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Abstract—We evaluated the effects of past and future trends in temperature and discharge in the Fraser
River on the migratory performance of the early Stuart population of sockeye salmon Oncorhynchus nerka.
Fish of lower condition exhibited disproportionately higher mortality during the spawning run, elucidating
a critical link between energetic condition and a fish’s ability to reach the spawning grounds. We simulated
spawning migrations by accounting for energetic demands for an average individual in the population from
the time of entry into the Fraser River estuary to arrival on the spawning grounds (about 1,200 km upstream)
and estimated energy expenditures for the average migrant during 1950-2001. The model output indicates
relatively high interannual variability in migration energy use and a marked increase in energy demands in
recent years related to unusually high discharges (e.g., 1997) and warmer than average water temperature
(e.g., 1998). We examined how global climate change might effect discharge, water temperature, and the
energy used by sockeye salmon during their spawning migration. Expected future reductions in peak flows
during freshets markedly reduced transit time to the spawning ground, representing a substantial energy
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savings that compensated for the effect of the increased metabolic rate resulting from exposure to warmer
river temperatures. We suggest that such watershed-scale compensatory mechanisms may be critical to the
long-term sustainability of Pacific salmon, given expected changes in climate. However, such compensation
will probably only be applicable to some stocks and may be limited under extremely high temperatures where
nonenergetic factors such as disease and stress may play a more dominant role in defining mortality. Our
results further indicate that a long-term decline in the mean mass of adult sockeye salmon completing their
marine residency could erode their migratory fitness during the river migration and hence jeopardize the
sustainability of sockeye salmon and the fishery that targets them.

Pacific salmon Oncorhynchus spp. have remarkably
complex life histories. They can live for up to 4 years
in freshwater before migrating to the ocean where they
spend the next 2—6 years, gaining over 98% of their
mature mass (Healey 2000). Using precise homing
capabilities, they return to their natal streams to spawn,
after which they die. In North America, the five species
of Pacific salmon have adapted into thousands of
populations since the last glaciation, becoming widely
distributed throughout the North Pacific drainage.
Through stocking programs, the range of Pacific
salmon species is now circumglobal, with notable
naturalized populations existing in the Laurentian Great
Lakes, New Zealand, and along the west coast of South
America. Where they occur, Pacific salmon are
typically dominant members of the fish community
(Groot and Margolis 1991).

Over the past several decades, salmon fisheries have
become increasingly capitalized, and exploitation
capacity has risen markedly. This has pushed some
populations to collapse and has threatened others
(Nehlsen et al. 1991; Slaney et al. 1996; Hyatt 1996).
Management of the fishery is very complex. Pacific
salmon are captured during their homeward migrations
en route to their spawning grounds. Stock—recruitment
models, whereby present population size is predicted
from past spawning ground abundance, help managers
predict how many fish are expected to return to spawn.
In other cases, brood years are tracked, and run strength
of individual age-groups are predicted based on sibling
survival trends. This information is then used to
determine how to allocate harvest among several
different user groups and to ensure that enough fish
escape the fishery to spawn (Healey 1993). However,
there is uncertainty in predicting population sizes,
particularly if environmental conditions that affect fish
behaviour and survival change from year to year. This
type of uncertainty can lead to overestimation of
population sizes and thus overexploitation (e.g.,
PWGSC 1995). More recent approaches have begun
to consider spatial processes and broad scale environ-
mental drivers (Pyper et al. 2005). As climate changes,
however, it is likely that this uncertainty will increase
in the future.

Climate change presents a variety of challenges for
North American Pacific salmon and their management.

Global circulation models predict that within the next
50-100 years, temperatures in the northeast Pacific
Ocean will warm by 2-4°C. Studies have focused on
the impacts of temperature and climate change on
a variety of life history stages, including the juvenile
freshwater period (Chatters et al. 1991; Neitzel et al.
1991, Henderson et al. 1992; Levy 1992), the juvenile
estuarine period (Beamish et al. 1994), and the subadult
marine period (Beamish and Bouillon 1993; Hinch et
al. 1995a, 1995b; Welch et al. 1998; Beamish et al.
1999; Rand 2002). One component of Pacific salmon
life history that has received little attention, in terms of
evaluating the potential impacts of climate change, is
the upriver spawning migration. This is an extremely
important stage in terms of fisheries management
because most fisheries occur on homeward migrating
salmon in coastal or riverine environments. This life
stage is relatively brief, usually taking less than a month
to complete (Groot and Margolis 1991), and is unique
in that adults cease feeding when they begin this
migration and rely on stored energy to complete the
migration and spawn. Body constituent analyses reveal
that, in years of normal environmental conditions, these
migrations are energetically demanding, requiring
more than 50% of total reserve energy for their
completion (reviewed in Brett 1995). In years of
extreme conditions, such as high flows or temperatures,
energy use could be markedly higher (Rand and Hinch
1998). Rates of migration mortality are high when river
temperature is very warm (Macdonald et al. 2000) or
discharge very high (Macdonald 2000). Salmon energy
reserves are expected to be depleted more rapidly when
rivers exhibit these extreme conditions, but to date,
there has been no attempt to link variability in river
conditions with that of migration energy use and
mortality. If this can be done, it would be possible to
assess how successful salmon might be in completing
their upriver migrations, given expected changes in
future climate.

In this paper, we present an analysis to improve our
understanding of how changes in river conditions
might effect the energy use and mortality risk of an
important population of sockeye salmon O. nerka in
the Fraser River, with three main objectives. First, we
establish a link between the energetic condition of
salmon in the river and en route mortality. Second, we
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refine an existing model to simulate the energy use of
salmon during the river migration and test it with 3
years of data. Third, we use this model to hindcast (for
1950-2001) and forecast (for 2010-2099) energy use
by simulating swimming behavior and migration
conditions in the river. These latter simulations provide
an important perspective on how these salmon cope
with the dynamics of river temperature and discharge,
as affected by variation within and between years. The
model forecast also allows us to project how global
climate change may affect the migration success of this
population.

Methods

Study system.—The Fraser River watershed drains
nearly a third of the province of British Columbia and
is the largest producer of sockeye salmon in that
province (Dorcey 1991; Figure 1). Extending from
headwater streams in the Rocky Mountains, the main
stem runs about 1,400 km to its mouth at Vancouver,
British Columbia. The basin contains a number of

\.\\
.

J\\\\
N"l \\\
—-—

} T
w \ “"\._\\‘--
E [ 200km ~~_

S—

- ~ B0°N
/120w
/
/
/
/
/
s
/
] /
,r’f
.r'/ ﬁ
/ N
Gr £ ) o
¥ ) e \‘L
¢
-‘%‘* ) S,
R o<y Y
B L) 3
]'. B T~ .lrl
B ~—_
e
49°N
114 W

Figure 1.—Map of the Fraser River in British Columbia,
showing sampling sites for early Stuart sockeye salmon: 1 =
Port Renfrew, 2 =Whonnock, 3 =Lower Canyon (Qualark), 4
= Lower Canyon (including Yale and Lady Franklin Rock), 5
= Hell’s Gate, 6 = Churn Creek, 7 = Nechako, 8 = Stuart
River, and 9 = spawning grounds (Gluskie and Kynoch creeks
and tributaries of the Middle River). Hope is located
approximately 60 river km downstream of the Fraser Canyon
between sites 3 and 5.

sockeye salmon nursery lakes, and the adjacent
tributaries serve as spawning grounds. Sockeye salmon
are organized into a number of major stock and run-
timing groupings, each homing to particular tributary
basins and entering the river at specific times of year.
Adult spawners in each of these groupings exhibit
unique ecological characteristics, undoubtedly influ-
enced through adaptation to the temperatures and flows
encountered during upriver migration and the local
environmental conditions found on the spawning
grounds (Groot and Margolis 1991). Indeed, swim
tunnel respirometry experiments have found that
maximum metabolic performance for Fraser river
salmon populations occurs at temperatures that match
population-specific historical average temperatures
encountered during upriver spawning migrations (Lee
et al. 2003). In this research we focus on the early
Stuart population of sockeye salmon, which is the first
sockeye population each year to embark on spawning
migrations up the Fraser River (early July). It is,
therefore, much easier to identify compared with
populations that may overlap in the Fraser River later
in the summer. The early Stuart population travels the
greatest distance in the river (about 1,200 km), so
energetic considerations are likely to be greatest for this
population. These fish have been shown to use as much
as 90% of their energy reserves to complete the
migration (IPSFC 1980) and therefore act as a bell-
wether for other populations that have less demanding
upstream migrations. Early Stuart sockeye salmon are
also exposed to the highest river water flows as the
spring freshet is subsiding. The importance of river
discharge is illustrated by the observation that the
duration of the river migration is negatively correlated
with river discharge (Rand and Hinch 1998). Spawning
occurs in early August and is restricted to a group of
tributaries of the Middle River, which connects Takla
and Stuart lakes in the interior of British Columbia.
Energy density analysis—We sampled individual
early Stuart sockeye salmon at a number of stations
distributed between the Fraser River estuary and the
spawning grounds in the Stuart-Takla region. Fish
were sampled from spawning runs during July 2001,
a period of relatively moderate discharge (5,400 m?/s)
and temperature (15.5°C), and during July of 1997
(7,500 m’/s, 15°C) and 1999 (9,000 m’/s, 14°C),
periods of relatively high discharge but moderate
temperature. At least 10 male and 10 female sockeye
salmon were collected at each of nine locations (Figure
1): (1) Port Renfrew, (2) Whonnock, (3) Lower
Canyon, (4) Lower Canyon, (5) Hell’s Gate, (6) Churn
Creek, (7) Nechako, (8) Stuart River, and (9) the
spawning grounds (mouths of Kynoch and Gluskie
creeks, which are tributaries of the Middle River). Fish
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were collected at site 1 by purse seine and at the other
sites by dip net or gill nets from shore. Fish were
collected at all sites in 1999 but at only a subset of
these sites in 1997 (sites 3, 5, 7, 8, and 9) and 2001
(sites 2 and 9). Each fish was weighed (g) and
measured (fork length, 0.1 cm) and its sex was
determined in the field. Individuals were brought back
to the laboratory for determination of energy density of
skin-on fillets (1997) and whole body (eviscerated)
energy content (1999 and 2001); see Higgs et al.
(2000) for 1997 data and Higgs et al. (1979, 2000) for
methods of storage and analysis, including determina-
tion of energy density.

If energy exhaustion is integrally linked to natural
mortality, then one would predict that the mortality rate
among individuals of relatively low energy density
would be disproportionately higher than that of
conspecifics that exhibit higher energy density upon
river entry. If this condition-dependent rule of mortality
applies during the migration, then one would predict
a shift in the distribution of energy density of
individuals based on directional selection pressures.
Stated more explicitly, as the population migrates up
river, the individuals of low energy density would
become progressively rarer at each successive site up
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Ficure 2.—Hypothetical energy density data illustrating
how condition-dependent mortality might structure a spawning
run of salmon. The top panel shows a theoretical normal
distribution of energy densities for fish making landfall after
marine residency. The bottom panel includes the theoretical
normal distribution of the energy densities that would be
expected assuming no en route mortality losses (dashed line)
and the asymmetric distribution that would be expected if the
migrant population experienced disproportionate losses to
individuals with lower energy densities. The critical value for
energy density, E* (thought to represent a mortality thresh-
old), is indicated in the bottom panel.
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the river as a consequence of selective mortality
(Figure 2). Crossin et al. (2004a) posited that
a threshold energy density exists that marks an abrupt
transition in probability of en route mortality among
Pacific salmon (about 4 MJ/kg). This threshold can
represent a critical energy density that serves to
truncate the lower tail of the distribution of energy
densities as the migrating population approaches the
spawning grounds. For the purposes of this study, we
identify this critical threshold as E~ (Figure 2). We
tested this hypothesis by analyzing the distribution of
energy density among individuals at each of our
sampling stations over the period of river migration
during 1997, 1999, and 2001. Based on the presumed
difficulty of the migrations occurring during 1997 and
1999, we expected to see evidence for asymmetry in
the distribution of energy densities by the end of the
migration period. We would expect to see a symmetric
normal distribution of energy densities during 2001 as
a result of the more benign conditions observed during
that year. To assess whether condition-dependent
mortality may be structuring the migrating population,
we examine the trend in the first quartile of the
distribution of energy density as the fish approached
the spawning grounds. Assuming E* ~ 4 MJ/kg, we
would expect the estimate of the lower quartile of the
distribution of energy densities to become asymptotic
with this critical threshold as the fish approach the
spawning grounds.

Finally, the data on energy density measured in
1997, 1999, and 2001 were compared with estimates of
energy content from a bioenergetics model (see below
for a more complete description). We used the energy
density measured for individuals collected near the start
of their migration (site 3 in 1997, site 1 in 1999, and
site 2 in 2001) to initialize the simulation. Means and
SDs of energy density measured at points along the
migration were compared to predicted energy density.

Overview of modeling approach.—The model used
in this study was initially described and evaluated by
Rand and Hinch (1998). It is a unique migration energy
model in that electromyogram telemetry was used in
calculating field measurements of swimming speeds of
individual early Stuart sockeye salmon at various
locales in the upriver migration. We modified the
program in two ways to carry out this analysis. First,
we increased model resolution. In our original model
version, we computed swimming and migration speeds
(i.e., ground speed) of salmon using mean July
discharge at Hope, British Columbia. To increase
realism in the model to better reflect discharge
variability that occurs during this month, we computed
swimming and migration speeds based on daily
discharge measurements measured at Hope, which
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captured the variability in discharge during July. We
lack data on patterns of discharge throughout the
watershed, and thus, we used discharge measured at
this point in the lower river to compute ground and
swimming speeds throughout the entire river. Second-
ly, we fit a new set of parameters to the model of
Beauchamp et al. (1989) to simulate standard and
active metabolic losses. Respirometry data for six early
Stuart sockeye salmon adults collected during 2001
(57.1-65.5 cm fork length, 2.2-3.2 kg body mass;
MacNutt et al. 2006) were collected using a Brett-type
swim tunnel respirometer (see Farrell et al. 2003; Lee
et al. 2003). Water temperatures varied from 11.5°C to
20°C, and each fish was acclimated to its test
temperature for at least 48 h before testing. Individuals
performed a ramp U_, test (Jain et al. 1997) and
oxygen consumption was measured over a range of
swimming speeds between 0.5 and 2.7 body lengths/s.
The following model was used:

MR = aWBe'T el

where MR = metabolic rate (grams of O, per day), W=
mass of fish (g), T = temperature (°C), and U =
swimming speed (cm/s). Assuming that fish in
a respirometer are likely to exhibit elevated metabolism
resulting from stress due to confinement and handling,
we fit a model that conservatively predicts metabolism.
We accomplished this by using least squares regression
to arrive at a set of best-fit parameters, and adjusting
the best-fit intercept value down to where 90% of
metabolic observations exceeded our predictions. The
parameters used in the model were as follows: o
(model intercept) = O, at 0.0023 g/d,  =—0.109, y =
0.0609, ¢ = 0.012 (Figure 3).

To use the model to simulate migratory conditions in
the past (1950-2001), we assembled data on initial
conditions of the adult migrating early Stuart popula-
tion entering the river mouth. Mean arrival time into
the Fraser River and mean lengths (combined males
and females) at the spawning grounds were obtained
from IPSFC (1990) and from Department of Fisheries
and Oceans Canada (DFO; unpublished data). Lengths
at river entry were not available for most years, but
lengths do not change markedly during the migration.
These lengths were converted to mass based on
a length—mass relationship for fish in the lower river
established from data collected during 1997 and 1999
(described above).

To represent temperature and flow patterns in the
river, we compiled data on Fraser River temperature
and flow during 1950-1987 from data in IPSFC (1990)
and during 1988-2001 from DFO (unpublished data).
Discharge was measured at Hope, British Columbia,
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FIGURE 3.—Metabolic rates predicted from a bioenergetics
equation for adult sockeye salmon plotted against the observed
metabolic rate for adult sockeye salmon confined in a water-
flow-through Brett-style respirometer. The line shows a 1:1
ratio. The fit is based on a reduced-model intercept value to
achieve a more conservative prediction of metabolic rate.

and temperature records were from Hell’s Gate (Figure
1). Data were summarized as daily values for the
month of July, the period when early Stuart sockeye
salmon are in the river.

We highlight some of the key model assumptions
here. (1) Swimming speed was simulated stochastically
(5-s time steps) using observed distributions of
swimming speeds obtained over a number of repre-
sentative reaches in the Fraser River (Rand and Hinch
1998). (2) Metabolic losses at a given body mass,
temperature, and swim speed (up to 2.8 body lengths/s)
were estimated using the energetic equation and the
parameters described above, with an oxycalorific
coefficient of 13,560 J/g of O,. (3) Additional cost
associated with anaerobic burst swimming (speed
exceeding 2.8 body lengths/s) was applied using the
temperature-dependent formulation described in Rand
and Hinch (1998). (4) An average individual migrant is
representative of male and female members of the
migrating population. (5) In cases where initial run-
condition data were missing, we assumed a mean mass
of 2,626 g, a mean body energy of 8.4 MJ/kg, and
a mean return time to the river mouth of 7 July, which
represented means over all years for which these
parameters were measured. (6) Conversion of somatic
energy reserves to gonads was estimated based on rate
of gonad energy accretion (average of male and
female) determined through measured changes in
gonad energy content through the migratory period
(Rand and Hinch 1998). (7) Transformation of somatic
energy to gonadal energy was accomplished with no
metabolic cost.
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We hypothesized that the existence of condition-
dependent mortality would influence the performance
of our model. The formulated model tracks the average
individual and our model predictions of energy density
would be expected to track closely with observed
energy densities during the migration, only if en route
mortality was inconsequential or mortality risk was
distributed randomly or uniformly among migrants. If
condition-dependent mortality was significant in a giv-
en year, then we expect our model to underestimate
energy density. If energy demands are predicted to be
markedly elevated in a given year, it can be expected
that an average individual in our model could drop
below our hypothesized energetic threshold (E£”). This
would support the oft-quoted aphorism, “the average
fish is dead” (attributed to Gary Sharp, Center for
Climate/Ocean Resources Study, Monterey, Califor-
nia). We explored this phenomenon by comparing
modeled predictions of energy density with those
measured during 1997, 1999, and 2001 (see above).

We projected future trends in energy use and
mortality by simulating migrations of early Stuart
sockeye salmon during 2010-2099, based on expect-
ations of changes in river hydrology resulting from
global climate change. We assumed the encountered
flows and temperatures generated from model simu-
lations of Morrison et al. (2002) represent a probable
scenario of how the river might change in the future. It
is important to note here the hydrological simulations
represent three discrete modeled stanzas (2010-2039,
2040-2069, and 2070-2099), each computed from the
same baseline time series fit to the historical record.
Thus, the difference in migration energy use between
the different modeled stanzas relative to the baseline
scenario can be attributed to the effect of increasing
atmospheric CO, concentration with aerosols (at a rate
assuming a doubling of CO, concentration over the
entire modeled period). To express the effect of climate
change on migration energy use, we compared the
mean final body energy (over 30 simulated years for
each climate change stanza) with the mean final body
energy predicted under the baseline scenario. We
assumed that initial mean mass, energy density, and
time of river return for each simulated year were
invariant during all modeled years in the forecast.
Mean mass was assumed to be 2,626 g, initial energy
density was set at 8.4 MJ/kg, and mean time of return
to the lower river was 7 July. To contrast the amount of
interannual variability of energy use in the historical
data series and during the climate stanzas, we
compared the SD of final body energy estimated
during each climate stanza to that of the baseline.

To forecast the implications of a long-term decline in
body mass, we used the model to estimate final body
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energy over a 90-year projection by assembling a time
series with each modeled hydrologic stanza aligned in
succession. We applied the same assumptions for
energy density and time of return but assumed a linear
decline of body mass over time, resulting in a 30% loss
of body mass over the modeled interval (2,626 g in
2010 to 1,838 g in 2099). This assumption follows
Hinch et al. (1995a, 1995b) and takes into account
increases in sea surface temperatures and lowered food
availability in the ocean as a result of reduced
upwelling. Although this forecast of future trends in
marine growth is speculative, it serves to show how
reduced growth during marine residency may have
important consequences for migration success during
the spawning migration.

Results
Condition-Dependent Mortality Analysis

We found evidence for condition-dependent mortal-
ity during the river migration. Although the energy
density distributions observed at the beginning of the
spawning migration were symmetric in all 3 years, the
distributions observed at the spawning grounds were
asymmetric during 1997 and 1999 and showed
evidence of a truncated lower tail at approximately
E" (ie., about 4 MJ/kg; Figure 4a, b). This was in
contrast to the symmetric distribution of energy
densities observed at the spawning grounds during
2001, a year where migratory conditions were more
benign (Figure 4c). The lower quartile of the
distribution of energy densities observed during 1997
and 1999 showed a decelerating negative trend as the
fish progressed up river, becoming asymptotic at 4 MJ/
kg (Figure 5). This decelerating trend was evident at
two points along the migration during 1997 and 1999:
the Fraser canyon sites (sites 3, 4, and 5) and near the
spawning grounds (sites 8 and 9). The lower quartile of
the distribution of energy densities during 2001 did not
reach as low a level as those observed during 1997 and
1999.

Bioenergetic Model Comparison

We simulated the energy use of an average migrant
in the early Stuart population during 1997, 1999, and
2001. For 1997 and 1999, predictions of energy density
as fish approached the spawning grounds departed
substantially from observations (Figure 6a, b). Data
from additional stations were available during 1999,
and the model estimates of energy density did not
appear to track closely those observations made in the
lower river. The absolute drop in energy density
simulated over the first 200 km of the migration was in
close agreement with observations, but the pattern of
energy decline appeared markedly different. The



CLIMATE CHANGE AND FRASER RIVER SOCKEYE SALMON 661

a
1997 Lower Canyon (Site Si 15
= 10
*)
=
3 = - 05
H £
L: f 0o
- . .
A ! Spawning Grounds (Site 9)
& ol
05
oo 1 T T T T
4 5 L] T &
EnergyDensty
1999 Port Renfrew (Site 1)
- 08
E\ - 06
g_ E” ko4
E - 02
- 1 00
g . .
-% 101 Spawning Grounds (Site 9)
+U 08
T -
04
0z4
0o .
3 4 5 & T ;] ] 10 1" 12
EnengyDensiy
C
2001 1o
Whonnock (Site 2) o8
L]
= o4
(4]
5 ro2
= |
g 00
L; Y1 E Spawning Grounds (Site 9)
= o8
k=] ]
S 06
=3 04
02

0o T T —T T

EnergyDensty

Ficure 4.—Histogram and density profiles of energy
density measured at the start and end of the migration for
early Stuart sockeye salmon (Fraser River, British Columbia)
collected during (a) 1997, (b) 1999, and (c) 2001. Note the
truncated left tail in the distribution of energy density at the
end of the migrations during 1997 and 1999. The critical value
for energy density, E'(thought to represent a mortality
threshold), is indicated on each plot.

12
7 ceQee- 1907
E 10 —_ —— 1808
-3 ".\\ —— 2001
Es M e
= b e =
2 T
= ~
E 4 g
E 2
=
w

0 -

P1. Renfrew (1) Lower Canyon (3) Hell's Gate {(5) Nechako River (7) 5G (9)

Whonnook (2) Lower Canyon (4)  Churn Creek (6) Stuart River (8)

Site

FiIGurRe 5.—Plot of first quartile of the energy density
distribution for early Stuart sockeye salmon (Fraser River,
British Columbia) collected at nine stations along the
spawning migration route during 1997, 1999, and 2001. Site
names corresponding to the site numbers are provided in
Figure 1. The critical value for energy density, E”(thought to
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a broken line.

simulation predicted relatively low costs per unit
distance traveled up to the start of the Fraser River
canyon (sites 1 and 2) and then relatively high costs
through the canyon (sites 3—5). There was a monotonic
decline in energy density throughout the remainder of
the migration (sites 6-9). During the simulated
migrations of 1997 and 1999, the model departed from
observations midway through the migration. The
average simulated individual during 1997 exhausted
all body energy at approximately 1,000 river kilo-
meters from the mouth, whereas the average simulated
individual in the 1999 run arrived on the spawning
grounds with 50% lower energy reserves than that
observed (Figure 6a, b). The 2001 simulation lacked
the dynamics in energy use predicted to occur in the
lower river during 1997 and 1999 because of less
difficult passage through the canyon reaches resulting
from reduced flows observed during that year (Figure
6¢). The model estimate of final energy density for the
2001 run was within 1 SD of the observed mean at the
spawning grounds (Figure 6c).

Model Hindcast and Forecast

Mean July water temperature in the lower river has
shown a long-term increase of 0.015°C/year, based on
the slope of a linear regression fit to time series data
(Figure 7a). Mean July discharge over the same period
has declined 17.05 m?/s per year, based on the slope of
a linear regression fit to time series data (Figure 7b).
Foreman et al. (2001) found the 1 July to 15 September
temperature increase to be 0.012°C/year (SE = 0.008,
* = 0.04). By assembling the output from the climate
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Ficure 6.—Observed (squares) and simulated (solid lines)
condition of sockeye salmon (expressed as energy density)
plotted over river kilometers during (a) 1997, (b) 1999, and
(¢) 2001. Error bars on observations represent SDs.

change hydrologic model in sequence, it appears these
trends are likely to continue into the future (Figure 7a,
b).

The model hindcast of body energy for fish arriving
on the spawning grounds revealed substantial in-
terannual variability, levels ranging from 0 MIJ/kg
(complete energy exhaustion for the average individ-
ual, simulated to occur during years 1964, 1972, and
1997) to 4.28 MJ/kg (simulated to occur in year 1962,
Figure 8).

The final energy densities estimated for individuals
on the spawning grounds during the three separate
modeled stanzas showed no marked trend over time
and markedly reduced interannual variability with
respect to the baseline scenario (Figure 8). The final
mean energy densities estimated over each period were
similar (baseline = 2.17 MJ/kg, stanza 1 =2.46 MJ/kg,
stanza 2 = 2.53 MJ/kg, stanza 3 = 2.17 MJ/kg). The
lack of a marked trend in energy use between these
different periods is largely attributed to a watershed-
scale interaction involving discharge-dependent loco-
motor costs and temperature-dependent metabolic
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FiGurRe 7.—Actual and forecast time series of (a) mean
daily July water temperature at Hell’s Gate on the Fraser River
and (b) mean daily July discharge at Hope, British Columbia.
The actual time series are for 1950-2001; the two lines are
linear regression fits through the data. The forecast time series
are from a hydrologic model and are presented as three
separate stanzas during 2010-2099 (each stanza is identified
by unique open or filled circles connected by a broken line).

costs. Over the simulated period of 1950-2099, the
time spent in migration declined, being reduced by 6
d by 2099 (from 26 d to 20 d, as determined from
a linear regression applied to the entire period).
Temperature-dependent metabolism (estimated by
computing e'” from model 1 via the mean temperature
encountered over the entire river migration during each
year) showed a steady increase over the modeled
period (from 2.5 to 2.9, as determined from a linear
regression over the time series). These two variables
show a clear inverse relationship (Figure 9). Interan-
nual variability of final body energy was reduced in the
forecast scenario, as shown by the differences in SD of
the mean during each 30 years stanza (baseline = 1.10
MJ/kg, stanza 1 =0.65 MJ/kg, stanza 2 = 0.80 MJ/kg,
stanza 3 = 0.82 MJ/kg). This was due primarily to
lower interannual variability expressed in the hydro-
graph owing to a reduced effect of snowmelt on the
spring freshet (Morrison et al. 2002).

The forecast model scenario assuming a long-term
reduction in final ocean mass of sockeye salmon
resulted in a marked negative trend in energy density
on the spawning grounds over the period 2010-2099
(Figure 8). By midway through the forecast period,
energy density of simulated individuals on the spawn-
ing ground was an order of magnitude lower relative to
results from the baseline scenario. This decline in
simulated body energy was complete by the end of the
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FIGurRe 8.—Simulated time series of body energy for early Stuart sockeye salmon (Fraser River, British Columbia) at the
spawning ground during 1950-2001 and 2010—2099. With respect to the first period, note the 10 years identified with open
circles, of which the 5 with heavy black borders represent years of high en route mortality and the 5 with heavy gray borders
represent years of low en route mortality. Three climate stanzas are shown for the second period. Simulation results from the
future scenario involving a long-term decline in the body mass of sockeye salmon at the beginning of the migration are shown
with a solid black line (plotted as a 5-year running average of model output).

second stanza, when energy density reached zero
(Figure 8).

Discussion

We present several lines of evidence that energy
reserves and energy depletion are important factors
affecting the ability of early Stuart sockeye salmon to
successfully reach spawning grounds and that the rate
of energy depletion is a function of both temperature
and discharge. We carried out an analysis of body
energy density among salmon migrants that indicated
that individuals in poor condition appear to suffer
disproportionate risk of mortality while en route to the
spawning grounds. Specifically, we found a clear
asymmetry in the distribution of energy densities
among individuals on the spawning grounds during
1997 and 1999 (both high discharge periods with cool
temperature) compared with those observed in 2001
(moderate discharge, moderate temperature). The
existence of a truncated left tail to the distribution
(see Figure 4) is consistent with the hypothesis that
condition-dependent mortality is structuring this mi-
grating population. We found evidence of a decelera-
tion in the rate of energy loss in the first quartile of this
energy density distribution as the population neared the
end of the migration, which further supports our
condition-dependent mortality hypothesis. In addition,
we found the same pattern in the first quartile of the
energy density distribution occurring as the population
progressed up the Fraser canyon reaches in the lower

river, suggesting that mortality may be acting at this
point in the river as well. This canyon segment is
known to represent difficult passage conditions,
particularly during years of high discharge (Rand and
Hinch 1998). Finally, we found disparity in energy
density estimates between our simulated values
(representing an average individual in the population)
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Ficure 9.—Regression of temperature-dependent metabo-
lism (computed as ¢'’ in equation 1 using the mean
temperature experienced by fish during the course of the
migration) on migration duration for early Stuart sockeye
salmon adults in the Fraser River, British Columbia. These
values are model output during the period 1950-2099. This
inverse relationship tends to stabilize migratory energy
demands in a given year over the relatively wide range of
hydrological conditions observed in the past and expected in
the future.
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and those observed (representing surviving members
reaching each river sampling station) during 1997 and
1999, which further supports our hypothesis. This
modeling exercise serves to formalize the relationship
between migration energy use and the dynamics of
river discharge and temperature. We advance this
energy limitation hypothesis in an effort to explain
migration success as a function of hydrological
variability these fish encounter during their spawning
migration.

Our model may effectively predict the natural
migration mortality of the entire early Stuart sockeye
salmon population, regardless of whether the average
migrant survives and progresses all the way to the
spawning grounds. For most of our simulations (both
for hindcast and forecast model runs) we estimated
energy densities that fell below £ (i.e., about 4 MJ/
kg), which suggests the population routinely suffers
from en route losses during the river migration,
exacerbated by both extremes in temperature and
discharge (Figure 8). Structuring the model in this
way allows us to assess more directly the consequences
of migration difficulty at the population scale. The
DFO provides an annual “management adjustment for
environmental factors” (hereafter referred to as a dis-
crepancy index) that serves as a gauge of the level of en
route mortality that occur in the year’s run. This
discrepancy index is computed as the ratio of the log-
transformed abundance measures of fish in the lower
river (estimated using hydroacoustics) and upriver
(estimated using spawning ground fence counts and
carcass surveys, adjusted for in-river harvest). Esti-
mates of this discrepancy index for early Stuart
sockeye salmon are available from 1978 to 2001 (no
estimates are available for 1980, 1982, 1984, and
1986). The error associated with this index has not
been examined, and it is difficult to use the index to
draw inferences about migration difficulty in any given
year. Our model does appear to explain four out of the
five highest values for the discrepancy index measured
during the period of record: 1992, 1997, 1998, and
1999 but not 1994 (see years identified with open
circles with heavy black border in Figure 8). Modeled
energy use during these years was elevated as a result
of high discharge during 1997 and 1999 and elevated
temperatures during 1992 and 1998. The high index
value for 1994, measured under relatively benign river
conditions, remains an enigma. The model also
predicted relatively low energy use during the years
with the five lowest discrepancy estimates: 1985, 1987,
1988, 1989, and 1993 (see years identified with open
filled circles with heavy gray border in Figure 8).
Therefore, our model shows some promise in explain-
ing mortalities under different hydrological conditions.
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The original model of Rand and Hinch (1998) was
calibrated to energy density data collected in 1956,
a year of relatively low discharge (mean July discharge
at Hope = 4,951 m?®js) and moderate temperatures
(mean July temperature = 16.2°C). Compared with the
discharge in our calibration year, the discharge
observed in the two difficult migration years was
markedly higher: 50% greater discharge in 1997 and
78% greater in 1999. As a result, measures of body
energy during 1956 were less likely to be confounded
by significant en route mortality, and the model’s
predictions of body energy content at points along the
migratory route should be in line with observations. In
2001, another year of low discharge and moderate
temperatures, our model performed well in predicting
the final body energy of the average migrant (Figure
6¢).

It is worth noting that the energy density at the start
of migration varied among the three years of in-
vestigation. Based on a multiyear contrast of fish
sampled at Whonnock (site 2), energy levels in 2001,
after correcting for differences in body length, were
greater by about 6% than in 1999 (Crossin et al.
2004b). It was not possible to make a similar contrast
with 1997 data because fish were not collected at
Whonnock and because only fillets rather than whole
carcasses were collected. However, fillets probably
underestimate total energy reserves (per kilogram of
body mass) compared with estimates from carcasses,
though we are uncertain by how much. At site 3, the
only lower river site for which contrasts can be made
between 1997 and 1999, fish in 1997 indeed had lower
energy levels than fish in 1999, so it is possible that
energy density was relatively similar from 1997 to
1999 (Figure 7). For early Stuart sockeye salmon (and
other populations), energy density at the Fraser River
mouth is strongly affected by ocean productivity
regimes (Crossin et al. 2004b). The late 1990s was
a period of low ocean productivity, whereas the early
2000s was a period of high ocean productivity; this
supports the notion that the 1997 and 1999 river entry
energy densities would be relatively low and probably
similar. The ocean productivity issue also highlights
the concern that river migration mortality could be
exceptionally high in years of high river discharge and
low ocean productivity.

Our past work and the present analyses have
resolved two critical factors that, in the face of
substantial variability in river conditions, increase the
likelihood of successful river passage among pre-
spawning salmon (Rand and Hinch 1998). The first
mechanism is expressed within a given year’s run and
appears to have a behavioral underpinning, whereby
swimming activity is reduced in the face of critically
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high and variable flow fields in reaches with
constricted banks. We concluded in past analyses that,
given the diminished ground speed for fish progressing
up points of difficult passage through the Fraser River
canyon under high flows, it would be impossible for
fish to maintain an elevated rate of swimming without
critically depleting energy reserves (Rand and Hinch
1998). Thus, we included a discharge-dependent swim
speed that represents a strategy that effectively
compromises migration speed and cost of locomotion.
Because this particular population is ascending the
river during a period when the freshet in the river is
subsiding, this strategy may confer an advantage by
delaying the migration through the Fraser River canyon
until the river conditions for passage improve as the
river stage falls.

The other mechanism, given great variability in river
conditions, is the watershed-scale interaction between
discharge and temperature that we highlight in the
present study. This inverse relationship between
discharge and temperature is inherent in both the
historical observations and the modeling projections
for the Fraser River and serves to stabilize any long-
term trend in migration difficulty and mortality risk.
Ecologically, this translates into an interaction in-
volving discharge-dependent rate of travel and tem-
perature-dependent metabolic losses experienced by
migrants during the spawning run (reflected in Figure
9). This mechanism allows the fish to cope with
a certain degree of environmental variability and
provides a degree of resilience of this population over
time. Hence, given the expected changes to the climate
in the Fraser River basin in the next century, we
anticipate that energetic demands and the migration
mortality risks associated with energy exhaustion for
early Stuart sockeye salmon may not show any long-
term trend because any additional energetic costs
resulting from exposure to warmer temperatures will
be compensated for by reduced transit time to the
spawning grounds, resulting from lower flows.

There are, however, two very important caveats to
consider with respect to the effect of temperature that
are not directly addressed in our model. First, our
model is not configured to address the interacting
effects of temperature and disease that appear to be
plaguing the other more dominant runs (early summer,
summer, and late summer) of Fraser River sockeye
salmon in recent years (SSFPSRC 2005). These runs
enter the river later than early Stuart fish and are
generally exposed to warmer temperatures during their
migrations. Exposure to extreme temperatures (i.e.,
>19°C) is associated with high levels of migration
mortality for populations within all runs (SSFPSRC
2005; Cooke and Hinch 2005; Macdonald et al. 2000).
Although our model does include a nonlinear meta-

bolic response to temperature, increased stress from
disease may be accelerating energy losses, and disease
may be acting as a more direct agent in mortality.
Biopsy telemetry has revealed that in a year of high
migration temperatures (17-18°C), late-run Fraser
sockeye salmon migrants that failed to reach spawning
grounds had high en route stress and disease levels and
low energy reserves (Young et al. 2006). Laboratory
thermal tolerance experiments with adult late-runs
exposed to ranges of temperatures for up to 4 weeks
have revealed that chronic exposure to temperatures of
18°C or more can result in 20% to 100% mortality
during a typical river migration of 2-3 weeks (Cooke
and Hinch 2005; S. Hinch and A. Farrell, University of
British Columbia, unpublished data). Though fish held
at warmer temperatures had lower energy reserves at
death, it was not clear that energy exhaustion was the
primary factor responsible for mortalities because most
fish perished before threshold energy levels were
reached (S. Hinch and A. Farrell, University of British
Columbia, unpublished data). Although our model may
explain some of the variation observed in these field
and laboratory studies, there is mounting evidence that
disease transmission and development may be a critical,
overriding factor for prolonged exposure at high
temperatures (generally >18°C). For instance, in
summer of 2004, a period of record setting Fraser
River temperatures (several days were in excess of
20°C), many summer-run fish became moribund during
their migration and were found along riverbanks with
clear evidence of columnaris disease Flavobacterium
columnare and fungus Saprolegnia spp. (SSFPSRC
2005; S. Hinch, University of British Columbia,
personal communication). Disease-related mortality
often involves threshold exposure to temperature
following initial infection. We have observed such
a relationship with a kidney parasite Parvicapsula
minibicornis that all Fraser River sockeye salmon are
exposed to during their migration through the estuary.
This parasite compromises aerobic scope for activity
after about 370 degree-days of incubation, which in
warm temperature years, occurs before migrants reach
the spawning grounds (Wagner et al. 2005). For future
work, we envision a model that could incorporate
disease-mediated mortality risk based on a step
function to relate pathogen development to prolonged
exposure to warm temperatures.

Our second caveat involves the effect of global
climate change on ocean dynamics. Models predict
weaker open ocean upwelling in the Alaskan Gyre, and
this along with warmer oceans may lead to decreases in
mature body size and body energy content (e.g., Hinch
et al. 1995a, 1995b; Bigler et al. 1996; Cox and Hinch
1997; Crossin et al. 2004b). If this occurs, then
migrants will be starting migrations with lower energy



666

densities and be more likely to reach their energy
threshold before reaching the spawning grounds. Our
model scenario involving reduced marine growth rates
underscores the importance of elucidating linkages
between life history stages to address the larger
problem of population persistence in the face of global
climate change.
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