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Water temperature is the major controlling factor that shapes the physiology, behaviour and, ultimately, survival of aquatic
ectotherms. Here we examine temperature effects on the survival of Chinook salmon (Oncorhynchus tshawytscha), a species of
high economic and conservation importance. We implement a framework to assess how incremental changes in temperature
impact survival across populations that is based on thermal performance models for three freshwater life stages of Chinook
salmon. These temperature-dependent models were combined with local spatial distribution and phenology data to translate
spatial–temporal stream temperature data into maps of life stage-specific physiological performance in space and time. Specif-
ically, we converted temperature-dependent performance (i.e. energy used by pre-spawned adults, mortality of incubating
embryos and juvenile growth rate) into a common currency that measures survival in order to compare thermal effects across
life stages. Based on temperature data from two abnormally warm and dry years for three managed rivers in the Central Valley,
California, temperature-dependent mortality during pre-spawning holding was higher than embryonic mortality or juvenile
mortality prior to smolting. However, we found that local phenology and spatial distribution helped to mitigate negative
thermal impacts. In a theoretical application, we showed that high temperatures may inhibit successful reintroduction of
threatened Central Valley spring-run Chinook salmon to two rivers where they have been extirpated. To increase Chinook
salmon population sizes, especially for the threatened and declining spring-run, our results indicate that adults may need
more cold-water holding habitat than currently available in order to reduce pre-spawning mortality stemming from high
temperatures. To conclude, our framework is an effective way to calculate thermal impacts on multiple salmonid populations
and life stages within a river over time, providing local managers the information to minimize negative thermal impacts on
salmonid populations, particularly important during years when cold-water resources are scarce.
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Introduction
For aquatic ectotherms, temperature is the primary abiotic
factor that controls biophysical, biochemical and bioenergetic
processes (Fry, 1971), thus influencing spatial distributions
(Fourcade et al., 2018), physiological rates, daily and long-
term survival and evolutionary trajectory (Brannon et al.,
2004). Seasonal patterns in temperature have resulted in
corresponding patterns in life history, phenology and spatial
distribution for aquatic populations, such that a geographi-
cally widespread species may consist of multiple populations
with unique thermal environments and thermal adaptations
(Chen et al., 2013; Eliason et al., 2011; FitzGerald et al., 2021;
Flitcroft et al., 2016; Nadeau et al., 2017; Quinn, 2018; Stitt
et al., 2014; Zillig et al., 2021). Sudden shifts in the long-term
thermal average can induce conditions for which a population
has not experienced. Anthropogenic-mediated alterations—
particularly dams and warming stream temperatures—have
resulted in exposure to novel temperature regimes for which
aquatic populations are not adapted. Although regulated
watersheds should be able to mimic natural thermal regimes,
they often do not (Willis et al., 2021). The temperature of the
water, timing of release, duration of release, amount of water
and discharge rate are constantly debated because the thermal
requirements for one life stage or species may be harmful to
another (e.g. Zarri et al., 2019), interspecific populations may
exhibit different adaptations (Eliason et al., 2011; Zillig et al.,
2021) and thermally suitable habitat may vary spatially and
temporally (Armstrong et al., 2021; FitzGerald et al., 2021).
These conditional effects are not well-studied due to their
complexity, indicating a need for a spatially and temporally
explicit comparative model that can estimate population-
specific thermal impacts on sympatric and successive life
stages (Crozier et al., 2017; Crozier et al., 2021; Snyder
et al., 2019).

Pacific salmonids—economically, culturally and ecologi-
cally important species that have experienced severe declines
in recent decades (NRC, 1996; NMFS, 2016)—are ideal
species to examine comparative thermal impacts among life
stages. First, water temperature is a major factor affecting
salmonid survival and evolution in freshwater habitats (Isaak
et al., 2017a; Poole et al., 2001; Roper and Scarnecchia, 1999;
Todd et al., 2008) and salmonids are sensitive to even minor
temperature changes (U.S. EPA, 2003). Water temperature
is so important that habitat suitability is sometimes defined
solely by water temperature (U.S. EPA, 2003). Second, many
populations in the continental USA are present in rivers
below dams where the water quality is strictly regulated
and managed to meet thermal targets. Managers can adjust
water temperature by releasing more cool water from the
reservoirs upstream of dams or by altering the timing of
water releases. The temperature targets for salmonids are
based on the United States Environmental Protection Agency
(U.S. EPA)—Region 10 Guidance for Pacific Northwest State
and Tribal Temperature Water Quality Standards (U.S. EPA,
2003), hereafter EPA criteria. EPA criteria provide binary

(i.e. suitable vs. not suitable) temperature thresholds that
managers need to meet in order to protect salmonids and
other aquatic organisms. Third, life stages and populations
can have different thermal requirements (U.S. EPA, 2003;
Zillig et al., 2021), and some life stages and populations co-
exist. However, the EPA criteria do not provide guidance on
how cold-water resources should best be managed to mini-
mize negative impacts on salmonid populations, especially in
instances when temperature requirements cannot be met, con-
ditions that may become more frequent in the future (Feldman
et al., 2021). Fourth, salmonids are relatively well studied, and
several recent studies have described the relationship between
temperature and physiological performance for multiple life
stages using thermal performance curves (TPCs) (e.g. Martin
et al., 2015; Martin et al., 2017; Perry et al., 2015).

Here we use TPCs in a spatially and temporally explicit
framework to quantify thermal effects across salmonid life
stages. TPCs quantify the relationship between temperature
and the physiological performance of a particular process
(e.g. survival, growth, reproduction). TPCs thus quantify the
temperature-dependent effects on a trait, define the optimum
temperature (the temperature at which performance is maxi-
mized) and describe how deviations from the optimum affect
performance (Schulte et al., 2011). If the shape of the TPCs
differs substantially among life stages, then exceeding a pre-
specified thermal criterion by the same amount can lead
to substantially different mortality rates (Fig. 1). TPCs are
therefore ideal to compare temperature-dependent responses
across life stages, between populations and to changing tem-
peratures (Eliason et al., 2011; Schulte et al., 2011).

We developed a framework to quantify thermal impacts
across life stages using TPCs for each life stage, local phe-
nological and spatial data to determine when and where
each life stage occurs and water temperature along that river
(Fig. 2). First, water temperatures are used as inputs in various
life stage-specific TPCs that relate temperature to instanta-
neous physiological performance (step 1 in Fig. 2). Second,
these TPCs are combined with local spatial distribution and
phenology data and stream temperature to translate spatial–
temporal temperature data into maps of life stage-specific
performance in space and time (steps 2 and 3 in Fig. 2). Third,
thermal performance was compared between life stages by
estimating how effects on physiological rates are translated to
reductions in survival (steps 4 and 5 in Fig. 2); this important
step helps elucidate which life stages are the most vulnerable
to negative thermal impacts. Additionally, we compared ther-
mal survival with and without local fish data (i.e. skipping
steps 2 and 3), allowing us to quantify if local behaviours
help to mitigate negative thermal impacts. We examined
thermal effects for pre-spawn adults, embryos and juveniles
using the best TPCs currently available for Chinook salmon
(Oncorhynchus tshawytscha). This comparative framework
using continuous TPCs to quantify temperature-dependent
survival across life stages can ultimately help prioritize cold
water resources to minimize negative impacts on salmonid
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Figure 1: Example showing how altering the temperature (defined by black line) by the same amount can lead to substantially different
population impacts if the shapes of the TPCs differ between life stages (stage 1 in pink, stage 2 in teal). In this example, both life stages have the
same thermal optimum (temperature at which performance is maximized), but as the temperature shifts away from the optimum (A-B-C),
performance decreases slightly for the teal life stage but declines rapidly for the pink life stage.

populations, especially in years when thermal criteria cannot
be met.

Methods
Stream selection: Central Valley, California
The Central Valley watershed of California is the southern-
most extent of the natural Chinook salmon range, and salmon
here inhabit highly modified and managed habitats and are
routinely exposed to high stream temperatures and severe
and prolonged droughts. Water temperature often meets or
exceeds EPA thresholds, especially during years of extreme
temperature or drought. For example, in 1977 in the second
of two sequential drought years, water temperatures in the
Sacramento River exceeded the requirements of every life
stage from July through October (Boles, 1988). A 4-year
drought from 2012–2016 resulted in high egg mortality of
winter- and fall-run when temperatures in the Sacramento
River exceeded 16◦C (Bland, 2015), above the EPA threshold
of 13◦C for spawning and incubation (U.S. EPA, 2003). Addi-
tionally, the climate projections indicate that Central Valley
reservoirs may not be able to meet salmonid thermal criteria
or other operational requirements during future droughts
(Feldman et al., 2021).

We illustrated our TPC modelling framework on three
rivers in the Central Valley: Clear Creek, Stanislaus River
and Tuolumne River (Table S1.1); note, however, that our
framework can easily be expanded to other rivers depending
on data availability. Clear Creek has both fall- and spring-run
Chinook salmon. A salmonid population is conventionally
named by its natal stream and the seasonal ‘run’ timing of
adult freshwater entry and migration, such as Clear Creek
fall-run Chinook salmon and Clear Creek spring-run Chi-
nook salmon. Here, adults of the two populations arrive
to Clear Creek in different seasons, but spawn timing can
partially overlap, and juveniles may rear sympatrically. The
Stanislaus and Tuolumne Rivers currently only have fall-

run because spring-run have likely been extirpated. A few
spring-run like (based on timing only) adults and juveniles
are found regularly in the Stanislaus River, but it is unclear if
these individuals are hatchery strays or represent a very small
breeding population (Franks, 2014). Also note that our work
does not examine the recent spring-run reintroductions to the
San Joaquin River basin by the San Joaquin River Restoration
Program (http://www.restoresjr.net/).

Each river in our study is partitioned by a large dam
that blocks anadromous fish passage to formerly accessible
high-elevation habitat, but fish still spawn and rear down-
stream of the dams. These streams also represent different
linear amounts of available habitat for salmon: less than
50 km for Clear Creek and 50–100 km for Stanislaus and
Tuolumne Rivers. Although the levels of discharge in each
river vary considerably within and among years, Clear Creek
has historically had the lowest peak discharge, Stanislaus has
had the highest peak discharge and the Tuolumne has had
a moderate peak discharge (Table S1.1; Fig. S1.1). Critically,
each river in our study has well-recorded stream temperature
data and salmonid life-history demographics, which are input
requirements for our framework. Finally, because each river
is regulated by a hydroelectric dam, managers can change the
discharge rate, timing of release and water temperature to
support aquatic populations.

Pre-processing: temperature
To identify which life stages will be most severely impacted
during years of elevated temperature, we illustrated our
models during a period of hot, intense drought in California,
years 2013–2014 (Swain et al., 2014, CDWR, 2020). Daily
stream temperature was the basic input into each river
model. Observed mean daily temperatures were extracted
for each river from the temperature monitors used by
Isaak et al. (2017b) in the NorWest project (downloaded
from https://www.fs.fed.us/rm/boise/AWAE/projects/NorWeST/
StreamTemperatureDataSummaries.shtml) using ArcMap. To
obtain daily stream temperatures for all river kilometres, we
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Figure 2: Illustrated framework for assessing thermal impacts of life stages along a river. (1) First, the life stage-specific TPC model is run at each
spatial–temporal location, with temperature as the input. (2) Based on known phenology, the total performance throughout the duration of the
life stage is calculated. (3) Results are sampled from the phenology and spatial distributions to estimate performance at spatial–temporal
locations where salmon are found, as opposed to the whole river throughout the year. (4) To compare life stages, performance is converted into
a metric of survival (see text). (5) The above steps are repeated for each life stage, and thermal impacts on different life stages are compared.

linearly interpolated actual stream temperature observations
to create stream temperatures along a river that matched the
spatial–temporal resolution of the spatial and phenological
data (i.e. 1 km/daily). Gaps of less than 30 days were linearly
interpolated for all monitors before spatial interpolation. In
the rare instance where more than one temperature recording
was present per river kilometre for a specific date, we took
the average.

Step 1: TPCs applied to each
spatial–temporal pixel
We calculated temperature-dependent performance for three
life stages: adults during pre-spawning holding, embryos dur-
ing incubation and juveniles smolting in-stream. Each TPC
was run at each spatial–temporal pixel, representing stream
temperature across space and time (i.e. 1 km/day), with tem-
perature as the input (Fig. 2). We then quantified performance
throughout the duration of each life stage (described in detail

below; Fig. 3). Unless otherwise stated, all analyses were
completed in R.

Model 1: metabolic expenditure during holding

Sexually immature spring-run Chinook salmon adults migrate
towards the spawning grounds a few months before spawn-
ing is initiated, holding in low-velocity pools during the
warmest stream temperatures of the year as their gonads
mature (Moyle, 2002). During this period, they do not eat
(McCullough, 1999) and therefore have a finite amount of
energy to cover the costs of maintenance metabolism. Energy
use increases exponentially with temperature, so here we
employed a temperature-dependent metabolic expenditure
model to calculate the energy expended by an adult holding
prior to spawning (from Martin et al., 2015):

Bh i = c0Mb eDT ,
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Figure 3: TPCs are applied to each spatial–temporal pixel for each Chinook salmon life stage. Several inputs, particularly temperature, life stage
duration and food availability (juveniles only) can significantly impact physiological performance and survival. For reference, we include the EPA
thermal thresholds for each life stage (red lines; U.S. EPA, 2003). (A) Energy use during pre-spawn holding increases exponentially with
temperature and depends on the numbers of days holding before spawning. To spawn successfully, the amount of energy used during holding
must be below the dashed line based on average initial energy density (±1 SD, dotted lines, shown here for spring-run). (B) Egg-to-fry survival
decreases exponentially above TCRIT (12◦C, dashed line), the temperature below which no temperature-dependent mortality occurs, and
depends on the number of days of incubation before emergence. (C) Temperature determines a juvenile’s growth rate. Survival to smolt size
(bolded lines, left axis) increases as days to reach smolt size (dotted lines, right axis) decreases. The maximum instantaneous juvenile growth
rate is at TOPT = 16◦C, which is also the EPA threshold for core juvenile rearing. Food availability significantly impact survival to smolt size. Here,
we set Food = 0.65 (see text).

where Bh i is the maintenance metabolism, or how much
energy is used by an adult salmon at a given temperature per
unit time i (Fig. 3A). Values for b (−0.217 [unitless]), the mass
exponent of maintenance, and D (0.068 [◦C−1]), the tem-
perature exponent of maintenance, were originally parame-
terized by Rao (1968) on rainbow trout and were adapted
to Chinook salmon in Lake Michigan by Stewart (1980).
The c0 value was parameterized using Chinook salmon data
(Martin et al., 2015) and converted to reflect our analyses on
a daily time scale (1565.04 mgO2 d−1 kg−1). The mass, M,
was estimated at 7.37 kg based on the relationship between
fork length (LF) and somatic and gonadal masses at the
start of migration (average female LF = 815 mm; Bowerman
et al., 2017). T is temperature (◦C) for a given location and
time obtained from linear interpolations of observed stream
temperatures.

After running the model to calculate the maintenance
metabolism at a single location in space and time, we summed
daily energetic expenditures across time to determine the total
energy used per unit mass by an adult holding for n time steps
(here, days) at a given location:

EhTOT =
n∑

i=1

Bh it,

where n is the number of days holding and t represents the
time step, in our example, 1 day (Fig. 3A). The length of the

holding period, n, was determined by the differential between
day of arrival and spawning date. Because little informa-
tion exists to calculate the exact duration of holding for a
specific fish, we randomly sampled spawning date from the
phenological distribution 1000 times, running the model each
time at each spatial–temporal point; the standard deviation
of energy expenditure (EhTOT) was low for all locations in
space and time (max, 0.419; Fig. S2.1). We began running
our model from the earliest arrival day for each river minus a
30-day buffer; for example, the earliest arrival day on Clear
Creek was Julian Day 83 (around March 25) so we began
running our model from Julian Day 53 (around February 23).
Similarly, we included a 30-day buffer after the last reported
spawning date, but salmon arriving after peak spawning were
assumed to spawn immediately and have no holding costs.
These buffers allowed us to estimate holding costs for early
arrivals and late spawners that may be missing from our
dataset due to low abundance, lack of sampling or inability to
distinguish from other runs. Results were averaged over the
1000 replicates and converted from mgO2 kg−1 to MJ kg−1

(1 mgO2 = 1.358442∗10−5 MJ; see Martin et al., 2015).

Model 2: embryonic mortality

The primary physical factors inducing salmonid embryonic
mortality are water temperature (very high or very low),
fine sediment, low dissolved oxygen, and scour from high
flow events (Quinn, 2018). Because embryonic survival and
incubation duration are strongly temperature-dependent
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(McCullough, 1999), and because high water temperatures
in the Central Valley can exceed recommended incubation
thresholds (U.S. EPA, 2003) during normal water years (Boles,
1988), we applied a temperature-dependent embryo mortality
model based on daily incubation temperatures to calculate the
percent mortality of eggs spawned at a given location in space
and time (Martin et al., 2017):

MT = 1 −
n∏

i=1

exp (−sT (Ti − Tcrit)) ,

where MT is the temperature-dependent mortality throughout
the embryonic period, sT is a parameter defining the slope
at which the mortality rate increases with temperature above
Tcrit, Tcrit is the temperature below which there is no mortality
due to temperature and Ti is the temperature experienced at
the ith day of development (Fig. 3B). The model was param-
eterized with winter-run Chinook salmon field observations
of egg-to-fry survival data, resulting in Tcrit = 12.0◦C and
sT = 0.024◦C−1d−1 (Martin et al., 2017).

In the Central Valley, embryos generally incubate for
2–4.5 months prior to emergence, depending on temperature
(Boles, 1988). To determine the length of the embryonic
period, n, at each spatial–temporal location, we implemented
the temperature-dependent maturation function by Zeug
et al. (2012):

1 ≤
n∑

i=1

0.001044 C−1d−1 × Ti + 0.00056 d−1,

where emergence occurs when the sum reaches 1. The
temperature-dependent embryo mortality model was then
run using the calculated embryonic period for each spatial–
temporal location.

Model 3: juvenile growth rate

Fish size and exposure temperature can influence a juvenile’s
ability to successfully smolt (Ewing et al., 1979; Healey, 1991;
McCullough, 1999), such that fish with low growth rates
may undergo desmoltification, revert to parr and return to
freshwater, resulting in subsequent high juvenile mortality
(McCullough, 1999). Growth rates of fish are temperature-
dependent, and so we applied a juvenile growth model based
on temperature (Perry et al., 2015):

Ω = d ∗ (T – TL) ∗ (1 – exp (g ∗ (T – TU))),

where Ω is the mass-standardized growth rate (specific
growth rate per 1 g of fish); T is mean temperature over
the growth period; d and g are shape parameters; and TL
and TU are parameters defining the lower and upper thermal
limits, respectively, at which the growth rate is zero. Perry
et al. (2015) parameterized the model with experimental
juvenile growth data from multiple Chinook salmon

populations, resulting in d = 0.415, g = 0.315, TL = 1.833◦C
and TU = 24.918◦C.

Unlike the adult energy expenditure model (Model 1)
and the embryonic mortality model (Model 2), which were
parameterized from field studies, the above juvenile growth
parameters were estimated from juvenile salmonids reared in
laboratory conditions that were unrepresentative of condi-
tions in the field (e.g. ad libitum rations). These artificial labo-
ratory conditions may have underestimated thermal impacts.
For example, Childress and Letcher (2017) found that TPCs
for brook and brown trout in the field were reduced by 2–
3◦C in the field compared to laboratory studies. Martin et al.
(2017) found a similar shift in thermal tolerance for Chinook
salmon winter-run embryos from laboratory to field. Follow-
ing Childress and Letcher (2017) and Martin et al. (2017), we
applied a temperature correction factor, Tcorr = 3.0◦C:

Ω = d ∗ (T + Tcorr – TL) ∗ (1 – exp (g ∗ (T + Tcorr – TU))).

Ration level can also significantly impact growth rate (Brett
et al., 1969; Brett et al., 1982), so we also included the feeding
level Food, the fraction of the maximum growth rate due to
food limitation (ad libitum = 1; Fig. 3C):

Ω = Food∗d ∗ (T + Tcorr – TL) ∗ (1 – exp (g ∗ (T + Tcorr –
TU))).

Here, we assumed that Food = 0.65 based on a study of
juvenile Chinook salmon growth in the field relative to the
laboratory (Brett, 1982). However, we note that the Food
parameter likely fluctuates over time and varies between rivers
but is understudied in the Central Valley. Finally, the relative
growth rate (100 ∗ Ω/Ωmax) was calculated at spatial and
temporal locations.

Steps 2 and 3: results sampled from
phenological and spatial distributions
First, phenological distributions were used to determine the
duration of a life stage if the actual duration was unknown;
for example, the length of pre-spawning holding was deter-
mined by sampling from the arrival and spawning pheno-
logical distributions. After calculating thermal performance
results along the entire spatial–temporal matrix (i.e. the whole
river for the entire time period), we next sampled from the
empirical phenological and spatial distributions in order to
estimate performance at spatial–temporal locations where
and when a life stage is present. For these weighted results,
the number of sampling replicates equaled the size of the
entire unweighted temperature matrix (i.e. the number of river
kilometre multiplied by the number of days).

We obtained phenological and spatial data from published
sources, technical reports and/or raw data for each life stage
per stream (Table S1.1). We fit a daily phenological distribu-
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tion model based on Julian day and count (e.g. number of
live fish or redds) for each life stage along each river (Sup-
plement 3; Table S3.1; Fig. S3.1). Specifically, we obtained
empirical data for adults arriving to the spawning grounds
and spawn timing. Similarly, we fit spawning and rearing
spatial distribution models based on count per river kilometre
from redd surveys and juvenile observations (Supplement 3;
Table S3.2; Fig. S3.1). We defined adult holding habitat from
redd surveys because holding often occurs on or near the natal
grounds (Quinn, 2018; Yoshiyama et al., 2001). Whenever
possible, we analysed multiple years of data to obtain the
long-term average distribution because phenology and even
spatial distribution can vary between years (e.g. Ford and
Brown, 2001) and because fish data was not as consistent as
temperature data across years. Raw counts were converted
into percentages based on the total count for that year to
weight all years equally regardless of that year’s population
size. We calculated summary statistics and then sampled from
the fitted distributions for use in thermal performance models.
Unless otherwise stated, Gaussian (normal) models were fit.

Step 4: performance metrics converted to
survival
The models that we implemented calculate different metrics of
performance: adult energy expenditure, embryonic mortality
and juvenile relative growth rate. To assess thermal effects
across life stages, we converted all temperature-dependent
performance metrics into the likelihood of survival to the next
life stage.

Likelihood of successful spawning

Adult salmon do not consume food during migration or
spawning, and therefore have a finite amount of energy once
migration commences to reach the spawning grounds, hold
until proper spawning conditions, form gonads and spawn.
Post-spawning, salmon carcasses have ∼ 4 MJ kg−1 of energy
(ED), indicating that this energy is unavailable for migra-
tion or reproduction costs (Bowerman et al., 2017; Crossin
et al., 2004; Plumb, 2018). Therefore, in order to successfully
survive to spawn, energy expenditure must not exceed ED:

EI − (EM + EH + EG) ≤ ED,

where EI is the energy at the start of migration, EM is energy
used during migration, EH is energy used during holding and
EG is energy allocated to gonad formation (Fig. 4A). These
parameters can differ to some degree both within and among
populations (Bowerman et al., 2017; Crossin et al., 2004), so
we assumed a variable starting muscle energy density (spring-
run: EI = 11.7 ± 1.0 MJ kg−1, Bowerman et al., 2017; fall-
run: 8.0 ± 1.0 MJ kg−1, Martin et al., 2015). Migration costs
depend on the migratory difficulty, i.e. distance travelled, ele-
vation, speed, temperature and flow (Bowerman et al., 2017;
Crossin et al., 2004; Martin et al., 2015; Mesa and Magie,
2006). Fall-run Chinook salmon in the Sacramento River

expended ∼2 MJ kg−1 during migration (Martin et al., 2015)
whereas spring-run Chinook salmon travelling ∼1150 km to
the South Fork Salmon River in Idaho expended ∼5 MJ kg−1

(Bowerman et al., 2017). Energy costs for spring-run Chinook
salmon migrating 200–500 km in the Central Valley are likely
higher than for fall-run in the same system but less than
spring-run that travel twice as far, so we set an energy expen-
diture of EM = 2.5 MJ kg−1 for spring-run. Our temperature-
dependent metabolic expenditure model calculates holding
costs (EH; see above). Gonad formation (EG) costs 14% of
starting somatic energy density, based on a study of migrating
spring-run Chinook salmon in the Columbia/Snake/Salmon
Rivers (Bowerman et al., 2017), and we assumed that a
similar percentage is allocated from muscle. It is unknown
if Central Valley runs invest different proportions of their
initial energy reserves to gonad formation, so we assumed
that fall-run and spring-run invested the same proportion.
After death, post-spawned females have an average energy
density of 3.4 MJ kg−1 (Bowerman et al., 2017), providing
an estimate for ED. We use values for muscle energy den-
sity because muscle energy stores decline significantly during
holding (Bowerman et al., 2017; Mesa and Magie, 2006).

We randomly sampled from the EI distribution 1000 times
and ran the above model for each spatial–temporal pixel to
calculate the percent likelihood that an individual would have
enough energy to successfully survive to spawn (i.e. energy
used is ≤ ED).

Likelihood of egg-to-fry survival

The performance metric from Model 2 calculated the pro-
portion of embryonic mortality, so we simply translated this
metric into egg-to-fry percent survival.

Likelihood of successful smolting

To successfully smolt and enter the marine environment,
juveniles need to reach a size of approximately 6 g (Ewing
et al., 1979; Larsen et al., 2010; Sharron, 2015). Our model
focuses on juveniles that rear on the natal grounds until
smoltification, meaning that these yearlings need to remain
in-stream until they reach this size. We calculated daily mass
based on the temperature-dependent growth rate until the
smolt size threshold was reached (Fig. 4B):

Mt+1 = Mt + Ω

100
∗ M1−α

t ,

where Mt is the previous mass, Mt + 1 is the new calculated
mass, Ω is the mass-standardized growth rate from above
and α is the allometric growth constant, calculated as 0.338
for juvenile Chinook salmon (Perry et al., 2015). Based on
the relationship between the mass of eggs and emergent
fry and an average Chinook salmon egg weight of 0.3 g
(Beacham and Murray, 1990; Quinn, 2018), we calculated
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Figure 4: Step 4: Conceptual figures illustrating the conversion of thermal performance metrics into survival. (A) Likelihood of successful
spawning based on energy expended throughout migration, holding and spawning. (B) Likelihood of smolting based on
temperature-dependent growth rate and size-dependent predation. See text for details on variables and parameters.

that Chinook salmon fry emerged on Day 1 with mass 0.46 g
(i.e. M1 = 0.46 g).

Juvenile mortality is high in-stream primarily due to preda-
tion, and mortality rates are strongly size-dependent, putting
immense pressure on small fish to grow quickly and outmi-
grate (Lorenzen, 1996). The probability of surviving to day
t + 1 is given by:

St+1 = St ∗ e−μ,

where St is the previous survival probability and μ is the daily
mortality rate. μ depends on the mass of the fish at time t (Mt):

μ = Xu ∗ Mf
t ,

where Xu is the background mortality rate per 1 g of fish and
f is the allometric scaling factor (Lorenzen, 1996; Peterson
and Wroblewski, 1984). For salmonids in natural systems,
Lorenzen (1996) calculated Xu = 0.00753 d−1 (or 2.75 y−1)
and f = −0.27.

The daily mass and survival probability until smolt size
was reached was calculated based on daily temperature within
the river. In optimum field conditions where juveniles always
experience the maximum growth rate (i.e. T ∼ 16◦C), our
model predicts that juveniles reach smolt size in 83 days and
have a maximum survival of 62%. We present our results
as survival at a given thermal exposure as a percent of the
maximum survival to smolt size that would occur at optimum
temperatures.

Step 5: thermal effects compared across life
stages and scenarios
We first examined the thermal survival results for each life
stage along each river using unweighted heatmaps, assuming
that each pixel in space and time had an equal likelihood
of salmon occupancy (i.e. skipping step 3 in Fig. 2). In
other words, the unweighted results assumed that salmon
phenology and spatial distribution were uniform across space
and time, such that life stage decisions (e.g. arrival timing,
spawning location, rearing distribution) were not influenced
by water temperature. We then compared thermal effects
between life stages using weighted results (i.e. including step
3 in Fig. 2) with violin plots, where each result in space and
time represents one observation, i.e. one spatial–temporal
pixel. Third, we compared weighted and unweighted results
to determine if a life stage’s observed phenology and/or
spatial distribution helped to mitigate negative thermal
effects.

Results
Mean daily temperature along the three rivers ranged from
5.3◦C (Clear Creek in January) to a maximum of 31.6◦C
(Tuolumne River in July), varying by time of year, spatial
location (i.e. upstream or downstream) and river (Fig. 5, left
panel). Clear Creek had the coolest temperatures throughout
the year, and upstream and downstream locations had similar
temperatures. The Stanislaus and Tuolumne Rivers showed
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Figure 5: Interpolated temperatures (left panel) and application of temperature-dependent models (right panels) along Clear Creek, Stanislaus
River and Tuolumne River for 2013. The horizontal axis represents time, and the vertical axis shows river kilometre number from the confluence
(river km 0) upstream to an impassible dam [Clear Creek: Sacramento River upstream to the Whiskeytown Dam (river km 28); Stanislaus River:
San Joaquin River upstream to the Goodwin Dam (river km 93); Tuolumne River: San Joaquin River upstream to LaGrange Dam (river km 86);
scale for each river is shown on the temperature figure (left panel)]. Left panel: Interpolated temperatures. Temporal gaps of less than 30 days
were filled in prior to spatial interpolation. Grey pixels are areas with no data. Right panels: Each location in space and time (pixel) indicates the
likelihood of survival of that life stage. We then sampled from fitted phenological distributions (spring-run, pink; fall-run, blue) and spatial
distributions (not shown) to weight results. For Spawning Success, we sampled from arrival phenology to calculate the likelihood of adult
survival during migration, holding and spawning. For Egg-to-fry Survival, we sampled from spawning phenology to calculate survival during the
embryonic period. For Smolting Success, we sampled from emergence phenology to calculate the likelihood of a juvenile to reach smolting size.
For the Stanislaus River and Tuolumne River, we applied Clear Creek spring-run phenology to assess potential thermal effects for spring-run on
those rivers. Spawning success was run separately for spring-run and fall-run on Clear Creek because the length of the holding period was
calculated from arrival date (see text). Grey areas were outside of the temporal buffer zone or had no temperature data and were not run.
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somewhat similar thermal profiles, and both of those rivers
showed more upstream-to-downstream variation in temper-
ature compared to Clear Creek. Based on thermal profiles
alone, we would expect thermal impacts on Chinook salmon
to be the least negative along Clear Creek because it is cooler
and that the Stanislaus and Tuolumne Rivers would show
similar thermal impacts.

We first calculated survival without taking population-
specific spatial distribution or phenology into account (Fig. 5,
right panels; Fig. 6, grey violin plots). In general, survival
was lower downstream and in the summer, when reaches
were warmer (Fig. 5, right panels). However, population-
specific spatial distribution and phenology influenced thermal
effects. For all populations, spatial distribution and phenol-
ogy helped to mitigate negative thermal impacts (Fig. 6).
In other words, a life stage was generally not found in
spaces/times where/when negative effects occur. For example,
our model calculated that most Clear Creek spring-run fish
arriving prior to around mid-May would have no energy to
allocate to spawning (Fig. 5, right panels), but peak arrival
occurs in early June (Table S3.1; Fig. S3.1). Similarly, Stanis-
laus River fall-run spawning in the latter half of their season
downstream would experience higher embryonic mortality
(Fig. 5, right panels), but most spawning occurs upstream
(Table S3.2; Fig. S3.1).

A comparison of thermal effects across life stages and runs
revealed that fall-run showed higher success for each life stage
when compared to spring-run (Fig. 6). The most negatively
impacted run/life stage was spring-run adults; spring-run
experienced lowered spawning success due to high holding
costs from the long period of holding prior to spawning. Egg-
to-fry survival was usually >50%, and juveniles experienced
relatively high likelihood to reach smolt size for both runs in
all rivers.

We ran hypothetical models to assess the potential thermal
effects on spring-run populations that have been extirpated
along the Stanislaus and Tuolumne Rivers (but see Franks,
2014). For this analysis, we applied the spring-run phenol-
ogy (i.e. arrival timing, spawn timing, and emergence tim-
ing) from Clear Creek, where spring-run are not extirpated,
with the fall-run spatial distribution (i.e. redd distribution
and rearing distribution) from each river to weight results.
Hypothetical spring-runs along the Stanislaus and Tuolumne
Rivers would experience high levels of pre-spawning mortal-
ity and embryo mortality compared to empirical data from
Clear Creek (Fig. 6). Our hypothetical models indicate that
most spring-run arriving in these rivers prior to the mean
arrival date from Clear Creek would experience detrimen-
tally high temperatures during holding prior to spawning.
Similarly, only eggs spawned later in the spring-run spawn-
ing season would likely survive. As expected, most juve-
niles had high predicted likelihood to smolt, potentially even
higher than currently experienced in the cooler waters of
Clear Creek.

Figure 6: Comparison of thermal effects on different life stages
along rivers during 2013. Weighted (coloured) results were based on
empirical spatial and phenological distributions whereas unweighted
(gray) results assumed that salmon could occur anywhere in the river
throughout the year. The likelihood of success (%) represents the
likelihood that (1) adults holding will have enough energy to
successfully spawn, (2) eggs will successfully emerge as fry and (3)
juveniles will experience a high-enough growth rate to smolt. Note
that fall-run shows very high weighted egg-to-fry likelihoods (green,
left panels) for all three rivers.

Discussion
Summary
We developed a framework to calculate how incremental
changes in water temperature impact multiple salmonid pop-
ulations and life stages within a river over time. Previous
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studies examining thermal effects of salmonids have often
focused on a single life stage, applied behaviour-based sim-
ulations in place of empirical information, examined per-
formance rather than survival, or used a coarse spatial–
temporal scale; additionally, many of these studies were on
Pacific Northwest populations (Crozier et al., 2017; Fullerton
et al., 2017; Martin et al., 2017; Perry et al., 2015; Snyder
et al., 2019). Here, our thermal survival framework incorpo-
rated salmonid empirical phenology and spatial observations,
converted thermally mediated physiological performance into
estimated impacts on survival, inputted fine-scale spatial–
temporal stream temperature data, and compared multiple
life stages of multiple California populations simultaneously.
Our framework is relatively simple to implement and can be
changed, altered, or added to as more data or better models
become available.

Calculating effects on different life stages for specific rivers
in the Central Valley is particularly timely as it becomes
clearer that populations exhibit temperature-dependent dif-
ferences and that California populations experience higher
temperatures than Pacific Northwest populations (FitzGerald
et al., 2021; Zillig et al., 2021). Thermal impacts were specific
to each Chinook salmon run type, life stage and/or river
because of differences in life stage-specific performance, water
temperature and local phenology and spatial distribution.
Our results therefore indicate that federally defined salmonid
thermal thresholds—binary thresholds that ignore sympatric
life stages with varying thermal optima—may not maximize
a population’s success. Because salmonids are economically
important but some populations—especially in California—
are declining (Moyle et al., 2017), a management priority
should be to limit mortality across life stages. We note,
however, that our current framework quantifies temperature-
dependent survival of three freshwater life stages rather than
population productivity; ideally, our life stage-specific mod-
els will be incorporated as inputs into a more comprehen-
sive life cycle model that calculates abundance (e.g. Crozier
et al., 2021).

Empirical thermal impacts on salmonids
within and among Central Valley rivers
During a period of abnormally hot temperatures and intense
drought in California (Swain et al., 2014, CDWR, 2020), our
approach predicted that spring-run Chinook salmon would
have lower rates of survival than fall-run, and the most
negatively impacted life stage was adults holding prior to
spawning. Although pre-spawning mortality data in the Cen-
tral Valley is sparse, Giovanneti and Brown (2009) found that
78% of female spring-run carcasses had spawned along Clear
Creek, agreeing with our predictions that 81% of the spring-
run population along Clear Creek would likely survive to
spawn. We acknowledge, however, that pre-spawning mor-
tality can vary across years and that water temperature may
not be the root cause of mortality for all cases (Bowerman
et al., 2017). Still, if temperatures are warmer than average,

pre-spawning mortality may be increased, particularly for
early arrivals, either directly due to temperature or because
of pathogen outbreaks facilitated by warmer temperatures
(Ward et al., 2004; Bowerman et al., 2017).

Thermal impacts were strongly influenced by local phe-
nology. Specifically, spring-run Chinook salmon (Clear Creek
only) experienced more negative thermal effects than fall-
run due to exposure to warm temperatures during the long
holding period before spawning, a result that is mirrored by
other work (Crozier et al., 2019; FitzGerald et al., 2021). On
the Clear Creek spawning grounds, spring-run were present
for an average of 112 days longer than fall-run and spawned
an average of 31 days earlier; consequently, spring-run expe-
rienced detrimentally warm temperatures during the summer
and the first half of their spawning season whereas fall-run
did not because fall-run enter Clear Creek after thermally
intolerable summer temperatures decline to tolerable levels.
However, some fall-run fish may have to travel in warmer con-
ditions than spring-run, potentially increasing energy expen-
diture (Bowerman et al., 2021; Keefer et al., 2018). Our model
currently does not quantify how adult migration costs vary
for individual fish because there is only one such study in the
Central Valley (Martin et al., 2015). In the Central Valley, field
research is needed to quantify individual migration costs and
migratory difficulty.

Still, local phenology in combination with spatial distri-
bution helped to mitigate negative thermal effects on the
spawning grounds and increase resilience; in other words,
salmon spawned in locations in space and time that helped
to minimize each life stage’s mortality. For example, fall-
run incubation in the downstream reaches of the Stanislaus
River would experience lower embryonic survival relative to
upstream, but spawning does not occur downstream (Peter-
son et al., 2020, this study). Individual fish select spawning
sites based on environmental cues such as water tempera-
ture, velocity or substrate (Dudley et al., 2022), honing the
spatial distributions and phenology of a population over
evolutionary timescales to maximize reproductive success
(Chen et al., 2013; Eliason et al., 2011; Flitcroft et al., 2016;
Nadeau et al., 2017; Quinn, 2018; Stitt et al., 2014). However,
it is important to note that the spawning grounds of all
populations that we examined are truncated by dams, such
that populations are currently spawning at their upstream
limits and cannot move upstream to cooler waters. Therefore,
while our results indicate that salmon spawned in locations
in space and time that minimized each life stage’s mortality,
reproductive success would likely have been even higher
in the higher-elevation, cooler waters that were formerly
exploited prior to the construction of major rim dams in the
20th century (Beechie et al., 2006; FitzGerald et al., 2021;
Lindley et al., 2004; McClure et al., 2008; Moyle et al.,
2017; Myers et al., 1998). An additional consideration is that
the populations in this study include natural- and hatchery-
origin fish (Moyle et al., 2017); hatchery fish may spawn
at times or sites that yield lower survival relative to that
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of locally adapted, natural-origin fish (Austin et al., 2021;
Peterson et al., 2020), such that reducing hatchery influence
within these populations may increase their survival.

Assessing theoretical thermal impacts:
reintroduction, restoration and climate
change
Our approach is ideal for identifying possible sites for
reintroductions, evaluating restoration scenarios or predicting
future in-river survival with climate change. In this study, we
evaluated the reintroduction potential for spring-run Chi-
nook salmon along the Stanislaus and Tuolumne Rivers, rivers
where spring-run are currently extirpated or found in non-
sustaining numbers (Franks, 2014). These rivers experience
warmer temperatures than Clear Creek, particularly during
the early spring and late summer, and we estimated that
spring-run Chinook salmon would likely experience higher
temperature-dependent mortality during holding and incuba-
tion than fall-run. However, three scenarios may increase
survival for these potential spring-run populations. First,
Chinook salmon can shift arrival or spawn timing to track
environmental cues (Austin et al., 2021; Peterson et al., 2020;
Quinn et al., 2001) such that fish adopting a later arrival and
spawning period than Clear Creek spring-run would likely
experience lower mortality. Second, salmon will behaviourally
thermoregulate to avoid high temperatures and other
unsuitable conditions (e.g. Berman and Quinn, 1991; Keefer
et al., 2018). The Chinook salmon spawning grounds along
these rivers abut dams such that fish cannot move upstream
to cooler waters. However, temperature-dependent mortality
may be reduced by providing more cool-water habitat
downstream of a dam; for example, managers can adjust
water temperatures by releasing more cool water at specific
times or by changing flow release dates (e.g. Clear Creek
Technical Team, 2016, 2017), deeper holding pools could be
constructed or shading riparian vegetation could be planted.
Third, if survival is projected to be low on the spawning
grounds, managers may try to compensate for this loss
elsewhere. For example, during dry and critically dry years,
juvenile salmonids on the Mokelumne River rearing grounds
are trapped and trucked to bypass unsuitable migratory
conditions (NMFS, 2014). Another option to compensate for
poor projected survival is to reduce ocean take; the number
of adult fish captured in the ocean is regulated annually
(e.g. https://wildlife.ca.gov/Fishing/Ocean/Regulations/Salmon#
commercial). A longer-term solution to increase survival may
be reintroductions to formerly accessible habitat upstream
of impassable dams (Duda et al., 2021; FitzGerald et al.,
2021), as these streams are generally cooler (FitzGerald et al.,
2021) and because spring-run have been disproportionately
extirpated relative to fall-run due to the loss of this high-
elevation habitat (Beechie et al., 2006; Gustafson et al., 2007;
McClure et al., 2008).

Theoretical application of this framework can identify
areas for habitat restoration and prioritize restoration actions

(Jorgensen et al., 2021). For example, our model predicted
low egg-to-fry mortality in the downstream reaches of the
Stanislaus River between late-October and mid-December,
but fall-run do not spawn there. High concentrations of fine
sediment and low dissolved oxygen likely prevent success-
ful spawning and incubation in the lower Stanislaus River
reaches (Mesick, 2001). Removal of this fine sediment may
encourage spawning further downstream because tempera-
ture is not a barrier.

Our framework may be applied to estimate future thermal
impacts under climate change scenarios. Here, we estimated
survival during an intensely hot, drought year when cold-
water resources were limited and could not always meet the
needs of cold-water salmonids (e.g. USFWS & USBR, 2014,
2015); such conditions are expected to increase in the future
(Feldman et al., 2021; FitzGerald et al., 2021; Isaak et al.,
2017b; Mantua et al., 2010; Williams et al., 2020). However,
quantifying survival in normal or wet water years using
empirical phenology and spatial distribution would allow us
to determine if cold-water resources can be reserved for future
use without negatively impacting salmonid life stages. Bank-
ing more water during wet years could help reservoirs meet
operational requirements during future droughts. The idea
of conserving water during wet years, however, assumes that
reservoirs have the appropriate storage capacities. Climate
change is expected to convert snowfall to rain in many areas,
potentially inundating reservoirs in the spring and forcing
them to operate under flood conditions, preventing water
banking (Feldman et al., 2021).

Comparison with EPA salmonid thermal
criteria
The models we implemented calculate the temperatures
above which negative thermal effects begin to occur for
each life stage. In general, these temperatures correspond
with the EPA temperature thresholds that were developed to
be protective of each salmonid life stage (U.S. EPA, 2003).
According to our models, the EPA threshold of 16◦C for
juveniles during core rearing is ideal, maximizing juvenile
growth rates. For Chinook salmon, this threshold could
even be relaxed and juveniles would still experience positive
growth, although this may not be the case if food is scarce,
if warm-water diseases are present or for other salmonid
species. The EPA holding threshold of 16◦C is protective
of the average holding adult, but our models predict that
adults holding for longer than 100 days at 16◦C will not have
enough energy to spawn if they entered freshwater with an
average energy density. Our models predict ∼15% egg-to-fry
survival rate at the EPA threshold of 13◦C, whereas 12◦C
results in no temperature-dependent mortality. However,
uncertainty in our models necessitates field testing in Central
Valley populations, such that EPA criteria may be appropriate
for Chinook salmon in general. Still, the EPA criteria were
developed for salmonids in the Pacific Northwest, but
California salmonids may have different thermal physiologies
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adapted to a warmer and more variable thermal regime
(Zillig et al., 2021). Additionally, the EPA thermal criteria
are binary (i.e. suitable vs. not suitable) and do not allow
for survival comparisons among sympatric life stages,
populations or species. When the EPA criteria cannot be
met (e.g. during severe drought), our framework allows local
managers to appropriately prioritize cold water resources
to minimize the negative thermal impacts on salmonid
populations.

Uncertainty in models and future
improvements
The framework we have implemented includes several differ-
ent models, each with its own parameters and assumptions
(for a detailed description of sources of uncertainty in these
models, see FitzGerald et al., 2019). In some cases, these mod-
els are not specific to Central Valley Chinook salmon popula-
tions due to a current lack of information (Zillig et al., 2021),
and parameters were borrowed or estimated from other pop-
ulations. For example, we assumed that adult migration costs
for spring-run are higher than for fall-run in the Central
Valley and lower than for spring-run migrating along the
Columbia/Snake/Salmon Rivers, but we do not have empir-
ical data for migrating Central Valley spring-run. Similarly,
gonad mass increases with freshwater entry date (Hearsey
and Kinzinger, 2015), indicating that spring-run and fall-run
invest different amounts of energy to gonad development dur-
ing migration; however, it is unknown if Central Valley runs
invest different proportions of their initial energy reserves to
gonad formation. To ensure that these temperature-dependent
survival estimates are accurate for Central Valley populations,
we need more work in two areas. First, our models are based
off of the current best-available estimates of thermal perfor-
mance for Chinook salmon, but some of these studies come
from populations outside of the Central Valley. Over time,
natural selection tunes a population’s thermal physiology to
maximize performance in the environmental conditions to
which they are exposed, as shown by studies on brook trout
(Salvelinus fontinalis; Stitt et al., 2014) and sockeye salmon
(Oncorhynchus nerka; Eliason et al., 2011, Chen et al., 2013);
in other words, a population is locally adapted to the long-
time environmental average (Quinn, 2018). Thermal perfor-
mance, therefore, is also likely population-specific. Conduct-
ing experiments with Central Valley populations to estimate
thermal performance would determine how parameters from
other populations apply to Central Valley salmonids and
allow for the incorporation of local adaptation into our model
predictions.

Second, some of our models are based on laboratory exper-
iments, and field testing of the models is needed to make sure
the models are accurately estimating thermal impacts in the
wild. The strength of a laboratory experimental approach is
the ability to determine the effects of varying a single variable,
i.e. temperature, while keeping all other variables (e.g. flow,
photoperiod, habitat) constant, usually in the absence of

biotic interference. However, laboratory conditions are often
not representative of field conditions (e.g. food ad libitum),
and so can overestimate thermal performance (Brett et al.,
1969; Brett et al., 1982; Childress and Letcher, 2017; Martin
et al., 2017).

Another consideration is that we examined smolt survival
only on the natal grounds. In the Central Valley, smolting
on the natal grounds may sustain a population through
drought years (Cordoleani et al., 2021), making our work
on smolt success particularly important. However, juveniles
that leave the natal grounds prior to smolting (i.e. as fry or
parr) to rear and smolt in warmer waters also contribute
to salmon populations. Beyond size, smolt likelihood and
survival may be influenced by factors that facilitate smolting
(e.g. photoperiod and recent growth rate; Ewing et al., 1979),
inhibit smolting (e.g. high temperatures; McCullough, 1999)
or impact predation rates (e.g. predator species; Nobriga
et al., 2021), factors that will vary by rearing strategy. Increas-
ing survival for all juvenile rearing strategies would help sus-
tain populations via the portfolio effect (Sturrock et al., 2020;
Cordoleani et al., 2021). We did not examine temperature-
dependent survival of juveniles during outmigration, when
survival rates are very low (Michel, 2019). Although sur-
vival during juvenile outmigration decreases as temperature
increases (Michel, 2019), the precise temperature-dependent
mechanisms impacting survival (e.g. juvenile metabolism, dis-
ease, predation rates) are not clear (Nobriga et al., 2021).
Future work should quantify survival for other rearing strate-
gies as well as during juvenile outmigration, although we note
the difficulty of defining the spatial–temporal movements of
juveniles as well as identifying specific runs and populations
from juveniles.

Finer-resolution spatial–temporal fish data and stream
temperature could help improve our model outputs by
accounting more directly for fish behaviour and movement
and thermal exposure. For example, here we assumed
that pre-spawn holding occurred on the natal grounds
(FitzGerald et al., 2021; Quinn, 2018; Yoshiyama et al.,
2001), but holding in thermally stratified pools that are
cooler than the surrounding river would result in less energy
expended during holding and increased survival relative to
our predictions. Finer-resolution spatial stream temperature
may better resolve small thermal refugia that fish occupy
(Fullerton et al., 2018). Similarly, finer-resolution temporal
stream temperature that includes daily fluctuations may
better quantify acute mortality from high temperatures (Steel
et al., 2017). Still, fish may be able to move to avoid daily
high temperatures (e.g. Berman and Quinn, 1991; Keefer
et al., 2018). A behaviour-based simulation function assuming
that fish maximize their fitness every day (e.g. by minimizing
energy expenditure during pre-spawn holding by moving to
the coldest part of the river each day) would produce a ‘best-
case’ scenario of survival (Fullerton et al., 2017; Snyder et al.,
2019), which could be contrasted with empirical mortality
rates, if available.
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