Fish Biology, 59
(4), 862–874. https://doi.org/10.1111/j.1095-8649.2001.tb00157.x
Otero, J., L'Abee-Lund, J. H., Castro-Santos, T., Leonardsson, K., Storvik,
G. O., Jonsson, B., … Vøllestad, L. A. (2014). Basin‐scale phenology
and effects of climate variability on global timing of initial seaward
migration of Atlantic salmon (Salmo salar). Global Change Biology, 20
(1), 61–75. https://doi.org/10.1111/gcb.12363
Pinheiro, J., Bates, D., Debroy, S., & Sarkar, D.; R Core Team. (2014).
nlme: Linear and nonlinear mixed effects models. R Package Version 3.1118. Retrieved from http://CRAN.R-project.org/packages=nlme

LENNOX

|

ET AL.

Pörtner, H. O. (2002). Climate variations and the physiological basis of
temperature dependent biogeography: Systemic to molecular hierarchy of thermal tolerance in animals. Comparative Biochemistry and
Physiology Part A: Molecular & Integrative Physiology, 132(4), 739–761.
https://doi.org/10.1016/S1095-6433(02)00045-4
Pörtner, H. O., & Knust, R. (2007). Climate change affects marine fishes
through the oxygen limitation of thermal tolerance. Science, 315
(5808), 95–97. https://doi.org/10.1126/science.1135471
Power, G. (1981). Stock characteristics and catches of Atlantic salmon
(Salmo salar) in Quebec, and Newfoundland and Labrador in relation
to environmental variables. Canadian Journal of Fisheries and Aquatic
Sciences, 38(12), 1601–1611. https://doi.org/10.1139/f81-210
Priede, I. G. (1977). Natural selection for energetic efficiency and the
relationship between activity level and mortality. Nature, 267, 610–
611. https://doi.org/10.1038/267610a0
Prowse, T. D., Wrona, F. J., Reist, J. D., Gibson, J. J., Hobbie, J. E., Lévesque, L. M., & Vincent, W. F. (2006). Climate change effects on
hydroecology of Arctic freshwater ecosystems. AMBIO: A Journal of
the Human Environment, 35(7), 347–358. https://doi.org/10.1579/
0044-7447(2006)35[347:CCEOHO]2.0.CO;2
R Core Team (2017). R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from https://www.R-project.org/
Rand, P. S., Hinch, S. G., Morrison, J., Foreman, M. G. G., MacNutt, M. J.,
Macdonald, J. S., … Higgs, D. A. (2006). Effects of river discharge,
temperature, and future climates on energetics and mortality of adult
migrating Fraser River sockeye salmon. Transactions of the American
Fisheries Society, 135(3), 655–667. https://doi.org/10.1577/T05-023.
1
Richard, A., Bernatchez, L., Valiquette, E., & Dionne, M. (2014). Telemetry
reveals how catch and release affects prespawning migration in
Atlantic salmon (Salmo salar). Canadian Journal of Fisheries and Aquatic
Sciences, 71(11), 1730–1739. https://doi.org/10.1139/cjfas-20140072
Rosewarne, P. J., Wilson, J. M., & Svendsen, J. C. (2016). Measuring maximum and standard metabolic rates using intermittent‐flow respirometry: A student laboratory investigation of aerobic metabolic scope
and environmental hypoxia in aquatic breathers. Journal of Fish Biology, 88(1), 265–283. https://doi.org/10.1111/jfb.12795
Rummer, J. L., Couturier, C. S., Stecyk, J. A., Gardiner, N. M., Kinch, J. P.,
Nilsson, G. E., & Munday, P. L. (2014). Life on the edge: Thermal
optima for aerobic scope of equatorial reef fishes are close to current
day temperatures. Global Change Biology, 20(4), 1055–1066. https://d
oi.org/10.1111/gcb.12455
Shearer, W. M. (1990). The Atlantic salmon (Salmo salar L.) of the North
Esk with particular reference to the relationship between both river
and sea age and time of return to home waters. Fisheries Research,
10(1–2), 93–123. https://doi.org/10.1016/0165-7836(90)90017-P
Sheridan, J. A., & Bickford, D. (2011). Shrinking body size as an ecological
response to climate change. Nature Climate Change, 1(8), 401.
https://doi.org/10.1038/nclimate1259

1393

Standen, E. M., Hinch, S. G., Healey, M. C., & Farrell, A. P. (2002). Energetic costs of migration through the Fraser River Canyon, British
Columbia, in adult pink (Oncorhynchus gorbuscha) and sockeye (Oncorhynchus nerka) salmon as assessed by EMG telemetry. Canadian Journal of Fisheries and Aquatic Sciences, 59(11), 1809–1818. https://doi.
org/10.1139/f02-151
Steffensen, J. F., Bushnell, P. G., & Schurmann, H. (1994). Oxygen uptake
in four species of teleosts from Greenland: No evidence of metabolic
cold adaptation. Polar Biology, 14(1), 49–54.
Steinhausen, M. F., Sandblom, E., Eliason, E. J., Verhille, C., & Farrell, A.
P. (2008). The effect of acute temperature increases on the cardiorespiratory performance of resting and swimming sockeye salmon
(Oncorhynchus nerka). Journal of Experimental Biology, 211(24), 3915–
3926. https://doi.org/10.1242/jeb.019281
Thorstad, E. B., Whoriskey, F. G., Rikardsen, A. H., & Aarestrup, K.
(2011). Aquatic nomads: The life and migrations of the Atlantic salmon. In Ø. Aas, S. Einum, A. Klemetsen, & J. Skurdal (Eds.), Atlantic
salmon ecology (pp. 1–32). Oxford: Wiley-Blackwell.
Walther, G. R., Post, E., Convey, P., & Menzel, A. (2002). Ecological
responses to recent climate change. Nature, 416(6879), 389.
https://doi.org/10.1038/416389a
Webb, B. W. (1996). Trends in stream and river temperature. Hydrological
Processes, 10(2), 205–226. https://doi.org/10.1002/(ISSN)1099-1085
Weihs, D. (1974). Energetic advantages of burst swimming of fish. Journal of Theoretical Biology, 48(1), 215–229. https://doi.org/10.1016/
0022-5193(74)90192-1
Winberg, G. G. (1956). Rate of metabolism and food requirements of
fishes. Fisheries Research Board of Canada Series, 194, 202.
Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A., & Smith, G. M.
(2009). Mixed effects models and extensions in ecology with R. New
York, NY: Spring Science and Business Media. https://doi.org/10.
1007/978-0-387-87458-6

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Lennox RJ, Eliason EJ, Havn TB,
et al. Bioenergetic consequences of warming rivers to adult
Atlantic salmon Salmo salar during their spawning migration.
Freshwater Biol. 2018;63:1381–1393. https://doi.org/
10.1111/fwb.13166

