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Long-distance migrations can be energetically demanding and can represent phases of high mortality. Understanding
relationships between body condition and migratory performance can help illuminate the challenges and vulnerabilities
of migratory species. Juvenile anadromous sockeye salmon (Oncorhynchus nerka) may migrate over 1000 km from their
freshwater nursery habitats to estuary and ocean feeding grounds. During the period corresponding to the seaward migration
of sockeye salmon, we held smolts in the laboratory to ask the following: (i) Does non-feeding migration duration influence
prolonged swim performance and survival? (ii) What are the relationships between individual body condition and swim
performance and survival? Wild sockeye salmon were intercepted during their migration and held without food for up to
61 days to represent the non-feeding freshwater migration and the extremes of poor estuary habitat. We conducted 40 sets
of prolonged swim trials on 319 fish from 3 treatment groups that represented entrance to the marine environment on (i) an
average,(ii) a delayed and (iii) a severely delayed migration schedule. Experimentally controlled freshwater migration duration
did not impact swim performance or survival. Swim performance decreased concomitant with condition factor, where smolts
with a Fulton’s condition factor of <0.69 were less likely (<50% probability) to complete the swim test (90 min swim test,
at ∼0.50 m/s). Survival of salmon smolts in the laboratory was less likely at energy densities of less than 3.47 MJ/kg. Swim
performance decreased much sooner than survival, suggesting that swim performance, and therefore condition factor, may
be a good indicator of survival of migratory smolts, as fish with reduced swim performance will likely be predated. These
two relationships, one more ecologically relevant and one more clinical, help reveal the limits of long-distance migration
for juvenile salmon and can be used to determine population-specific starvation risk associated with various freshwater and
marine habitat conditions.
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Introduction
Long-distance migrations are often challenging life history
phases with higher mortality rates compared to stationary
phases (Sillett and Holmes, 2002; Alerstam et al., 2003;
Klaassen et al., 2014; Lok et al., 2015; Clark et al., 2016).
Migratory success or failure may be controlled by variation in
individual condition and energetics within and across popula-
tions. For instance, body condition can be a strong indicator
of migration success (Drent et al., 2003; Duijns et al., 2017),
as long-distance migrants often rely heavily on endogenous
energy stores to fuel migrations (McKeown, 1984; Dingle,
1996) and could be a potential tool for predicting migra-
tion success. For example, red knots (Calidris canutus rufa)
with higher body condition (size-corrected mass) had faster
migration to breeding grounds, higher migration success (sur-
vival), and were more likely to have bred successfully, than
those of lower body condition (Duijns et al., 2017). Lower
quality individuals are also more likely to be predated during
migration (Dierschke, 2003; Tucker et al., 2016). Thus, body
condition at the beginning of the migration can influence
subsequent performance, thereby driving carryover effects
across life stages and habitats. Understanding the relationship
between body condition and the survival of migrating animals
could help clarify their limits and vulnerabilities to environ-
mental or anthropogenic disturbances in habitat or migratory
conditions.

While energy and migration success are presumably related
for many populations (Drent et al., 2003), these relationships
remain relatively poorly described for many important migra-
tory species. It is possible that there is an abrupt threshold,
where performance remains robust until physical or energetic
condition decreases to a threshold at which point perfor-
mance decreases dramatically. Alternatively, the relationship
could be more linear, where a unit decrease in condition would
result in a proportional decrease in performance (Huggett,
2005; Ficetola and Denoël, 2009). It is also possible that there
is not a single condition metric that accurately predicts perfor-
mance given the number of different physiological processes
that support a single type of performance. Understanding
the form of condition–performance relationships, and the
thresholds they may contain, is important for predictions
of migration success. For example, identifying an energetic
condition–performance threshold could help identify the pro-
portion of individuals in a population that may be at risk of
not completing their migration. Such thresholds could also
be used to understand the vulnerabilities of different popu-
lations to changes in migratory conditions, such as anthro-
pogenic flow alteration that results in slowed migration rates
(Raymond, 1968, 1979).

Juvenile Pacific salmon (Oncorhynchus spp.) complete
long-distance, and sometimes energetically expensive, migra-
tions from their natal rearing lakes and streams to estuarine
and ocean feeding grounds (Brett, 1995; Hinch et al., 2006).
These freshwater migrations range in distance from tens to

over 1000 kilometres and can take anywhere between a
few days to several weeks to complete (Johnson and Groot,
1963; Groot and Margolis, 1991; Quinn, 2005; Clark et al.,
2016). Many authors suggest that during this time, smolts
do not feed extensively and instead primarily use endogenous
energy stores (Stefansson et al., 2003; Quinn, 2005; Hinch et
al., 2006), although it should be noted that direct empirical
evidence is scant and the evidence that has been recorded
is mixed (Larsson et al., 2011). Indeed, endogenous energy
stores of long-distance migrating smolts can approach very
low levels (Rondorf et al., 1985; Stefansson et al., 2003).
For example, Rondorf et al. (1985) found that whole body
lipids of hatchery-origin Chinook salmon (Oncorhynchus
tshawytscha) migrating in the Columbia River decreased from
4.3% to 1.4% (a 65% decline) during the ∼700 km migration
between the release site and the estuary and that survival was
higher for fish that had higher percent body lipid at the time of
their release (Rondorf et al., 1985). Thus, endogenous energy
levels may decrease to very low levels during freshwater
migration.

The physiology and energetic condition of individual fish
could control their performance during migration. Under typ-
ical migration conditions, migrating fish rely primarily on fats
and proteins for fuel (Driedzic and Hochachka, 1978; Brett
and Groves, 1979). Fish migrants also commonly use protein
during periods of food deprivation (Persson et al., 2018).
However, during periods of starvation, protein catabolism can
compromise muscle tissue and likely comes at the expense
of performance (Moon and Johnston, 1980; Sullivan and
Somero, 1983; Black and Love, 1986; Kiessling et al., 1990;
Martinez, 2003). Thus, prolonged swim performance should
decline as protein content declines. Lipid levels of 1.4%–2.0%
are thought to be the lowest levels possible, as the remaining
lipids are likely structural phospholipids of cell walls and
are essential for survival (Castledine and Buckley, 1980).
Indeed, Pacific salmon smolts are rarely observed to have lipid
levels lower than 2.0% in the wild (DFO unpublished data),
suggesting that this may be a threshold for survival. Therefore,
migration success seems likely to be positively related to body
condition, especially lipid levels. Furthermore, both condition
and ionoregulation could shift through time during migration
(Berggren and Filardo, 1993; Bassett et al., 2018) and affect
swim performance and survival during initial transfer to
saltwater. Thus, the duration of freshwater migration could
also influence swim performance and survival upon transition
to saltwater.

It has been proven challenging to link observed changes
in physical or energetic condition during migration to per-
formance or survival. Few studies have examined swim per-
formance of salmon smolts in relation to condition (Bams,
1967; Snyder, 1980; Persson et al., 2018). More have stud-
ied condition-dependent survival, but mostly with hatch-
ery fish in a laboratory setting (LeBrasseur, 1969; Connolly
and Petersen, 2003; Simpkins et al., 2003, 2004; Ferguson
et al., 2010) with several attempting to infer condition and
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survival from natural settings (size: Ricker, 1954; Ward et al.,
1989; Henderson and Cass, 1991; proximate body condition:
Gardiner and Geddes, 1980; Biro et al., 2004; Finstad et al.,
2004). Thus, there is a need for robust laboratory studies of
the relationship between condition, performance and survival
of out-migrating wild salmon.

Here we quantified the relationship between freshwater
migration duration, body condition, swim performance and
survival in a wild population of migratory sockeye salmon
(O. nerka) held in a laboratory environment. Specifically,
we asked the following questions: (i) How does duration of
freshwater migration impact swim performance and survival?
(ii) What are the relationships between energetic and phys-
ical condition and (a) prolonged swim performance or (b)
survival? We found that freshwater migration duration did
not influence prolonged swim performance or survival. We
compared energetic condition metrics (i.e. proximate body
composition and derived energy values) and physical condi-
tion (i.e. size, weight and condition factor) and found that
condition factor best predicted prolonged swim performance,
whereas energy density and protein content were predictive of
survival. The swim performance threshold occurred approx-
imately five weeks before the survival threshold, suggesting
that swim performance may be a more biologically relevant
endpoint for predicting survival in wild juvenile salmon. As
a result, condition factor could be a useful tool for under-
standing how changes to freshwater habitat, which impact
fish condition, could affect survival during seaward migration
and the early marine life stage of salmon.

Methods
Overall study approach
We held juvenile sockeye salmon smolts without food
for 61 days in three treatment groups modelled after
freshwater migration durations of the Chilko Lake sockeye
salmon population used in this study: (i) transferred to
saltwater after 7 days, 7D group, which matches closely
with average migration duration of Chilko Lake salmon
smolts; (ii) transferred to saltwater after 14 days, 14D group,
representing a delayed migration; and (iii) transferred to
saltwater after 21 days, 21D group, representing a severely
delayed migration (Clark et al., 2016; Stevenson et al.,
2019) (Fig. 1). Different smolts from each of the three
treatment groups completed a prolonged swim performance
challenge each week for six weeks, until, for two successive
weeks, >80% of fish could not finish the trial (swim
performance endpoint). After the swim trials were completed,
we continued to observe fish for mortality, and once
half of the remaining fish being held had died (n = 78,
survival endpoint) the experiment was terminated. After
28 days of food deprivation, we began feeding a subset
of the 7D treatment group to monitor swim performance
during recovery from starvation (n = 36). Approximately

nine different fish from this fed group completed swim
performance trials each week for five weeks to determine
whether swim performance could be recovered after a
period of food deprivation. The re-feeding experiment would
ensure that energetic condition was the main factor that
changed during holding and that a decrease in condition
was related to a decrease in swim performance, rather
than an artefact of holding time. We compared swim
performance and survival between the three migration
duration treatment groups and found no difference between
groups. Since there was no difference between groups, we
measured and calculated a variety of energy condition
metrics (i.e. energy density, lipid content, moisture content,
protein content and triglycerides (TAG)) for the 7D group,
a subset of fish swam in experiment 1, and all the fish that
died to determine the relationship between condition and
prolonged swim performance (experiment 2) and survival
(experiment 3).

Fish collection
Wild juvenile sockeye salmon were caught during their sea-
ward migration at the outlet of Chilko Lake (51.63 ◦N,
124.14 ◦W). Chilko Lake is an indicator population for man-
agement of Fraser River sockeye salmon and is one of the most
productive sockeye salmon lakes in the Fraser River basin,
producing an average of ∼30 million sockeye salmon smolts
annually (running average, since 1994). The predominate age
class of Chilko Lake smolts is age 1; however, Chilko Lake
produces some 2-year-old smolts typically ranging from 2%
to 10% of the total outmigration cohort. Only 1-year-old
fish (i.e. fish with fork lengths (FLs) of less than 110 mm)
were used in this study. Migration takes 4–12 days as smolts
travel the ∼700 km from Chilko Lake through the Chilko,
Chilcotin and Fraser Rivers to the Strait of Georgia (Clark
et al., 2016; Stevenson et al., 2019). It takes an additional
30–45 days before salmon leave inland coastal waters after
traversing the Strait of Georgia and Johnstone Strait (Clark et
al., 2016; Stevenson et al., 2019). Previous work has shown
that Chilko sockeye salmon smolts migrate at a rate of 30–
220 km/day in freshwater and 10–25 km/day in the marine
environment along the east coast of Vancouver Island (Welch
et al., 2009; Clark et al., 2016; Stevenson et al., 2019).

Juvenile sockeye salmon were captured by dip net on the
evening of 3 May 2017 at the Chilko smolt enumeration
fence, a full fence weir managed by Fisheries and Oceans
Canada Fraser River Sockeye Stock Assessment Program.
Twenty fish were euthanized on site with an overdose of
MS222 (0.5 g/L) and preserved at −80 ◦C for energetic anal-
ysis. Remaining fish were held overnight in an aerated 1000-
L holding tank (5.8–7.5 ◦C; 80.1%–109.9% O2 saturation)
and the next day were driven ∼12 hr to the holding facility
at Simon Fraser University in Burnaby, BC. The present study
was conducted in accordance with the Canadian Council on
Animal Care, as administered by Simon Fraser University
(1238B-17).
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Figure 1: Experiment timeline, where fish were captured and a subset were sampled at the river (Day -2), before transportation to a holding site
on Day 0. Fish were distributed evenly among three treatment groups (7D, 14D, 21D) and among three tanks within each group, for a total of
nine tanks. Fish either were food deprived and completed a swim performance trial each week for 6 weeks (blue), held for 28 days before
feeding for 2 weeks and then completed swim performance trial weekly for 4 weeks (pink) or held without food until death (green). Fish were
randomly selected for swim trials across tanks from each treatment group for the swim performance experiment. A randomly selected subset
from the 7D group were moved to a different tank and fed for the re-feeding trial. Grey ‘n’ indicates the number of different fish that completed
the swim trial each week. Black ‘n’ indicates the daily mortality in the survival experiment.

Fish holding
Smolts were divided into the three treatment groups, 7D
(n = 179), 14D (n = 180) and 21D (n = 182), and were ran-
domly assigned to three tanks per treatment, thus sockeye
salmon smolts were held in nine oval holding tanks (200 L)
for up to 64 days (61 days for survival experiment, 64 days
for fed treatment; 4 May–7 July 2017; Fig. 1) at a density
of <2 smolts per litre. Water was flushed through the tanks
at a rate of >2 L per minute. Holding tanks were covered
with plexiglass, half of which was black to allow for shad-
ing in the tanks. A single air stone was used to enhance
oxygen saturation, which never decreased below 90% in
any tank (Handy Polaris, OxyGuard Internation A/S, Farum,
Denmark). Smolts were originally held in dechlorinated and
UV-sterilized freshwater and were transitioned to saltwater at
the three respective time points (7D, 14D, 21D). Fish in each
group were transitioned gradually over 36 hrs to saltwater
at a similar concentration to what they would experience
during migration through the Fraser River estuary and coastal
Vancouver Island (28–30 ppt; Thomson, 1981). Saltwater was
made to a concentration of 28–30 ppt (Instant Ocean® Sea
Salt) and allowed to sit for 24 hrs before being added to the
circulation system. As it was being recirculated among tanks,
saltwater was filtered through carbon filters. Approximately
30% of saltwater was replaced every 2 to 3 days to keep
ammonia concentrations below 2 ppm. Water temperature
was held constant with a mean of 10.7 ◦C (7.8–12.9 ◦C)

consistent with ambient May/June Fraser River water temper-
ature (MacDonald et al., 2019). A water pump temporarily
went out on 6 June 2017 and water temperature increased
in all tanks to 13–14.5 ◦C for ∼14 hrs, no mortalities were
recorded resulting from that event and 14.5 ◦C is within the
range of temperatures experienced by smolts in the natural
environment (MacDonald et al., 2019). Smolts were held in
12:12 hr light:dark conditions.

Holding tanks were checked at least twice daily. Dead fish
were removed, FL (mm) and weight (g) were recorded and
fish were frozen at −80 ◦C for later analysis. Any distressed
fish, characterized by gasping at the water surface or loss
of equilibrium, were euthanized with an overdose of MS222
(0.5 g/L). Food was withheld from fish in the nine tanks
until approximately half of the fish had died. Remaining fish
were euthanized with an overdose of MS222 (0.5 g/L). All
fish were measured, weighed and frozen at -80 ◦C for later
analysis.

Re-feeding
After 28 days of food deprivation, we transferred a subset
of 36 smolts from the 7D group to a 150-L holding tank
and began feeding them (7D-fed) twice daily with commercial
pellets (EWOS Canada Ltd Surrey, Canada) in excess (∼2%
body weight). Nine different fed fish were swum each week
after 2, 3, 4 and 5 weeks of feeding.
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Swim flume
Prolonged swim performance tests were completed in a fixed
velocity flow-through swim flume (14-cm wide, 25-cm tall,
240-cm long; a plexiglass insert was used to narrow the swim
arena to 9-cm wide, 15-cm tall, 142-cm long to increase
water velocity), where water was pumped into the front of
the flume, flowed through a honeycomb structure to increase
laminar flow, and through a mesh net out the back into a
recirculating tank. At the farthest end of the flume, a vertically
sliding plexiglass door could be adjusted to ensure the water
level in the flume was at 15 cm. A black plastic cover provided
shade in the centre of the flume and lights in front and behind
the shaded region were used to encourage fish to swim in the
shaded middle of the swimming arena where the flow was
most consistent. Flow was measured at the top, middle and
bottom of the water column in both salt and freshwater.

Prolonged swimming experiment
Of the three types of swim performance tests (burst swim per-
formance (<2 min), prolonged swim performance (<120 min)
or critical swim speed tests (>120 min); Beamish, 1978),
we chose to perform prolonged swimming trials as they are
rooted in biological realism and are related to fish condition
and health (Beamish, 1978). Prolonged swim performance
affects migratory capacity as well as the ability of fish to
capture prey and evade predators, and thus is linked to
survival and fitness (Plaut, 2001).

Smolts from each of the three groups underwent a swim
performance trial each week for six weeks to determine
if swim performance differed between treatments groups
(experiment 1) as well as across differing physical or energetic
condition (experiment 2). A total of 6 swim trials were
performed every week (2 trials for each of the 3 treatment
groups), with 9 fish in each trial (18 from each of the
3 treatment groups), for a total of ∼54 fish swum each
week. The swim trials in the first week were an exception
in which, due to time constraints, we swam six fish from
each group randomized over two trials, and across all holding
tanks. These fish were unmarked and were not assigned to
a treatment group, therefore they provide a baseline swim
performance for all groups, but were excluded from swim
trial analysis. Fish were always swum in water of the same
condition (i.e. salinity, temperature, oxygen saturation) as
they were being held. Fish from each treatment group were
randomly assigned to each swim trial, when possible given
different holding salinities. For example, during the second
week, only the 7D group fish were in saltwater so they were
swum in two trials (nine 7D fish in each trial), whereas
both the 14D and 21D groups were in freshwater and were
therefore randomly assigned to four trials (four to five fish
from the 14D and 21D groups in each trial). Two trials were
completed each day, with the order of trials randomized each
week. Each trial consisted of two swim performance tests,
one in the morning and one repeat test in the afternoon on
the same fish to assess repeatability of performance. Repeat

swim performance data are available in the supplemental
information (Fig. S1). The evening before each swim trial, 18
fish were removed from their holding tanks and individually
marked using a fin clip. Fish were anaesthetized in MS222
(0.05 g/L), and the tips of the ventral and/or anal fins were
clipped, enabling unique identification of each fish. Fish were
recovered overnight in two 150-L aquarium with 9 fish in
each tank. For fish that were being fed, food was withheld
24 hrs before the swim trial was completed. We chose to cease
swim trials after 6 weeks as >80% of the different fish swum
in each trial could not finish the first test in 2 consecutive
weeks (weeks 5, 6; swim performance endpoint).

For each test, 9 individually marked fish were placed in the
swim flume for a 12 min acclimation period at a flow rate of
∼0.085 m/s (∼1 BL/s). Following the acclimation period, flow
rate was steadily increased to 0.50 m/s (4.5–6.4 BL/s) over a
period of 12 min. Fish that did not swim before the flume
reached full flow were gently prodded three successive times
with a blunt instrument to encourage swimming. If they still
refused to swim, they were removed from the study. Once at
0.50 m/s, flow rate was held constant for 90 min (pilot swim
tests in week 1 confirmed 90 min was required to achieve
variability in swim performance). Fish that fell to the mesh net
at the back of the flume were gently prodded three successive
times with a blunt instrument to encourage swimming. If they
remained at the back mesh, the time was recorded to the
nearest 10 sec and the fish was removed from the flume and
placed in a glass aquarium for the remainder of the trial. Fish
were allowed to rest for at least two hours before the swim
test was repeated. After completing the second swim test, fish
were euthanized with an overdose of MS222 (0.5 g/L). Fish
were weighed (g), FL (mm) was measured and fish were frozen
on dry ice and stored at −80 ◦C until analyses.

Body condition analyses
Of the fish that participated in the swim performance trials,
we only measured the energetic condition of fish from the
7D (n = 179) and 7D-fed (n = 36) groups, because all 3 unfed
treatments (7D, 14D and 21D) had similar swim performance
and the 7D group was most biologically consistent with
natural migration duration/timing of Chilko Lake sockeye
smolts. Physical condition was assessed for all treatment
groups by measuring FL (mm) and wet mass (g) and by calcu-
lating Fulton’s condition factor (equation 1). We determined
proximate body composition (moisture, lipid and protein
content) for all fish that died during, or were alive at the
end of the experiment, as well as the fish from the 7D and
7D-fed groups that underwent the swim performance trials
(Table 1). Carbohydrate content was not determined as food
was withheld prior to collection, and carbohydrates such as
muscle and liver glycogen are not a significant source of stored
energy in fish (Brett, 1995), rather lipid and protein are the
main fuel used by fish during periods of food deprivation
(Driedzic and Hochachka, 1978; Brett and Groves, 1979;
McKeown, 1984). We decided to measure TAG, in addition
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to all lipid content, as TAG is the main form of stored lipids
in vertebrates (Driedzic and Hochachka, 1978), and therefore
their depletion could represent a decrease in energy condition
(Driedzic and Hochachka, 1978; Cleary et al., 2012).

Proximate body analysis was completed according to
methods of Crossin (2003) that were adapted from Higgs
et al. (1979) and Bligh and Dyer (1959). Briefly, whole fish
were homogenized in a SPEX SamplePrep 2010 Geno/Grinder
(SPEX, Metuchen, NJ) at 1500 rpm for 2-min. intervals
until completely homogenized. A sample of 0.3 g plus/minus
symbol as in percent water and ash sections 0.015 g of
homogenate was weighed for each of lipid, water and ash
analysis. Together, lipid, water and ash percentages can be
used to calculate protein content and energy density.

Lipid extraction: A mixture of methanol, chloroform and
water in ratio of 1:1:0.48 was added to the sample and
homogenized. Samples were filtered with a Büchner funnel
and the supernatant was decanted into a graduated cylinder.
Once biphasic layers of chloroform–lipid and methanol–
water formed, the volume of the lipid–chloroform layer was
measured and the top water–methanol solution was aspirated
away. A 100-μL sub-sample of the lipid–chloroform layer was
removed and stored at −80 ◦C for determination of TAG
concentration. The remaining chloroform–lipid solution was
pipetted into pre-weighed aluminium boats, and the remain-
ing lipid was weighed when chloroform had completely evap-
orated. All samples were analysed in duplicate, and only
samples that differed by less than 0.5% were retained. Lipid
values are reported in percent lipid of total fish wet mass.

Percent water: Whole body moisture content was deter-
mined by drying a 0.3 g ± 0.015 g sample of homogenate in
an oven overnight (16–20 hr) at 100 ◦C. Samples were then
placed in a desiccator for 15 min and weighed. All samples
were analysed in duplicate, and only replicates that differed
by less than 1.5% were retained. Body moisture values are
reported in percent water of total fish wet mass.

Ash: A 0.3 g ± 0.015 g sample of each homogenate was
transferred to the furnace and combusted at 600 ◦C for
2.5 hrs. Samples were placed in a desiccator for 15 min
and then weighed a final time. All samples were analysed in
duplicate, and only samples that differed by less than 0.5%
were retained.

Triglyceride: TAG concentration was determined using a
colorimetric assay kit (Cayman Chemicals, Ann Arbour, MI,
# 10010303). Briefly, the 100-μL sub-samples of the lipid–
chloroform layer were thawed and chloroform was evap-
orated using nitrogen gas (15 PSI). Samples were reconsti-
tuted with isopropanol, vortexed for 15 sec and incubated
at room temperature for 1 hr. Ten microlitres of either TAG
standard (0, 3.125, 6.25, 12.5, 25, 50, 100, 200 mg/dl)
or sample were assayed in duplicate. Note that the stan-
dard was prepared with isopropanol. A chloroform blank,
in which 100 μL of chloroform was evaporated and recon-

stituted with isopropanol, was also used to ensure chloro-
form did not affect absorbance. Average absorbance was
measured at 530–550 nm using a FLUOstart Omega mul-
timode microplate reader (BMG Labtech, Ortenberg, Ger-
many). Final TAG values were reported in percent TAG of
lipid (g TAG/g lipid∗100). TAG samples from 5 fish were
excluded from analyses (2 from 7D group: 1 from week 4 and
1 from week 5; 2 from 7D-fed group in week 9; and 1 that
died during the experiment), as they developed a precipitate
when added to the isopropanol and the solids interfered with
absorbance, leading to an overestimate of TAG concentration.

Calculations: We calculated smolt condition parameters:

Fulton’s condition factor (K) was calculated using
equation (1):

K = Wt
FL3

∗ 100, (1)

where weight (Wt) is in grams and fork length (FL) is in
centimetres.

The percent of whole body protein (P) was calculated from
percentages of water (W), lipids (L) and ash(A) (Hendry et al.,
2000) using equation (2):

P = 100 − (W + L + A) . (2)

Energy density (D; MJ/kg) can be calculated from the
amount (g/kg) of lipid (l) and protein (p) using equation (3):

D = l ∗ 0.0362 + p ∗ 0.0201, (3)

where 0.0363 and 0.0201 are the energy densities of lipid and
protein, respectively (Brett and Groves, 1979).

Statistical analyses
Survival analysis was used to compare prolonged swim per-
formance or survival among the three treatment groups: 7D,
14D, 21D. Failure time, or survival analysis, is used to com-
pare groups of right-censored data (Therneau and Grambsch,
2000). Swim trials were a form of right-censored data, as
trials were ended after 90 min and thus a fish could have
continued to swim for 1 min or several more hours and this
information was lost. A Cox proportional hazards model
was used to determine significance of the effect of treatment
group on swim time or survival. Analysis of variance was
used to compare each physical variable (i.e. FL, weight and
condition factor) across 7D, 14D and 21D treatment groups
to determine if variables differed across groups. Post hoc
Bonferroni pairwise tests were used to compare physical and
energetic condition variables between fish that were dead or
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Table 2: Model comparison for generalized linear models predicting swim success/failure for 7D group

K Log likelihood �AIC ωAIC

Condition factor 2 −44.07 0.00 0.71

Condition factor + TAG 3 −44.03 2.06 0.25

TAG + weight 3 −46.14 6.27 0.03

Weight 2 −48.83 9.52 0.01

TAG + FL 3 −51.38 16.76 0.00

TAG 2 −52.48 16.82 0.00

Protein content + FL 3 −53.83 21.67 0.00

Energy density + FL 3 −53.89 21.77 0.00

Protein content 2 −55.25 22.37 0.00

Energy density 2 −55.32 22.50 0.00

Intercept 1 −57.29 24.34 0.00

Lipid content 2 −56.65 25.16 0.00

FL 2 −56.68 25.21 0.00

Lipid content + FL 3 −55.78 25.55 0.00

Moisture content 2 −56.98 25.82 0.00

Moisture content + FL 3 −55.97 25.93 0.00

TAG = percent triglycerides of lipid, FL = fork length (mm), �AIC = difference in AIC between models, ωAIC = Akaike weight of model. FL, weight and condition factor
were determined from fish before they were frozen; n = 90.

alive at the end of the survival experiment (Table S3). We
calculated a Bonferroni correction (0.05/8 tests) and applied
a significance level of α = 0.00625.

We used generalized linear models to test specific hypothe-
ses of the relationship between energetics and swim per-
formance and survival. Use of a generalized linear model
resulted in some loss of data precision [data were compressed
to either ‘completed’ trial (finished 90 min swim trial) or
‘failed’ trial (swam for less than 90 min of swim trial),
resulting in loss of individual swim time], at the benefit of
using a model that has an established method for use in
prediction. We used a generalized linear modelling approach,
fit with a binomial distribution and a logit link function,
to compare models of different correlated smolt condition
variables and determine the most parsimonious models of
swimming success/survival. No random effect was used as the
number of fish that completed the swim trial was very small
in some weeks, which prevented convergence. However, top
model residuals were examined for patterns among rearing
tanks and weeks, and none were found, suggesting tank and
week did not affect model output (Figs S2 and S3). For the
swim performance model, we used energetic correlates from
the 7D group only, since swim performance for the 7D,
14D and 21D groups did not differ. Therefore, we compared
eight individual-level variables for the 7D group (i.e. weight,
length, condition factor, energy density, percent lipid, percent

water, percent protein and TAG) in 16 models (Table 2).
For the survival model, we used energetic variables from all
three groups combined and compared 16 models, as with
the swim performance model (Table 3). All variable combi-
nations, except those that were highly correlated (correlation
coefficient, >0.6; Fig. S4) or not independent (i.e. condition
factor was not independent for length or weight, since it is
calculated from length and weight), were used in models. All
variables were standardized and centred. Model comparison
was completed using Akaike Information Criterion corrected
for small sample sizes (AICc), where models with <2�AIC
were considered most parsimonious (Burnham and Anderson,
2002). The top swim performance model was validated using
k-fold validation, whereby the model was re-parameterized
with 90% of the data (training dataset) and used to predict the
remaining 10% of data (test dataset). Predicted probabilities
of ≥0.5 were considered to have completed the swim test
and <0.5 were considered to have failed the swim test. Pre-
dictions were compared to observations to determine model
predictive performance. This procedure was repeated 1000
times with samples randomly assigned to either training or
test datasets. All statistics were performed in R statistical
computing environment (v 3.5.2) (R Core Team, 2018) using
RStudio GUI (v1.1.463, 2018) and the following packages
AICcmodavg (Mazerolle, 2017), lme4 (Bates et al., 2015)
survival (Therneau, 2015) and coxme (Therneau, 2020), and
graphing was done with ggplot2 (Wickham, 2009).

..........................................................................................................................................................

8

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab014/6185140 by guest on 11 April 2021

https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coab014#supplementary-data
https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coab014#supplementary-data
https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coab014#supplementary-data
https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coab014#supplementary-data


..........................................................................................................................................................
Conservation Physiology • Volume 9 2021 Research article

Table 3: Model comparison for generalized linear models predicting swim failure/death for all treatment groups combined

K Log likelihood �AIC ωAIC

Energy density 2 0.00a 0.00 0.37

Protein content 2 0.00a 0.00 0.37

Protein content + FL 3 0.00a 2.09 0.13

Energy density + FL 3 0.00a 2.09 0.13

Moisture content 2 −4.70 9.39 0.00

Moisture content + FL 3 −4.64 11.38 0.00

Lipid content 2 −59.93 119.87 0.00

Lipid content + FL 3 −59.86 121.82 0.00

Condition factor + TAG 3 −68.84 139.80 0.00

Condition factor 2 −76.52 153.04 0.00

TAG + FL 3 −81.48 165.07 0.00

TAG 2 −83.33 166.67 0.00

TAG + weight 3 −82.85 167.82 0.00

Weight 2 −90.46 180.91 0.00

Intercept 1 −91.73 181.40 0.00

FL 2 −90.84 181.67 0.00
aEnergy density and protein content of fish separate perfectly allowing for probabilities of 0 or 1. As a result model estimates of confidence intervals approach infinity.
TAG = percent triglycerides of lipid, FL = fork length , �AIC = difference in AIC between models, ωAIC = Akaike weight of model. FL, weight and condition factor were
determined from fish before they were frozen; n = 133.

Results
Food deprivation and individual attributes
Wild sockeye salmon smolts kept for up to 61 days without
food decreased in condition factor, energy density and lipid
and protein content, and increased in water content through-
out the period of food deprivation. Between collection in the
river and termination of the experiment (61 days), smolts
(both alive and dead at the end of the experiment) lost an
average of 1.74 g (35% of initial body weight), resulting
in a 28% decrease in Fulton’s condition factor (K) (0.74 to
0.53) and a 34% decrease in energy density (4.29 MJ/kg to
2.83 MJ/kg). Lipid values decreased on average from 2.88%
to 1.49%, and protein content decreased from 16.14% to
11.41%. TAG did not change, shifting from 25% of lipid to
22% of lipid.

Shifts in body energy metrics and condition factor were
due to the experimental treatments of food deprivation rather
than an artefact of holding, given that fish condition metrics
returned to pre-experiment levels within 3 to 4 weeks for the
7D-fed group that were food deprived for 28 days (Fig. 2).
Over the 28 days of re-feeding, 7D-fed fish almost doubled
their initial average weight of 3.63 g in week 5, growing to an
average of 6.89 g and had begun to grow in length (∼10 mm),
which led to a 60% increase in Fulton’s condition factor (0.5
to 0.8). Fish also recovered energetic condition with a 20%

increase in energy density (4.00 MJ/kg to 4.84 MJ/kg) due
to an increase in lipid content (1.77% to 4.28%), as protein
content stayed relatively stable. TAG levels also increased
from 15% in week 5 at the start of feeding to 54% TAG of
lipid (Table S2).

Experiment 1: migration duration and swim
performance/survival
Swim performance decreased equally for all unfed groups
with >80% of fish not being able to finish the swim test
after greater than four weeks of food deprivation (based on
283 fish in 32 trials). Twenty-one smolts (7.4%) would not
swim in the flume, instead falling to the back of the flume
and remaining there during the acclimation period (Table S1).
These fish were removed from the study. Fish that were
included in the swim trials swam actively in the flow, and
generally did not exhibit any ‘cheating’ behaviours such as
swimming near the front of the flume where current was
more irregular or drifting behind another fish. More fish
completed the trial in week 1 (83%), compared to week 6
(12%) (Figs 3 and 4). When swim performance was compared
across the three treatment groups (timing of switch to salt-
water) using Cox proportional hazards (weeks 2–6, week 1
was not included in this analysis), the hazard rate (i.e. effect
size) was not significantly affected by group (Wald test = 1.35,
df = 2, P = 0.5). Swim trials were terminated in week 6, because

..........................................................................................................................................................

9

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab014/6185140 by guest on 11 April 2021

https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coab014#supplementary-data
https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coab014#supplementary-data


..........................................................................................................................................................
Research article Conservation Physiology • Volume 9 2021

Figure 2: Physical and energetic condition variables changed
throughout the holding period for individuals that were measured
immediately after being caught (square), held without food and alive
(7D group only; closed circle), held without food and died (all
treatment groups; cross) and fed after 28 days of starvation (7D-fed
group; triangle). Shaded region represents fish sampled in
freshwater, non-shaded region represents fish held in saltwater.
Generally, condition metrics decreased through time. Protein content
and energy density (calculated from protein and lipid content)
increased after transfer to saltwater, likely due to short-term
dehydration during the physiologic transition to life in seawater.

the swimming endpoint had been exceeded (more than two
successive weeks where >80% of fish failed the trial). Fish
were held for an additional three weeks, until half of the
remaining fish had died (50% mortality, survival endpoint).
There were no differences in mortality across all three groups
(Wald test = 1.92, df = 2, P = 0.4). Despite a decrease in over-
all physical and energetic condition no mortalities occurred
during or close to the transfer of smolts to saltwater. Groups
did not differ in FL (ANOVA, df = 2, F-value = 0.895, P = 0.41)
and weight (ANOVA, df = 2, F-value = 2.956, P = 0.05).

Experiment 2: prolonged swimming and
condition
Concomitant with a decrease in swim performance, condition
decreased throughout the swim trials. Since swim perfor-
mance did not differ among groups, we determined the rela-
tionship between swim performance and condition metrics
using data from the 7D group (7D, n = 108; Table 1). Over
the 6 weeks that the swim trials were completed, smolts from
the 7D transfer group lost an average of 1.25 g (25% of
initial body weight), resulting in a 26% decrease in Fulton’s
condition factor (K) (0.77 to 0.57) and 11% decrease in
energy density (4.29 MJ/kg to 3.83 MJ/kg). Lipid values
decreased on average from 2.20% to 1.74%, protein from
17.42% to 15.94% and TAG from 41% of lipid to 17% of
lipid (Table 1, Table S4).

Grouped across weeks, fish that completed the swim test
had 14% higher condition factor (0.71 complete vs. 0.61
incomplete), higher energy density (4.39 MJ/kg complete vs.
4.20 MJ/kg incomplete) and higher protein, lipid and TAG
content, compared to those that did not complete the swim
test (Fig. 5). We compared generalized linear models using
AICc to determine which set of energetic variables best pre-
dicted whether fish completed the 90 min swim test or failed
the test (stopped swimming before 90 min) (Tables 2 and 4).
Energetic variables were highly correlated (Fig. S4). We found
that the most parsimonious model predicting completion of
the swim test included only condition factor as a predictor
variable (�AIC < 2; Fig. 6, left). This model was followed by
one that included condition factor and TAG (�AIC = 2.06).
We used k-fold model validation to determine that the top
model accurately predicted whether a fish would pass or fail
the swim test ∼79.5% of the time.

Swim performance rebounded in 7D-fed group confirming
that the manipulation of energy levels was the determinant
of changes in swim performance. When fed for 21 days,
subsequent to 28 days of food deprivation, swim performance
increased (57% percent of fish finished the swim trial after
3 weeks of feeding); however, swim performance did not
immediately return to pre-starvation levels. It took ∼3 weeks
of feeding for energetic correlates to return to or increase
above capture levels, suggesting some effects of either holding
or legacy effects from starvation (Table S2). After 35 days
(week 10) of feeding 100% of fish completed the test, however
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Figure 3: Swim performance (time swimming up to 90 min) of fish held without food and transferred to saltwater after (A) 7 days, (C) 14 days
and (D) 21 days and (B) fish that were transferred to saltwater after 7 days, food deprived for 28 days before beginning feeding in week 5 such
that week 7 represents two weeks of feeding, week 8 represents three weeks of feeding and so forth. Each shade of a colour represents a week
of swim trials, which were conducted weekly.

fish had begun growing which could have affected the results
of the test (Fig. 3, Table S2).

Experiment 3: survival and condition
Mortality during the 61-day holding period was biased
towards the end of the experimental period, with the majority
of fish dying in the last 10 days of the experiment. At the
termination of the survival experiment, 78 fish had died
while 72 fish remained alive and were euthanized. Fish
that remained alive at the end of the experiment were
slightly larger than fish that died during the experiment
(FL = 86.3 mm vs. 81.8 mm: Bonferroni t-test, P > 0.0001;
weight = 3.58 g vs. 2.81 g: Bonferroni t-test, P > 0.0001,
respectively; Table S3, Fig. S5). Energy density and proximate
body constituents were not markedly different. Fish at the end
of the experiment were likely close to death, which makes it
difficult to compare energy metrics between those alive or
dead at the termination of the experiment. Therefore, it is
more useful to compare fish condition of fish that failed
to swim (i.e. fish that could not complete the swim trial,
but were still alive at the swim performance endpoint) and
fish that died by the end of the experiment (Table 1). Energy
density and protein content values between fish that failed the

swim trial and fish that died during the experiment separated
nearly completely (did not overlap), thus linear models with
these covariates were predicted perfectly (Fig. 4) and were
the best fit models (Tables 3 and 4). For example, the range
of energy density values for dead fish was 2.40–3.46 MJ/kg,
whereas the range of values for a fish that did not swim was
3.49–5.57 MJ/kg. Similarly, the range of protein for fish that
died before the end of the experiment was 9.36–14.13% and
14.27–23.94% for fish that failed to swim. Thus, thresholds
for fish surviving based on energy density and/or protein were
3.47 MJ/kg and 14.20%.

Discussion
We held sockeye salmon smolts for 61 days during which
we observed swim performance and survival and found that
a continuous decline in condition factor was predictive of
swim performance, while a threshold existed between energy
density/protein content and survival. We chose two exper-
imental endpoints (swim performance: 80% of fish could
not finish the first test; survival: 50% of the fish had died)
to represent both a biologically relevant and more clinical
endpoint, respectively. The first endpoint, a lack of swimming
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Figure 4: Weekly proportion of food-deprived fish that completed
the 90 min swim trial (top) or survived (bottom) for each treatment
group, transferred to saltwater after 7 days (blue), 14 days (light
purple) and 21 days (green). Grey vertical line represents the end of
the testing/observation period. Observation periods ended after
>80% of the fish could not finish the test for over two weeks (top)
and after 50% of fish had died (bottom).

capacity, represents a more ecologically relevant endpoint
than a clinical diagnosis of death because fish with decreased
swim performance likely have a higher probability of being
predated (Plaut, 2001). The second endpoint can be used
to compare with other starvation studies and represents a
‘true’ clinical endpoint, where outside of external factors such
as predation, a fish would die. There was no difference in
swim performance or survival between treatment groups (7D,
14D, 21D) suggesting that freshwater migration duration did
not influence these two metrics. Using swim performance
data from the 7D group as a response variable and physical
or energetic condition predictor variables in a generalized

linear model framework, we found that Fulton’s condition
factor was the best predictor variable of the swim perfor-
mance endpoint. Indeed, k-fold validation indicated that using
Fulton’s condition factor alone could predict whether a fish
could successfully complete a 90-min prolonged swim trial
79.5% of the time. We also compared the group of fish that
could not finish the swim trial to the group of fish that died
and found an energy density threshold of 3.47 MJ/kg below
which a fish will die. The swim performance endpoint was
reached at higher energy levels, and well before the survival
endpoint was reached. The swim performance endpoint was
observed in individuals with energy levels close to the lowest
levels observed in natural systems (Rondorf et al., 1985; D.
Patterson, personal communication), indicating that swim
performance and therefore condition factor, may be a more
accurate representation of survival estimates in natural pop-
ulations.

Contrary to our prediction, condition factor, rather
than energetic variables, was the best predictor of swim
performance. Swim performance decreased as condition
factor decreased. Length and condition factor are low effort,
low cost and non-lethally collected variables, which are often
measured in field studies and have been related to smolt
survival (Healey, 1982; Ward et al., 1989; Henderson and
Cass, 1991; Duffy and Beauchamp, 2011). This is not the
first study to find that condition factor rather than energetic
variables or metabolites better predicted swim performance
in fishes (Atlantic cod Gadus morhua, Martinez, 2003;
largemouth bass Micropterus salmoides, Gingerich et al.,
2010; gilthead seabream Sparus aurata, Faria et al., 2011).
Here we demonstrate this relationship in salmon smolts.

Energetic variables were the best predictors of survival.
Interestingly, TAG was not the best predictor of either swim
performance or survival, and in fact appeared stable through-
out the experiment. Energy density (energy from lipid and
protein) and lipid content have been related to survival in
salmon and other species (LeBrasseur, 1969; Simpkins et al.,
2003, 2004; Ferguson et al., 2010; Persson et al., 2018),
and since TAG is a non-structural lipid, we predicted that
this variable would better predict survival compared to lipid
content. However, energy density and protein content were
most distinct between the fish that failed the swim test and
the fish that died, rather than lipid or TAG. The importance
of energy density, rather than lipid content, is likely due to the
inter-individual variance in use of protein and lipid as energy
storage (McCue, 2010). It is also possible that variables other
than what we measured could have better predicted swim
performance and/or survival. For example, metabolic rate,
metabolic enzymes, organ mass (e.g. liver somatic index)
and glycogen have been correlated with condition and per-
formance (Martinez, 2003, 2004; Gingerich et al., 2010).
However, in these previous studies the fish were not starved
and the utility of these measurements likely changes during
starvation (McCue, 2010). Alternatively, fatty acids could be
correlated with performance as Pierce et al. (2005) found
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Figure 5: Swim performance and survival by energetic correlates for starved fish. Completed, fish that finished the 90 min swim; Failed, fish
that did not complete the 90 min swim; and Dead, fish that died during the survival experiment. This analysis groups all weeks of swimming
together. Significance of post hoc Bonferroni pairwise tests are indicated by either ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001 or ∗∗∗∗P ≤ 0.0001.

that dietary fatty acid influenced performance in a migratory
bird. Thus, future research could clarify the roles of different
components of energy stores in performance and survival.

Energy values observed in our experiment were similar to
what has been observed in natural systems and other studies.
The median lipid content for those that failed the trial was
1.93%, approaching values previously estimated to be the
lower threshold for survival in the wild (DFO, unpublished
data). Indeed, wild sockeye salmon smolts have rarely been
found in the wild with lipid values lower than 2.0% or con-
dition factors less than 0.57 (DFO, unpublished data). This
study examined fish just prior to migration, and so likely rep-
resents fish with reserved energy for migration. Rondorf et al.
(1985) found that lipid values approached 1.4% and energy
density decreased to 1.02 Kcal/g (4.27 MJ/kg) for hatchery

origin Columbia River Chinook salmon smolts nearing the
estuary after completion of freshwater migration. The energy
density values found in their study fall close to the group of
fish that did not complete the swim trial in our experiment,
whereas the lipid values fall closer to those that died during
our experiment. Persson et al. (2018) found a threshold for
survival of 3.5 MJ/kg and condition factor of 0.65 in starved
Atlantic salmon (Salmo salar) smolts, consistent with our
findings. Another study held juvenile chum salmon (O. keta)
captured in the Icy Strait, AK, USA, without food for 45 days
in saline water in living-stream tanks and found that energy
density (determined using a bomb calorimeter) decreased to
∼650 cal/g (2.72 MJ/kg) (Ferguson et al., 2010), similar to
the lowest energy densities measured in fish held for 61 days
in our experiment (Table S3). At the end of our experiment,
surviving fish were longer than dead fish (Fig. S1), which is
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Table 4: Top model parameter coefficients for generalized linear models predicting swim success/failure and swim failure/death

Top model Parameter Coefficient
(95% CI)

(Success/failure) = condition factor

Intercept −1.62
(−2.38, −0.97)

Condition factor (K) 1.68
(0.95, 2.56)

(Swim failure/death) = energy density

Intercept −1299a

Energy density 379a

(Swim failure/death) = protein content

Intercept −4601a

Protein content 324.1a

aEnergy density and protein content of fish separated perfectly allowing for probabilities of 0 or 1. As a result model estimates of confidence intervals approach infinity.

consistent with Simpkins et al. (2004) who found that for
sedentary fish held without food, smaller fish died before
larger fish, perhaps due to decreased lipid stores. Together
with the swimming results, this suggests that smaller, lower
condition fish might be more likely to die under conditions
of starvation (Biro et al., 2004). Furthermore, these examples
could represent species- or population-specific differences in
physiological response to starvation. Indeed, swim perfor-
mance differs across populations of fed coho (O. kisutch) and
sockeye salmon (Taylor and McPhail, 1985; Eliason et al.,
2017). However, our findings that fish with energy densities
of <3.47 MJ/kg are unlikely to survive appear consistent with
other literature (Rondorf et al., 1985; Persson et al., 2018).

Food-deprived fish held in the laboratory setting likely
lost energy more slowly than non-feeding fish that would
be actively migrating. Fish have very low resting metabolic
rates (10–30 times less than mammals and up to 100 times
less than birds of the same weight), such that the majority of
energy is spent on locomotion (Brett, 1972). Fish held in the
laboratory moved very little, and thus likely spent much less
energy per unit time than an actively foraging or migrating
fish. In fact, Rondorf et al. (1985) found that salmon smolts
held in the laboratory lost ∼15% body lipids versus 65% in
fish that had been released and were actively migrating over
the same period. In a more recent study of hatchery-origin
rainbow trout (O. mykiss), sedentary fish (held in tanks with
no directional current) had percent lipid values that averaged
3.5% higher than active fish (in tanks with directed current,
forcing fish to swim) held without food for the same period
of time (Simpkins et al., 2003). Therefore, caution needs
to be taken when considering the real-world application of
our laboratory-based longevity estimates. Hence, our finding
of an 80% failure rate after four weeks of starvation is
likely a substantial overestimate compared to what would

be observed in natural settings, with actual time to 80%
failure being much less than four weeks, depending on water
temperature. Similarly, we would expect that fish in a natural
setting would likely die much earlier than the 51–61 days in
which we observed the majority of mortality in our experi-
ment. Longevity in the natural environment is likely less than
the 3–6 weeks in which we observed fish complete swim
trials, yet juvenile salmon migrations in altered rivers can
take over two weeks to complete (Giorgi et al., 1997; Smith
et al., 2002).

Both aerobic prolonged swim performance and anaerobic
burst swim performance are likely related to the ability to
capture prey, escape predators and migrate (Plaut, 2001). We
measured prolonged swim performance, as an indicator of
endurance, and found a marked decrease during starvation
that is consistent with existing literature (Martinez, 2003)
and with our original hypothesis. Decreased metabolic and
contractile capabilities of fish muscle tissue during starva-
tion was the likely underlying mechanism for the observed
decrease in swim performance (Moon and Johnston, 1980;
Sullivan and Somero, 1983; Black and Love, 1986; Kiessling
et al., 1990; Martinez, 2003). An additional component of
swim performance that was not measured was anaerobic
(burst) swim performance, which is used to quickly escape
from predators or capture prey. Existing literature suggests
that anaerobic swim performance may be more impacted
than aerobic performance during starvation (Beardall and
Johnston, 1983; Lowery and Somero, 1990; Martinez, 2004),
and thus represents a future avenue for research. Therefore,
aerobic swim performance as measured in this study repre-
sents a conservative indicator of the response to a decrease in
condition.

Our study is one of a few studies that examines swim
performance and survival in a wild fish. Others have used
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Figure 6: Top model predicted probabilities of 7D fish completing the swim trial (1 = complete, 0 = incomplete; left) and top model predicted
probabilities of fish failing the swim test (1) or dying (0) for all un-fed groups (right). Grey shaded regions represent 95% confidence regions.

hatchery fish, due to their availability, readiness to live in
aquaculture facilities and ease of access. However, swim
performance of hatchery fish can be much lower than that
of wild fish (Bams, 1967; Beamish, 1978; McDonald et al.,
1998; Simpkins et al., 2003, 2004; Pedersen et al., 2008).
For example, we used the same apparatus as Collins et al.
(2013), which examined prolonged swim performance of
hatchery-reared sockeye salmon. The majority of fish in their
experiment tired by 20 min; however, we required a 90-min
swim to achieve variability in swim performance in the first
week of the swim trials. McDonald et al. (1998) made a
similar observation when they compared swim performance
of hatchery reared and wild Atlantic salmon. Wild fish had
better fin quality, higher anaerobic capacity and higher swim
endurance than hatchery fish (McDonald et al., 1998). Hatch-
ery fish may differ from wild fish which makes it challenging
to draw conclusions about swim performance of wild fish and
velocity barriers in natural systems, using hatchery-reared fish
(McDonald et al., 1998).

Understanding condition-dependent swim performance
and survival could help elucidate carry-over effects and limits
on survival during seaward and early marine migration in
Pacific salmon. Survival through the early marine life history
stage is size-dependent, and likely condition-dependent, as
juvenile salmon must grow quickly to escape gape-limited
predators and expand prey options (Pope et al., 1994).
Schooling behaviours may decrease predation risk through
‘predator swamping’, but these schooling behaviours require
some level of swim performance (Furey et al., 2021). In
fact, predation may be condition-dependent, where lower-
condition individuals are preferentially predated (Tucker et
al., 2016). Thus, condition-dependent swim performance rela-
tionships could help predict probability of survival in natural
systems. Additionally, most of the freshwater migration and

some fraction of the marine migration corridor is food-limited
(McKinnell et al., 2014), and therefore condition-dependent
swim performance and survival relationships could clarify
individual and population-level sensitivity to starvation.

Using wild salmon smolts and an experimental approach,
we have developed a model to predict swim performance
given condition factor. Condition factor is a simple and
inexpensive tool that represents a likely avenue for measur-
ing swim performance and thus survival probability. Indeed,
prolonged swim performance collapsed three weeks prior to
and at higher energy levels than the onset of mortalities.
Survival was better predicted by energy density and protein
content than condition factor. Energy density is a more clinical
predictor of survival and is a more labour intensive and
expensive measurement and requires lethal sampling. Given
that different individuals and populations of salmon have
different energetic status and condition (MacDonald et al.,
2019), or may use estuary stopover habitat for different dura-
tions (Moore et al., 2016), here we provide the foundation for
understanding the impacts of this variation. This study offers
a new tool for contextualizing population-specific sensitivity
to changes in migratory conditions or pre-migratory condi-
tioning phase.

Funding
This work was supported by Vanier Canadian Graduate
Scholarship, Weston Family Scholarship awarded to S.M.W.
Additional funding was from the Liber Ero Foundation for
J.W.M. [421208] and support from Pacific Salmon Com-
mission Southern Endowment Fund and DFO Environmental
Watch
Program.

..........................................................................................................................................................

15

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab014/6185140 by guest on 11 April 2021



..........................................................................................................................................................
Research article Conservation Physiology • Volume 9 2021

Acknowledgements
We thank the Fisheries and Oceans Canada Environmental
Watch Program, especially J. Hills and M. Shimomura for
fish collection and B. Vojtko, E. Olsen, S. Healy and N.
Kroetsch for laboratory assistance. We would also like to
thank S. Hinch and A. Lotto for letting us use their swim
tunnel apparatus and B. Leighton for helping us with fish
husbandry. Thanks to A. Williams and members of the Salmon
Watersheds Lab for feedback on the early manuscript.

References
Alerstam T, Hedenström A, Akesson S (2003) Long-distance migration:

evolution and determinants. Oikos 103: 247–260.

Bams RA (1967) Differences in performance of naturally and artificially
propagated sockeye salmon migrant fry, as measured with swim-
ming and predation tests. J Fish Res Board Can 24: 1117–1153.

Bassett MC, Patterson DA, Shrimpton JM (2018) Temporal and spa-
tial differences in smolting among Oncorhynchus nerka popula-
tions throughout fresh and seawater migration. J Fish Biol 93:
510–518.

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed-effects
models using lme 4. J Stat Softw 67: 1–48. doi: 10.18637/jss.v067.i01.

Beamish FWH (1978) Swimming capacity. In WS Hoar, DJ Randall,
eds, Fish Physiology VII: Locomotion. Academic Press, New York,
pp. 101–187.

Beardall CH, Johnston IA (1983) Muscle atrophy during starvation in a
marine teleost. Eur J Cell Biol 29: 209–217.

Berggren TJ, Filardo MJ (1993) An analysis of variables influencing the
migration of juvenile salmonids in the Columbia River Basin. North
Am J Fish Manag 13: 48–63.

Biro PA, Morton AE, Post JR, Parkinson EA (2004) Over-winter lipid deple-
tion and mortality of age-0 rainbow trout (Oncorhynchus mykiss). Can
J Fish Aquat Sci 61: 1513–1519.

Black D, Love RM (1986) The sequential mobilisation and restoration
of energy reserves in tissues of Atlantic cod during starvation and
refeeding. J Comp Physiol B 156: 469–479.

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction and
purification. Can J Biochem Physiol 37: 911–917.

Brett JR (1972) The metabolic demand for oxygen in fish, particularly
salmonids, and a comparison with other vertebrates. Respir Physiol
14: 151–170.

Brett JR (1995) Energetics. In C Groot, L Margolis, WC Clarke, eds,
Physiological Ecology of Pacific Salmon. UBC Press, Vancouver, BC,
pp. 3–68.

Brett JR, Groves TDD (1979) Physiological energetics. In WS Hoar, DJ
Randall, JR Brett, eds, Fish Physiology VII: Bioenergetics and Growth.
Academic Press, New York, NY, pp. 279–352

Burnham KP, Anderson DR (2002) Model Selection and Multimodel Infer-
ence: A Practical Information-Theoretic Approach, Ed 2. Springer, New
York, NY.

Castledine AJ, Buckley JT (1980) Distribution and mobility of omega3
fatty acids in rainbow trout fed varying levels and types of dietary
lipid. J Nutr 110: 675–685.

Clark TD, Furey NB, Rechisky EL, Gale MK, Jeffries KM, Porter AD, Cas-
selman MT, Lotto AG, Patterson DA, Cooke SJ et al. (2016) Tracking
wild sockeye salmon smolts to the ocean reveals distinct regions of
nocturnal movement and high mortality. Ecol Appl 26: 959–978.

Cleary JS, Bradford MJ, Janz DM (2012) Seasonal and spatial varia-
tion in lipid and triacylglycerol levels in juvenile chinook salmon
(Oncorhynchus tshawytscha) from the Bridge River, British Columbia.
Limnologica 42: 144–150.

Collins AL, Hinch SG, Welch DW, Cooke SJ, Clark TD (2013) Intra-
coelomic acoustic tagging of juvenile sockeye salmon: swimming
performance, survival, and postsurgical wound healing in fresh-
water and during a transition to seawater. Trans Am Fish Soc 142:
515–523.

Connolly PJ, Petersen JH (2003) Bigger is not always better for overwin-
tering young-of-year steelhead. Trans Am Fish Soc 132: 262–274.

Crossin GT, Hinch SG, Farrell AP, Whelly MP, Healey MC (2003) Pink
salmon (Oncorhynchus gorbuscha) migratory energetics: response
to migratory difficulty and comparisons with sockeye salmon
(Oncorhynchus nerka). Can J Zool 81: 1986–1995.

Dierschke V (2003) Predation hazard during migratory stopover: are light
or heavy birds under risk? J Avian Biol 34: 24–29.

Dingle H (1996) Migration: The Biology of Life on the Move. Oxford Univer-
sity Press, New York

Drent R, Both C, Green M, Madsen J, Piersma T (2003) Pay-offs and
penalties of competing migratory schedules. Oikos 103: 274–292.

Driedzic WR, Hochachka PW (1978) Metabolism in fish during exercise.
In WS Hoar, DJ Randall, eds, Fish Physiology VII: Locomotion. Academic
Press, New York, pp. 503–543.

Duffy EJ, Beauchamp DA (2011) Rapid growth in the early marine period
improves the marine survival of Chinook salmon (Oncorhynchus
tshawytscha) in Puget Sound, Washington. Can J Fish Aquat Sci 68:
232–240.

Duijns S, Niles LJ, Dey A, Aubry Y, Friis C, Koch S, Anderson AM, Smith
PA (2017) Body condition explains migratory performance of a long-
distance migrant. Proc R Soc B Biol Sci 284: 20171374.

Eliason EJ, Gale MK, C k W, Lotto A, Hinch SG (2017) Intraspecific differ-
ences in endurance swim performance and cardiac size in sockeye
salmon (Oncorhynchus nerka) parr tested at three temperatures. Can
J Zool 95: 425–432.

Faria A, Chícharo M, Gonçalves E (2011) Effects of starvation on swim-
ming performance and body condition of pre-settlement Sparus
aurata larvae. Aquat Biol 12: 281–289.

..........................................................................................................................................................

16

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab014/6185140 by guest on 11 April 2021

https://doi.org/10.18637/jss.v067.i01


..........................................................................................................................................................
Conservation Physiology • Volume 9 2021 Research article

Ferguson EA, Sturdevant MV, Orsi JA (2010) Effects of starvation on
energy density of juvenile chum salmon (Oncorhynchus keta) cap-
tured in marine waters of Southeastern Alaska. Fish Bull 108: 218–225.

Ficetola GF, Denoël M (2009) Ecological thresholds: an assessment of
methods to identify abrupt changes in species–habitat relationships.
Ecography 32: 1075–1084.

Finstad AG, Ugedal O, Forseth T, Næsje TF (2004) Energy-related juvenile
winter mortality in a northern population of Atlantic salmon (Salmo
salar). Can J Fish Aquat Sci 61: 2358–2368.

Furey NB, Martins EG, Hinch SG (2021) Migratory salmon smolts exhibit
consistent interannual depensatory predator swamping: Effects on
telemetry-based survival estimates. Ecol Freshw Fish 30: 18–30.

Gardiner WR, Geddes P (1980) The influence of body composition on the
survival of juvenile salmon. Hydrobiologia 69: 67–72.

Gingerich AJ, Philipp DP, Suski CD (2010) Effects of nutritional status
on metabolic rate, exercise and recovery in a freshwater fish. J Comp
Physiol B 180: 371–384.

Giorgi AE, Hillman TW, Stevenson JR, Hays SG, Peven CM (1997) Fac-
tors that influence the downstream migration rates of juvenile
salmon and steelhead through the hydroelectric system in the mid-
Columbia River basin. North Am J Fish Manag 17: 268–282.

Groot C, Margolis L (eds) (1991) Pacific Salmon Life Histories. UBC Press,
Vancouver, BC.

Healey MC (1982) Timing and relative intensity of size-selective mortal-
ity of juvenile chum salmon (Oncorhynchus keta) during early sea life.
Can J Fish Aquat Sci 39: 952–957.

Henderson MA, Cass AJ (1991) Effect of smolt size on smolt-to-adult
survival for Chilko Lake sockeye salmon (Oncorhynchus nerka). Can
J Fish Aquat Sci 48: 988–994.

Hendry AP, Dittman AH, Hardy RW (2000) Proximate composition, repro-
ductive development, and a test for trade-offs in captive sockeye
salmon. Trans Am Fish Soc 129: 1082–1095.

Higgs D, Markert J, MacQuarrie D, McBride J, Dosanjh B, Nichols C,
Hoskins G (1979) Development of practical dry diets for coho salmon
using poultry-by-product meal, feather meal, soybean meal and
rapeseed meal as major protein sources. In J Halver, K Tiews, eds,
Finfish Nutrition and Fish Feed Technology. Heenemann Verlagsge-
sellschaft MbH., Berlin, pp. 3–68.

Hinch SG, Cooke SJ, Healey MC, Farrell AP (2006) Behavioural physiology
of fish migrations: salmon as a model approach. Fish Physiol 24:
239–295.

Huggett AJ (2005) The concept and utility of ‘ecological thresholds’ in
biodiversity conservation. Biol Conserv 124: 301–310.

Johnson WE, Groot C (1963) Observations on the migration of young
sockeye salmon (Oncorhynchus nerka) through a large, complex lake
system. J Fish Res Board Can 20: 919–938.

Kiessling A, Johansson L, Kiessling K-H (1990) Effects of Starvation on
rainbow trout muscle: I. Histochemistry, metabolism and composi-

tion of white and red muscle in mature and immature fish. Acta Agric
Scand 40: 309–324.

Klaassen RHG, Hake M, Strandberg R, Koks BJ, Trierweiler C, Exo K-M,
Bairlein F, Alerstam T (2014) When and where does mortality occur
in migratory birds? Direct evidence from long-term satellite tracking
of raptors. J Anim Ecol 83: 176–184.

Larsson S, Linnansaari T, Vatanen S, Serrano I, Haikonen A (2011)
Feeding of wild and hatchery reared Atlantic salmon (Salmo salar
L.) smolts during downstream migration. Environ Biol Fishes 92:
361–369.

LeBrasseur RJ (1969) Growth of juvenile chum salmon (Oncorhynchus
keta) under different feeding regimes. J Fish Res Board Can 26:
1631–1645.

Lok T, Overdijk O, Piersma T (2015) The cost of migration: spoonbills
suffer higher mortality during trans-Saharan spring migrations only.
Biol Lett 11: 20140944.

Lowery MS, Somero GN (1990) Starvation effects on protein synthesis in
red and white muscle of the barred sand bass, Paralabrax nebulifer.
Physiol Zool 63: 630–648.

MacDonald BL, Grant SCH, Patterson DA, Robinson KA, Boldt JL, Benner
K, King J, Pon L, Selbie DT, Neville CM et al. (2019) State of the salmon:
informing the survival of Fraser sockeye returning in 2019 through
life cycle observations. Can Tech Rep Fish Aquat Sci 3336: 60.

Martinez M (2003) Condition, prolonged swimming performance and
muscle metabolic capacities of cod Gadus morhua. J Exp Biol 206:
503–511.

Martinez M (2004) Does condition of Atlantic cod (Gadus morhua) have
a greater impact upon swimming performance at Ucrit or sprint
speeds? J Exp Biol 207: 2979–2990.

Mazerolle MJ (2017) AICcmodavg: Model Selection and Multimodel Infer-
ence Based on (Q)AIC(c). R package.

McCue MD (2010) Starvation physiology: Reviewing the different strate-
gies animals use to survive a common challenge. Comp Biochem
Physiol A Mol Integr Physiol 156: 1–18.

McDonald DG, Milligan CL, McFarlane WJ, Croke S, Currie S, Hooke B,
Angus RB, Tufts BL, Davidson K (1998) Condition and performance
of juvenile Atlantic salmon (Salmo salar): effects of rearing practices
on hatchery fish and comparison with wild fish. Can J Fish Aquat Sci
55: 1208–1219.

McKeown BA (1984) Fish Migration. Croom Helm Ltd, Breckenham,
England.

McKinnell S, Curchitser E, Groot K, Kaeriyama M, Trudel M (2014) Oceanic
and atmospheric extremes motivate a new hypothesis for variable
marine survival of Fraser River sockeye salmon. Fish Oceanogr 23:
322–341.

Moon TW, Johnston IA (1980) Starvation and the activities of glycolytic
and gluconeogenic enzymes in skeletal muscles and liver of the
plaice, Pleuronectes platessa. J Comp Physiol B 136: 31–38.

..........................................................................................................................................................

17

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab014/6185140 by guest on 11 April 2021



..........................................................................................................................................................
Research article Conservation Physiology • Volume 9 2021

Moore J, Gordon J, Carr-Harris C, Gottesfeld A, Wilson S, Russell J (2016)
Assessing estuaries as stopover habitats for juvenile Pacific salmon.
Mar Ecol Prog Ser 559: 201–215.

Pedersen L-F, Koed A, Malte H (2008) Swimming performance of wild
and F1-hatchery-reared Atlantic salmon (Salmo salar) and brown
trout (Salmo trutta) smolts. Ecol Freshw Fish 17: 425–431.

Persson L, Leonardsson K, Alanärä A (2018) Manipulation of the ener-
getic state of Atlantic salmon Salmo salar juveniles and the effect on
migration speed. J Fish Biol 92: 961–978.

Pierce BJ, Williams SR, O’Connor TP, Place AR, Guglielmo CG (2005)
Effect of dietary fatty acid composition on depot fat and exercise
performance in a migrating songbird, the red-eyed vireo. J Exp Biol
208: 1277–1285.

Plaut I (2001) Critical swimming speed: its ecological relevance. Comp
Biochem Physiol A Mol Integr Physiol 131: 41–50.

Pope JG, Shepherd JG, Webb J (1994) Successful surf-riding on size
spectra: the secret of survival in the sea. Philos Trans R Soc B Biol Sci
343: 41–49.

Quinn TP (2005) Downstream migration: to sea or not to sea. In
The Behaviour and Ecology of Pacific Salmon and Trout, UBC Press,
Vancouver, BC, pp. 209–228.

R Core Team (2018) R: A Language and Environment for Statisti-
cal Computing. R Foundation for Statistical Computing, Vienna,
Austria.

Raymond HL (1968) Migration rates of yearling Chinook salmon in rela-
tion to flows and impoundments in the Columbia and Snake Rivers.
Trans Am Fish Soc 97: 356–359.

Raymond HL (1979) Effects of dams and impoundments on migrations
of juvenile Chinook salmon and steelhead from the Snake River, 1966
to 1975. Trans Am Fish Soc 108: 505–529.

Ricker WE (1954) Stock and recruitment. J Fish Board Can 11: 559–623.

Rondorf DW, Dutchuk MS, Kolok AS, Gross ML (1985) Bioenergetics of
juvenile salmon during the spring outmigration. Annu Rep Bonneville
Power Adm Proj 1983: 82–11.

Sillett TS, Holmes RT (2002) Variation in survivorship of a migratory
songbird throughout its annual cycle. J Anim Ecol 71: 296–308.

Simpkins DG, Hubert WA, Martinez Del Rio C, Rule DC (2004) Con-
straints of body size and swimming velocity on the ability of juve-
nile rainbow trout to endure periods without food. J Fish Biol 65:
530–544.

Simpkins DG, Hubert WA, Rio CMD, Rule DC (2003) Physiological
responses of juvenile rainbow trout to fasting and swimming activity:

effects on body composition and condition indices. Trans Am Fish Soc
132: 576–589.

Smith SG, Muir WD, Williams JG, Skalski JR (2002) Factors associated
with travel time and survival of migrant yearling Chinook salmon
and steelhead in the Lower Snake River. North Am J Fish Manag 22:
385–405.

Snyder G (1980) Effects of starvation on presmolt coho salmon. In
National Marine Fisheries Service. Northwest and Alaska Fisheries Cen-
ter, Coastal Zone and Estuarine Studies Division.

Stefansson SO, Björnsson BT, Sundell K, Nyhammer G, McCormick SD
(2003) Physiological characteristics of wild Atlantic salmon post-
smolts during estuarine and coastal migration. J Fish Biol 63: 942–955.

Stevenson CF, Hinch SG, Porter AD, Rechisky EL, Welch DW, Healy SJ,
Lotto AG, Furey NB (2019) The influence of smolt age on freshwater
and early marine behavior and survival of migrating juvenile sockeye
salmon. Trans Am Fish Soc 148: 636–651.

Sullivan KM, Somero GN (1983) Size- and diet-related variations in enzy-
matic activity and tissue composition in the sablefish, Anoplopoma
fimbria. Biol Bull 164: 315–326.

Taylor EB, McPhail JD (1985) Variation in burst and prolonged swimming
performance among British Columbia populations of coho salmon,
Oncorhynchus kisutch. Can J Fish Aquat Sci 42: 2029–2033.

Therneau TM (2015) A Package for Survival Analysis in S.

Therneau TM (2020) coxme: mixed effects cox models.

Therneau TM, Grambsch PM (2000) Modeling Survival Data: Extending the
Cox Model. Springer, New York

Thomson RE (1981) Oceanography of the British Columbia Coast. Depart-
ment of Fisheries and Oceans, Ottawa.

Tucker S, Mark Hipfner J, Trudel M (2016) Size-and condition-dependent
predation: a seabird disproportionately targets substandard individ-
ual juvenile salmon. Ecology 97: 461–471.

Ward BR, Slaney PA, Facchin AR, Land RW (1989) Size-biased survival
in steelhead trout (Oncorhynchus mykiss): back-calculated lengths
from adults’scales compared to migrating smolts at the Keogh River,
British Columbia. Can J Fish Aquat Sci 46: 1853–1858.

Welch DW, Melnychuk MC, Rechisky ER, Porter AD, Jacobs MC,
Ladouceur A, McKinley RS, Jackson GD (2009) Freshwater and marine
migration and survival of endangered Cultus Lake sockeye salmon
(Oncorhynchus nerka) smolts using POST, a large-scale acoustic
telemetry array. Can J Fish Aquat Sci 66: 736–750.

Wickham H (2009) Ggplot2: Elegant Graphics for Data Analysis. Springer,
New York.

..........................................................................................................................................................

18

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/9/1/coab014/6185140 by guest on 11 April 2021


	Limits on performance and survival of juvenile sockeye salmon Oncorhynchus nerka during food deprivation: a laboratory-based study
	Introduction 
	Methods
	Overall study approach
	Fish collection
	Fish holding
	Re-feeding
	Swim flume
	Prolonged swimming experiment
	Body condition analyses
	Statistical analyses

	Results
	Food deprivation and individual attributes
	Experiment 1: migration duration and swim performance/survival
	Experiment 2: prolonged swimming and condition
	Experiment 3: survival and condition

	Discussion
	Funding


