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Abstract

Migratory species are particularly vulnerable to climate change because habitat
throughout their entire migration cycle must be suitable for the species to persist. For
migratory species in rivers, predicting climate change impacts is especially difficult
because there is a lack of spatially continuous and seasonally varying stream tempera-
ture data, habitat conditions can vary for an individual throughout its life cycle, and
vulnerability can vary by life stage and season. To predict thermal impacts on migra-
tory riverine populations, we first expanded a spatial stream network model to predict
mean monthly temperature for 465,775 river km in the western U.S., and then applied
simple yet plausible future stream temperature change scenarios. We then joined
stream temperature predictions to 44,396 spatial observations and life-stage-specific
phenology (timing) for 26 ecotypes (i.e., geographically distinct population groups
expressing one of the four distinct seasonal migration patterns) of Chinook salmon
(Oncorhynchus tshawytscha), a phenotypically diverse anadromous salmonid that is
ecologically and economically important but declining throughout its range. Thermal
stress, assessed for each life stage and ecotype based on federal criteria, was influ-
enced by migration timing rather than latitude, elevation, or migration distance such
that sympatric ecotypes often showed differential thermal exposure. Early-migration
phenotypes were especially vulnerable due to prolonged residency in inland streams
during the summer. We evaluated the thermal suitability of 31,699 stream km which
are currently blocked by dams to explore reintroduction above dams as an option to
mitigate the negative effects of our warmer stream temperature scenarios. Our re-
sults showed that negative impacts of stream temperature warming can be offset for
almost all ecotypes if formerly occupied habitat above dams is made available. Our ap-
proach of combining spatial distribution and phenology data with spatially explicit and
temporally explicit temperature predictions enables researchers to examine thermal

exposure of migrating populations that use seasonally varying habitats.
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1 | INTRODUCTION

One of the most pressing problems in applied ecology is identifying
species that are likely to be severely impacted by climate change and
defining conservation actions to mitigate negative impacts (Bottrill
et al., 2008). Migratory species are thought to be particularly sus-
ceptible to shifting climate regimes because they use a variety of dif-
ferent habitats throughout their lifespan, and each of these habitats
(e.g., breeding grounds, migratory corridors, non-breeding grounds)
needs to provide suitable conditions for these species to persist
(e.g., Reynolds et al., 2017; Robinson et al., 2009; Runge et al., 2014;
Seebacher & Post, 2015). The use of multiple habitats not only makes
migratory species potentially more vulnerable to climate change but
also makes predicting how they will respond to climate change more
challenging, as vulnerability not only depends on conditions within
a single habitat but also on how populations move among multiple
habitats in space and time. Existing frameworks for predicting how
populations will respond to climate change (e.g., climate envelope
models) are not well suited for the complexities of migratory popu-
lations because they assume that the whole life cycle can be com-
pleted in one area or focus on a single life stage (Allen & Singh, 2016;
Pearson & Dawson, 2003). Thus, predicting how migratory species
will respond to climate change requires new approaches that ac-
count for the life stages that occur over multiple habitats (Allen &
Singh, 2016; Fausch et al., 2002; Runge et al., 2014).

Perhaps nowhere is the need for such approaches more press-
ing than in riverine habitats. Unlike terrestrial or marine migratory
species, which may have the capability to mitigate the impacts of
climate change through gradual shifts in distribution (e.g., Davis &
Shaw, 2001; Hiddink et al., 2015; Pinsky et al., 2013; Tingley et al.,
2009), riverine species are largely constrained to a fixed habitat net-
work. This means that thermal conditions within the network must
be suitable for movement to occur (Comte & Grenouillet, 2013;
Fagan, 2002; Fausch et al., 2002; Troia et al., 2019). Additionally,
even estimating current thermal exposure is difficult for riverine
species due to the lack of spatially continuous and seasonally varying
stream temperature data at appropriate spatial resolutions (Johnson
etal., 2019). In contrast, air and surface temperatures are available at
fine temporal and spatial resolutions across large geographic regions
(e.g., PRISM Climate Group, WorldClim). Standard spatial statistical
methods that estimate temperatures in areas without temperature
measurements are inappropriate for river systems due to the unique
patterns of autocorrelation that emerge from directed flow and con-
nectivity within river networks (Isaak et al., 2014; Peterson et al.,
2013; Wenger et al., 2010; Wenger et al., 2010). However, over the
last decade, the development of spatial statistical network models
that account for the unique features of river networks has allowed
for accurate predictions of water temperatures throughout a river
network (Isaak, Wenger, Peterson, et al., 2017; Peterson & Ver Hoef,
2010; Rushworth et al., 2015). These models have recently been
used to predict summer stream temperatures for the entire western
U.S. at a 1 km spatial resolution (https://www.fs.fed.us/rm/boise/
AWAE/projects/NorWeST.html), allowing for estimates of current
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and future thermal impacts on riverine species during the warmest
time of the year (Isaak et al., 2016, 2017, 2018).

However, summer may not always be the most relevant time
of the year for migratory species as the movement of these spe-
cies through river networks may allow them to avoid exposure to
peak summer temperatures. Moreover, because migratory species
complete different stages of the life cycle in different habitats, and
different life stages can vary drastically in their thermal tolerances
(Dahlke et al., 2020), the warmest month of the year is not necessar-
ily the most thermally stressful (Crozier et al., 2008). Thus, quantify-
ing thermal stress for migratory species requires estimates of water
temperatures in river networks in both time and space, knowledge
of how migratory species move through this river network to com-
plete their life cycle, and how thermal exposure compares to thermal
tolerances for each life stage.

Here, we develop a general approach to estimate thermal ex-
posure for migratory species in riverine networks. To do this, we
first extend an existing spatial steam network model to predict
water temperature in rivers in the western U.S. for every month of
the year. We then link these temperature predictions with data on
the distribution and phenology of a migratory species to estimate
thermal exposure. By comparing thermal exposure to life-stage-
specific thermal tolerances, we assess thermal stress for each life
stage based on nearness to upper thermal limits. We illustrate our
approach on several freshwater life stages of an anadromous species
with a migratory life history, but this approach can readily be applied

to riverine, non-riverine, or non-migratory species as well.

1.1 | Study species: Chinook salmon

The anadromous Chinook salmon (Oncorhynchus tshawytscha) is an eco-
logically and economically important species but is declining in abun-
dance throughout its range (National Marine Fisheries Service [NMFS],
2016; National Research Council [NRC], 1996; Waples, 1991). Across
their multi-year migration, these cool-water fish hatch in freshwater, mi-
grate to use the ocean as their primary growth habitat, and return as
adults to their natal streams to spawn (Quinn, 2018). Populations are de-
fined by their natal streams as well as the seasonal “run” timing of adult
freshwater entry and migration to spawning grounds (Quinn, 2018). Run
timing influences other phenological events and life stages, such as tim-
ing of adult maturation, spawn timing, incubation duration, and growth
rate of juveniles (Quinn, 2018). The different run types likely evolved to
avoid exposing sensitive life stages to unsuitable conditions, particularly
low stream flows and warm temperatures that retard physiological func-
tions, such as metabolism (e.g., Brannon et al., 2004; Healey et al., 1991;
Quinn et al., 2016).

Because of their distinctive phenologies, sympatric runs are
typically exposed to different environmental conditions. For ex-
ample, a peak migration timing in the spring subjects adult fish to
extended holding during the hot summer months prior to spawn-
ing. Fall migrants, on the other hand, do not hold for extended pe-
riods over the summer prior to spawning, but may migrate through
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warmer migration corridors than fish in the spring. Likewise, run
timing is typically associated with habitat use, with early arrival
populations (spring-run, winter-run, and some summer-run) typi-
cally spawning and rearing in higher elevation reaches that are far-
ther upstream than populations with later arrivals (fall-run) (e.g.,
Beechie et al., 2006). Because runs are exposed to different en-
vironmental conditions and habitats, climate change may impact
different runs in different ways.

Many salmon populations are already exposed to warmer tem-
peratures than those they historically experienced due to the con-
struction of large dams that block populations from their historical
spawning and rearing grounds (McClure et al., 2008). Dams have
eliminated higher elevation, cooler habitat throughout the continental
U.S,, effectively forcing fish into lower elevation waters, which may be
too warm and potentially unsuitable in the summer, and will become
warmer with climate change (e.g., Beechie et al., 2006; Lindley et al.,
2004; McClure et al., 2008; Moyle et al., 2017; Myers et al., 1998).
Early arrival runs historically occupied these higher elevation habitats,
and these runs have been disproportionately extirpated and are de-
clining more rapidly than fall-runs (Beechie et al., 2006; Gustafson
et al., 2007; McClure et al., 2008). A proposed conservation strategy
to mitigate the effects of climate change on salmon populations is the
reintroduction of populations to their historical habitats above dams
(Beechie et al., 2013; Herbold et al., 2018; NMFS, 2014), but a conti-
nental-scale assessment of thermal suitability above dams through-

out the Chinook salmon freshwater life cycle has not been completed.

1.2 | Study objectives

This study evaluates thermal exposure and thermal stress (calcu-
lated based on thermal thresholds specific to each life stage) of four
freshwater life stages for 26 different ecotypes of Chinook salmon.
Here, an ecotype represents a geographically isolated population
exhibiting one of the four seasonal adult spawning migration run
types: winter-run, spring-run, summer-run, or fall-run. We evaluated
thermal exposure and stress of these ecotypes to historical stream
temperatures and future stream temperatures under two simple, yet
informative, climate change scenarios. Thermal exposure and stress
evaluations were done for both currently accessible and currently
blocked (yet previously accessible) habitats that are under consid-
eration for salmon reintroductions. We explored latitude, elevation,
migration distance, and run timing as predictors for historical levels

of thermal stress for each life stage across all ecotypes.

2 | MATERIALS AND METHODS

2.1 | Overview of approach
To quantify thermal exposure for the freshwater life stages of an
anadromous species, we combined a spatiotemporal model of river

temperatures with data on phenology and spatial distribution.

Specifically, we extended an existing spatial stream network (SSN)
model (Isaak et al., 2017) to predict mean stream temperature for
every month of the year for 465,775 stream kilometers (km) in the
western U.S. To account for complex spatiotemporal life-history pat-
terns, we defined the spatial distribution and phenology for each
distinct life stage of 26 Chinook salmon ecotypes. Then, we joined
each spatiotemporal point to its associated stream temperature in
space and time; each point therefore defines the temperature expe-
rienced by a specific life stage at that geographic location and time
of year. For each life stage of each ecotype, we quantified thermal
exposure and stress in the context of thermal criteria (thresholds)
specific to each life stage (U.S. Environmental Protection Agency
[U.S. EPA], 2003). Finally, we explored if thermal stress levels were
influenced by geography, distance traveled, or phenotype. We dis-

cuss each of these datasets and our analyses in detail below.

2.2 | Datasets

2.2.1 | Monthly stream temperature

Seasonal stream temperature is essential for modeling differential
vulnerability of contrasting ecotypes. We expanded a pre-existing
SSN model (Isaak, Wenger, Peterson, et al., 2017), currently only
available for summer months, to all months of the year to have a
full picture of year-round thermal habitat. Following Isaak, Wenger,
Peterson, et al. (2017), our SSN models included three autocovariance
functions: tail-down, tail-up, and Euclidean distance. Tail-down au-
tocovariance functions are moving average functions in the down-
stream direction that allow for correlation between sites that are
flow-connected and sites that are flow-unconnected (Ver Hoef &
Peterson, 2010). Tail-up autocovariance functions are moving av-
erage functions in the upstream direction, allowing for correlation
between sites that are flow-connected and using spatial weight-
ing to partition the moving average function at tributary conflu-
ences (Ver Hoef & Peterson, 2010). An autocovariance function
based on Euclidian distance accounts for sources of autocorrela-
tion not attributable to the network structure of rivers. Research
has shown advantages in using a mixed model approach which
combines multiple autocovariance functions (Peterson & Ver Hoef,
2010).

SSN models require a stream network, observed water tempera-
tures at discrete locations, and spatially and/or temporally explicit
covariates (Isaak, Wenger, Peterson, et al., 2017). This model uses
the National Stream Internet (NSI) network, which was derived
from the NHDPIus dataset and prepared for use with SSNs (Nagel
et al., 2015). We queried the NorWeST database for observed water
temperature data; the NorWeST database consists of temperature
logger data collected by numerous agencies and groups and con-
tains over 220,000,000 observations at greater than 22,700 sites
throughout the western U.S. (Isaak, Wenger, Peterson, et al., 2017).
As in Isaak, Wenger, Peterson, et al. (2017), we included all observed
temperatures from 1993 on, with the end year varying by region
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(2011-2015). Within each month, we averaged observed tempera-
tures for sites that had multiple observations within a day and obser-
vations on at least 90% of days; we then used this monthly mean for
the model. Mean monthly temperature was modeled as a function
of 10 spatial and two temporal covariates. The spatial covariates are
elevation (m), canopy (%), slope (m/m), annual precipitation (mm), cu-
mulative drainage area (kmz), North American Albers northing coor-
dinate (m), upstream watershed area that is lake or reservoir (%), the
amount of flow that is base flow (%), upstream watershed area that
is glacier (%), and tailwater (binary—0, 1). Each covariate was spa-
tially linked with the stream network at a 1 km interval. The majority
of these covariates are from NHDPIus, with the exception of base-
flow index (developed by Wolock, 2003) and northing coordinate,
glacier, and tailwater (determined by Isaak et al., 2017). The tem-
poral covariates are historical air temperature (°C) and flow (m%/s).
We obtained historical air temperature from the National Center for
Environmental Prediction Regional Climate Model version 3 (NCEP
RegCM3) reanalysis in the form of 15 km gridded data (Hostetler
et al.,, 2011) for the spatial extent of the study region. Monthly mean
air temperatures were linked to the corresponding water tempera-
ture observations by year. We queried hydrographs from the USGS
National Water Information System for gages within the spatial ex-
tent of the study region. We filled in gaps in the time series using
an iterative PCA approach (Josse & Husson, 2016), then calculated
monthly means and linked values to water temperature observations
by year. Mean monthly temperature was modeled by fitting the SSN
linear mixed model for each month in each of eight sub-regional
watersheds, spanning most of California, Oregon, and Washington;
the SSN model form can be found in Isaak, Wenger, Peterson, et al.
(2017).

To validate each monthly model for each sub-regional water-
shed, we randomly split the water temperature data into a training
dataset and a testing dataset based on spatial location such that
approximately 80% of the data were used for model fitting and
20% of the data were used for model validation. When a site had
data in multiple years, we assigned all data for that site to either
the training or testing dataset rather than being split between
them so that our out-of-sample metrics would be an estimate of
how the model performed in areas where we had no data. We
performed leave-one-out cross validation on the training dataset
and calculated three performance metrics on each training data-
set and testing dataset: the square of the correlation coefficient
between observations and predictions (r2), the root mean square
prediction error (RMSPE), and the mean absolute prediction error
(MAPE). We then used the model to predict water temperature
at 1 km resolution for the period 2002-2011. Predictions used
the universal kriging equation which accounts for both the model
predictors and spatial autocorrelation (Cressie, 1993). The years
2002-2011 (Scenario 2 sensu lsaak et al.,, 2017) represent the
most recent time period when most temperature records were
collected, referred hereafter as “historical” temperatures. Finally,
we removed reaches representing man-made lakes and reservoirs
(Isaak et al., 2017).
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Warming surface temperatures in the western U.S. are among
the most robust features of future climate scenarios for the mid to
late 21st century (U.S. Global Change Research Program [USGCRP],
2018). Isaak et al. (2017) incorporated projected air temperatures and
flows for August from the A1B emissions scenario (IPCC, 2007) to
simulate future stream temperatures in 2040 and 2080 using the SSN
model. Based on these conditions, streams in our study region are
predicted to warm by approximately 1°C by 2040 and 2°C by 2080
(Isaak, Wenger, Peterson, et al., 2017). We applied these increases
to our 2002-2011 mean monthly temperature predictions for every
river km to evaluate Chinook salmon thermal exposure under these
two simple, yet informative, future stream temperature scenarios.

2.2.2 | Spatial distribution datasets

We defined the spatial distributions of freshwater life stages for
each Chinook salmon ecotype. Chinook salmon consist of feder-
ally recognized Evolutionarily Significant Units (ESU sensu Waples,
1991) based on geography and genetic relatedness at neutral mark-
ers, but an ESU can contain multiple run types, the trait that speci-
fies the peak seasonal timing (i.e., spring, summer, fall, winter) of
adult migration into freshwater and is used most frequently to de-
fine populations (Myers et al., 1998; Waples et al., 2004). Therefore,
if a recognized ESU contains multiple runs, we treated each run as a
distinct ecotype. For example, the Puget Sound ESU contains three
ecotypes: Puget Sound fall-run, Puget Sound spring-run, and Puget
Sound summer-run); an ecotype in this study is therefore akin to a
metapopulation. For brevity, we use ecotype abbreviations through-
out this document, following the general format Q_R, where Q is the
ESU group and R is the run type (F = fall, Sp = spring, Su = summer,
W = winter); full names can be found in Table S1.1.

Chinook salmon observations were extracted from eight
field-observational and distributional data sources (1. Aquatic
Species Observation Database, obtained via California Dept. of
Fish and Wildlife; 2. http://www.calfish.org/DataandMaps/CalFi
shDataExplorer.aspx; 3. www.gbif.org; 4. www.iobis.org; 5. https://
www.streamnet.org/; 6. https://www.epa.gov/national-aquatic-
resource-surveys/data-national-aquatic-resource-surveys;7.https://
aquatic.biodata.usgs.gov; 8. http://vertnet.org) from August 2017
to January 2018. We divided linear distribution datasets (StreamNet
and CalFish) into points separated by 1 km and then added the points
to the observational dataset. Observations have a georeferenced ac-
curacy to 500 m, and each observation was linked with the appro-
priate ecotype, life stage, and month. We removed fish of unknown
ecotype, unknown life stage, or known hatchery origin. To match the
temporal limit of the stream temperature modeling project, we re-
moved observations prior to 1993. We specified the ecotype and/or
ESU (if not specified) by spatially merging observation locations with
ESU distribution shapefiles (http://www.westcoast.fisheries.noaa.
gov/maps_data/Species_Maps_Data.html). Due to low numbers and
ambiguity of other life stages (e.g., “juvenile” could indicate rearing
or outmigration), we focused our efforts on observations listing
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spawning location, such as those based on redd counts or spawner
surveys. We supplemented our dataset with additional spawning
and redd observations from the upriver bright fall-run ecotype in the
~90 km Hanford Reach of the Columbia River, digitized from several
references (Dauble & Geist, 2000; Dauble & Watson, 1997; Geist,
2000). We removed duplicate observations from the entire spatial
distribution dataset using R. Finally, we removed observations that
georeferenced >500 m from a stream. Ecotypes with fewer than 50
observations were not examined. This filtering resulted in a total of
44,396 spawning site observations (Figure 1; Table S1.1).

We defined pre-spawn holding habitat from spawning and redd
locations (see Phenology database for a description of life stages).
Early migrating salmonids will hold prior to spawning in suitable
cool-water pools, often on or near the spawning grounds (Quinn,
2018; Yoshiyama et al., 2001), but little spatial distribution infor-
mation exists on holding habitat for Chinook salmon on the broad
geographic scale of this analysis. We also assumed that emergence
occurs at redd locations and that newly emerged fry rear near natal
grounds for at least 1 month (see Phenology database). Chinook
salmon fry may move downstream every night, but most dispersals
are a few meters at most (Bradford & Taylor, 1997). Our spatial res-
olution (1 km) will not be accurate for emergent fry dispersing >16 m
a day for 60 days, but we find little to no information to support this
degree of dispersal for Chinook salmon fry.

Adults entering freshwater in the summer may be exposed to
particularly high stream temperatures, especially for inland eco-
types that have to swim hundreds or thousands of km to reach
their spawning grounds. To reach spawning grounds, inland eco-
types are funneled through four major migration corridors: the
Columbia River, Klamath River, Sacramento River, and San Joaquin
River. For each ecotype, we extracted the migration route from
the point of freshwater entry to the start of the spawning grounds.
If an ecotype has multiple spawning grounds, we extracted the
migration route to the point where migration diverges. For CV_F,
the only inland ecotype that uses two major migration corridors,
we analyzed both migration routes. We did not calculate migration
routes for coastal ecotypes because coastal ecotypes are com-

prised of populations that have separate freshwater entry points

and short migration routes.

, CV_F CV_Sp
| ® CACoast_F ® UKTR_Sp
® UKTR F | ® soNcc_sp
SONCC_F ORCoast_Sp
ORCoast_F UWR_Sp
DeschR_F MidColR_Sp
LowColR_F LowColR_Sp
@ WACoast_F ® WACoast_Sp
® Puget F ® Puget_Sp
® UppColR_F e UppColR_Sp
® SnakeR_F ® SnakeR_Sp

To assess thermal exposure in historically accessible reaches
above dams and the potential of restored access as a recovery man-
agement option under future thermal conditions, we first had to de-
fine historical spatial distributions above dams. First, we extracted all
stream reaches in our network that fell within the “historical water-
shed: anthropogenically blocked” boundary for each ecotype (http://
www.westcoast.fisheries.noaa.gov/maps_data/Species_Maps_Data.
html). In general, these reaches represent those now blocked by
dams, and hereafter we refer to these reaches as “above dams” for
clarity. The “above dams” layer includes all reaches within the water-
shed (n = 80,768 km), but some reaches were likely never inhabited by
Chinook due to unsuitable conditions. We next wanted to eliminate
reaches above dams that are unsuitable to Chinook salmon due to
factors other than temperature. To do this, we first joined our stream
temperature dataset with physical stream characteristics from the
NHDPIus flowline dataset (https://nhdplus.com/NHDPlus/NHDPI
usV2_data.php) and a flow metric dataset (http://www.fs.fed.us/rm/
boise/AWAE/projects/modeled_stream_flow_metrics.shtml). We
then removed reaches with >5% channel gradient (Agrawal et al.,
2005; Quinn, 2018), mean annual discharge <30 cfs (cubic feet per
second; Bjornn & Reiser, 1991), and streams that are intermittent
(FCODE = “46003"; Isaak et al., 2017) because these are unsuitable
conditions for Chinook salmon. Next, we removed reaches upstream
of natural, impassable barriers without fish passageways (e.g., water-
falls, debris jams) by comparing our potential Chinook salmon “above
dams” network to the barrier dataset maintained by StreamNet,
a database that compiles fish passage barrier datasets from state
agencies  (https://www.streamnet.org/data/interactive-maps-and-
gis-data/). Although fishways or trap-and-hauls could provide fish
passage across these impassable barriers, Chinook salmon were
likely not historically present upstream of these natural barriers. In
total, we explored potential thermal exposure for 31,699 km in this
currently inaccessible yet suitable Chinook salmon habitat (Figure 2);
the amount of potential habitat varied by ecotype, ranging from 96
to 7,556 km (Figure 2 inset). Stream temperature modeling in east-
ern Oregon, eastern Washington, and Idaho is still ongoing, so we
do not have the full scope of available or blocked habitat for eco-
types in those regions (e.g., SnakeR_F). Other ecotypes did not
have a substantial amount of habitat blocked by dams (ORCoast_F,

FIGURE 1 Final set of spawning site
observations (i.e., spatial distribution) for
each defined ecotype for (a) fall-runs,

(b) spring-runs, and (c) summer-runs

and the lone winter-run. The number of
observations for each ecotype is listed

in Table S1.1. Note that we do not have
observations for all ecotypes because
some spatial distributions are not well-
studied, or we did not have predicted
stream temperatures in those sub-regions
(e.g., all of Idaho)

® SacR_W
WACoast_Su

© Puget_Su

® UppColR_Su
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FIGURE 2 Potential habitat above

dams. In the study area, 80,768 river km
are currently inaccessible to Chinook
salmon (green and yellow) due to
damming. Of these inaccessible reaches,
31,699 river km are potentially habitable
for the Chinook salmon ecotypes in

this study (green), and ~61% of river km
are currently inaccessible and are likely
unsuitable (yellow). Inset: The potential
amount of suitable habitat above dams
for each ecotype. We removed ecotypes
for which we did not have empirical
distribution data below dams

Potential suitable habitat above dams
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ORCoast_Sp, WACoast_F, WACoast_Sp, or WACoast_Su). For these
ecotypes without substantial habitat above dams, we assessed below

dams thermal exposure only.

2.2.3 | Phenology database

We developed a modern phenology database for each life-history
stage for 31 ecotypes in the continental U.S.; note that some
ecotypes do not have spatial distribution datasets (Table S2.1, List
S2.1). Our database is on a monthly time-step to match the tempo-
ral resolution of the stream temperature dataset. The peak month
(or median if peak was unknown) and core (i.e., duration and tim-
ing for the majority of individuals) were defined from the completed
phenology database for the following life stages: adult migration,
holding, incubation, and early rearing. Adult migration extends from
freshwater entry to arrival at spawning grounds, but we examined
thermal exposure during the peak month of migration. Core holding
was defined as the months from peak adult return to natal streams
through peak spawning. If an ecotype does not hold for extended
periods of time (e.g., many fall-run ecotypes hold for only a few
days or weeks before spawning), we defined “core” holding as the
month of peak spawning. Core incubation was designated as occur-
ring between peak spawning and peak emergence, the point when
fry emerge from the gravel where they were spawned and are self-
sufficient. Early rearing was defined as the month of peak emer-
gence and the following month. If peak emergence occurs across
two months for an ecotype, we included both peak months and the
following month. Chinook juveniles may remain in freshwater for a

week to many months prior to outmigration, with the decision to

outmigrate influenced by photoperiod, fish size, fish density, flow,
predation, and temperature (Moyle et al., 2017). However, we as-
sumed that most individuals rear near emergence locations for up

to 2 months before moving downstream or to other rearing areas.

2.3 | Analyses

To assess which life stages and ecotypes were thermally stressed, we
quantified thermal exposure and stress in the context of thermal criteria
(thresholds) specific to each life stage (U.S. EPA, 2003). In brief, the EPA
thermal criteria were developed to be protective of salmonids while they
are in freshwater. For this study, thermal stress was defined by thermal ex-
ceedance of these thresholds. Specifically, thermal stress was defined as
follows: adult migration exceeding 20°C, adults holding prior to spawning
exceeding 16°C, spawning, incubation, or emergence exceeding 13°C, and
rearing exceeding 16°C. The EPA thermal criteria are based on the 7DADM
(7-day average daily maximum) temperature, whereas the SSN model pre-
dicts mean monthly stream temperature. However, if our analyses based
on mean monthly averages reveal that exposure exceeds thermal criteria
based on the 7DADM, it is likely that populations are exposed to even
higher temperatures and more stressful conditions than we predict.

First, we quantified mean monthly thermal exposure through-
out the freshwater residency (i.e., from core holding through incu-
bation to early rearing, defined by the phenology database) at the
spawning grounds for each ecotype. This first analysis gives a broad
overview of the thermal exposure of each ecotype and shows how
thermal exposure changes throughout the year. Because salmonids
can experience mortality from exposures to high temperatures
(U.S. EPA, 2003) and a single life stage can be found in freshwater
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for multiple months, we next analyzed the warmest month (based
on mean monthly temperature) experienced during the peak (mi-
gration) or core (holding, incubation, early rearing) period of each
life stage. We calculated the proportion of the spatial distribution of
each ecotype exhibiting thermal stress during the warmest month
of exposure. Then, we compared the proportion of stress for each
ecotype to latitude, elevation, migration distance, and run type to
determine whether thermal stress was influenced by geography,
distance traveled, or phenotype.

For each analysis, we evaluated thermal exposure and thermal
stress (a) for current distributions under historical climate conditions,
(b) for historical distributions above dams under historical climate
conditions, and (c) under future +1°C and +2°C stream temperature
change scenarios both below and above currently impassable dams.
For ecotypes with historical distributions above dams, we assumed
that each ecotype would exhibit the same phenology above dams as
below dams. We then determined how thermal exposure and ther-
mal stress during migration would change under our stream tem-

perature change scenarios.

3 | RESULTS

3.1 | Stream temperature predictions
We predicted mean monthly stream temperature for 465,775
river km across eight sub-regional watersheds in the western U.S.

(Figure 3); note that these results include all stream segments in

e Klamath/
. N. California

JuIA

our study area, not just those with relevance to salmonids. When
grouping all sub-regions and months, predicted error was fairly
low for the out-of-sample testing dataset (mean RMSE = 1.351°C;
mean MAPE = 0.915°C; Table S3.1; Figure 4a), and similar to that
of Isaak, Wenger, Peterson, et al. (2017) for the month of August
(RMSE = 1.10°C, MAPE = 0.72°C). The overall r? was 0.928 for
the testing dataset (Figure 4a). Of the eight sub-region, Coastal
California had the highest error (RMSE = 1.856°C, MAPE = 1.384°C,
Table $3.1). Within a sub-region-month, datasets that resulted in low
12 consisted of fewer than 125 observations (Table $3.1). In general,
r? plateaued around 0.8 when the number of observations exceeded
~300 for a given sub-regional watershed (Figure 4b).

3.2 | Thermal exposure and thermal stress of
Chinook salmon life stages and ecotypes

Thermal exposure on the spawning grounds varied considerably
by life stage and ecotype, but ecotypes with analogous run timing
displayed similar overall patterns of exposure (Figure 5a-c; Table
S1.1). Stream temperature peaked in the summer months, when
most spring-runs and some summer-runs are holding, and several
ecotypes exceeded thermal thresholds during this time. Monthly
thermal exposure under our +1°C and +2°C scenarios was still, on
average, below EPA thermal criteria for all fall-runs except Upper
Klamath-Trinity River fall-run (UKTR_F), Central Valley fall-run
(CV_F), and Upper Columbia River fall-run (UppColR_F; Figure 5a).
Some ecotypes arriving to spawning grounds in late spring and

FIGURE 3 Predicted monthly mean
stream temperatures (outer figures) for
465,775 river km in eight sub-regional
watersheds in the western U.S. (central
figure). The outer figures highlight how
historical thermal regimes (average of

] < - <3
2 =510 2002-2011) shifted throughout the
g ===10-12 year in a section of northern California
25 w—12-14 . . .
g © 14-16 spanning two sub-regions (area circled
E 16-18 in central figure). Note that sub-region
3 —12620 names do not correspond to Chinook
b salmon ecotype or ESU names
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FIGURE 4 Performance of the stream temperature model for all sub-regional watersheds for all months. (a) Observed stream
temperatures vs. predictions. The in-sample dataset (gray) was used to fit the model with 135,698 temperature observations, and the out-
of-sample dataset (blue) tested the prediction capability of the model using 33,998 temperature observations. The statistical summary
metrics were calculated from the out-of-sample testing dataset. (b) Relationship of the number of temperature observations to r? for the
testing (out-of-sample) dataset. The dashed line at n = 300 shows where r? begins to plateau

FIGURE 5 Historical and projected
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future thermal exposures of Chinook (@) Fall-run (d) Fall-run Population
salmon ecotypes throughout their Ecvr
freshwater residency, from peak holding §2° §20 | SQ%??'F
throughout early rearing (i.e., the month E 15 E 15 SONCC_F
after peak emergence), at empirical £ 10 Bus by
observations below dams and above “é— qé L:vsvré:oli_F
dams. (a-c) shows actual thermal exposure 8 ° 8 ° WaLoast:
— Puget_F
below dams, and (d-f) shows potential 0 ——y y ; ; 0 = UppColR_F
thermal exposure above dams. Mean §533838288838¢8¢s = snakeR F
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early summer experience longer periods above EPA criteria below
dams under our stream warming scenarios (Figure 5b,c). Sacramento
River winter-run (SacR_W) would experience too-warm mean
temperatures for all life stages by 2040, and mean temperatures
are predicted to be well above thermal criteria during incubation,
emergence, and early rearing (Figure 5c). Above dams, all ecotypes
would experience mean temperatures cooler than below dams

(Figure 5d-f). Furthermore, average thermal exposure above dams
would generally be cooler than EPA criteria. An exception is SacR_W,
which would still experience too-warm spawning and incubation
temperatures in the summer, even above dams (Figure 5f). Even with
stream temperature increases of 2°C, mean thermal exposure above
dams would likely not exceed thresholds for almost all ecotypes
(Figure 5d-f).
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only includes interior ecotypes. For this analysis, summer-runs were
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like (UppColR_Su) based on phenology

During the warmest month of exposure for each life stage, al-
most all ecotypes were exposed to some proportion (i.e., non-zero)
of thermal stress below dams for at least one freshwater life stage
(Figure 6 top panel). Spring-runs showed higher levels of ther-
mal stress than fall-runs during adult holding and egg incubation,
whereas fall-runs showed higher levels of thermal stress during adult

migration. Neither run type was thermally stressed during early ju-
venile rearing, even when using the EPA’'s 13°C emergence thresh-
old rather than the 16°C core rearing threshold. During holding and
incubation, thermal stress under the +1°C scenario was predicted
for more than 50% of spring-run ecotypes and about 25% of fall-run
ecotypes. Still, thermal stress of all fall-run ecotypes was predicted
to exceed 25% under the +1°C scenario during both holding (or
month of peak spawning) and incubation. Above dams, although lev-
els of thermal stress would be reduced relative to the current distri-
butions for almost all ecotypes, some ecotypes may still be exposed
to some amount of thermal stress (Figure 6 bottom panel). Still, the
amount of thermal stress and the rate of increase of thermal stress
are predicted to be lower above dams than below them.

The proportion of thermal stress explained by latitude, eleva-
tion, or distance varied by ecotype (i.e., spring-run vs. fall-run) and
life stage (Figure 7). In other words, run types and life stages often
showed opposing relationships (i.e., opposite slopes) or different
slope magnitudes. Run type in combination with latitude, elevation,
or distance was generally a better predictor of thermal stress for

each life stage than latitude, elevation, or distance alone.

4 | DISCUSSION
4.1 | Adult migration timing largely determines
thermal exposure for West Coast Chinook salmon

Here, we combined stream temperature modeling, spatiotemporal
distributions for each life stage of each population, and thermal crite-
ria specific to each life stage to predict thermal exposure and thermal
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stress for the freshwater life stages of an anadromous species. We
expected that the proportion of thermal stress would decline with
increasing latitude, increasing elevation, and decreasing migration dis-
tance. However, we found that the thermal exposure of salmon popula-
tions depended more strongly on migration phenology than geography
such that sympatric ecotypes with divergent phenology are predicted
to respond differently to climate change. Ecotypes with early migra-
tion phenology (i.e., winter-run, spring-run, and some summer-run) had
higher proportions of thermal stress on spawning grounds than fall-run,
and the winter-run was consistently stressed across all scenarios. This
prediction is consistent with other studies (e.g., Crozier et al., 2019;
Moyle et al., 2017). However, we also found that later migration phenol-
ogy (i.e., some summer-run and fall-run) exhibited thermal stress during
adult migration. Our results highlight the fact that migratory species
with variable phenology typically require population-specific manage-
ment approaches to mitigate the negative effects of climate change,
and geography is not always the best predictor of responses.

Spring-run ecotypes have declined precipitously relative to fall-run
in recent decades (Gustafson et al., 2007; Moyle et al., 2017) due to
a disproportionate loss of historic habitat from fish passage barriers
(Beechie et al., 2006; NRC, 1996). Our results showed that spring-run
ecotypes were more thermally stressed than fall-run ecotypes on the
spawning grounds, particularly during pre-spawn holding. Thermally
stressed adults may die during pre-spawn holding (Bowerman et al.,
2017), produce fry with developmental abnormalities (Berman, 1990),
or produce smaller eggs and fry (Berman, 1990; Bouck et al., 1975;
Kinnison et al., 2001); the smaller fish are then more vulnerable to pre-
dation (Lorenzen, 1996; Peterson & Wroblewski, 1984). Furthermore,
spring-run embryos, which typically emerge earlier in the winter or
spring than fall-run embryos, are exposed to cooler temperatures and
thus slower growth rates (Perry et al., 2015) that may expose spring-run
embryos to higher rates of size-dependent predation (Lorenzen, 1996;
Peterson & Wroblewski, 1984). Together, the above observations and
our estimates of thermal exposure suggest that the spring-run eco-
types evaluated in this work are at much higher risk of extirpation on
the spawning grounds than fall-run ecotypes.

Thermally stressed ecotypes may be able to mitigate the effects
of a warming climate by a shift in phenology that avoids exposing
sensitive life stages to excessively high temperatures (Crozier &
Hutchings, 2014; Mantua et al., 2015). For example, Chinook salmon
fall-runs could migrate a few weeks later in the fall to avoid high lev-
els of thermal stress. Although arrival timing is likely partially geneti-
cally controlled (Narum et al., 2018; Prince et al., 2017; Quinn, 2018;
Thompson et al., 2019), there is some evidence of phenotypic plas-
ticity in Chinook salmon and other salmonid species (e.g., Crozier &
Hutchings, 2014; Quinn et al., 2001), indicating that Chinook salmon
may be able to shift their migration dates to avoid thermal stress.
On the other hand, phenological shifts in one part of the salmon life
cycle must work in concert with viable phenological changes in the
rest of the life cycle, and such changes in response to rising tempera-
tures must be limited (Mufioz et al., 2015).

Phenological shifts may also increase overlap between spring-run
and fall-run ecotypes. In many rivers, phenology coupled with spatial
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separation is the major prezygotic barrier between fall- and spring-runs;
in rivers with impassable dams, phenology may be the only prezygotic
barrier such that shifts in phenology can increase overlap in spawn tim-
ing. Overlapping spawn timing without spatial separation can then result
in hybridization between runs. For example, fall-run and spring-run eco-
types in the Rogue River have hybridized following completion of Lost
River Dam in 1977 (Thompson et al., 2019). Arrival timing is strongly
associated with a distinct genomic region on chromosome 28, and in-
dividuals heterozygous for these alleles tend to have an intermediate
(summer-time) adult return timing (Narum et al., 2018; Prince et al., 2017
Thompson et al., 2019) that will likely be selected against in a warmer cli-
mate (Crozier et al., 2019). In rivers with little spatial separation where
fall-run have much greater abundance, hybridization would likely result
in the genetic swamping by fall-run, potentially resulting in a loss of the
early arrival phenotype. This loss of Chinook salmon phenotypic and ge-
netic diversity could ultimately lower the species’ ability to withstand
future perturbations (Anderson et al., 2020; Thompson et al., 2019).

A shift in spatial distribution without altering phenology could
reduce too-warm thermal exposure, but most Chinook salmon eco-
types cannot shift spatially to cooler, higher elevation waters be-
cause this cooler habitat is currently blocked by impassable dams
(e.g., Beechie et al., 2006; Crozier et al., 2019; Gustafson et al., 2007,
Lindley et al., 2004; Mantua et al., 2015; McClure et al., 2008; Moyle
et al., 2017). Dams have not only reduced the amount of habitat
available to many spring-run ecotypes but have reduced or elimi-
nated suitable cold water required for holding, spawning, incubation,
and/or freshwater rearing. Dams have effectively increased thermal
exposure for ecotypes that historically used these higher elevation,
cooler waters, but are now confined to lower elevations (Beechie
et al., 2006; Lindley et al., 2004; McClure et al., 2008; Myers et al.,
1998). Some salmon conservation work focuses on making habitat
above dams accessible to salmon by creating fish ladders or pas-
sageways, trucking fish around dams, or removing dams entirely. For
this study, we assessed the historical and future thermal suitability
of all potentially habitable reaches above impassable dams (31,699
river km in total) for each ecotype (96-7,556 km per ecotype). Above
dams, almost all ecotypes—on average—would be exposed to tem-
peratures below U.S. EPA (2003) thermal thresholds from holding
through early rearing, even if streams warmed by 2°C. The differ-
ence in thermal exposure below dams versus above dams was most
dramatic for ecotypes with prolonged holding times in the summer.
In total, thousands of stream km currently blocked by dams are ther-
mally suitable and likely habitable. Providing access to these habitats
along thermally suitable migration corridors offers a potentially ef-
fective avenue for mitigating warming stream temperatures, partic-

ularly for thermally stressed spring-run Chinook salmon ecotypes.

4.2 | Stream temperature model

Riverine species, especially those that are migratory, are especially
vulnerable to climate change, yet predicting current and expected lev-
els of thermal stress for such species is limited by the availability of
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spatially continuous and seasonally varying stream temperature data.
Here we made an important step forward in increasing the availabil-
ity of such estimates, by extending an existing stream temperature
model to predict stream temperatures for every month of the year at
the kilometer scale in the western U.S. The stream temperature model
results pave the way for landscape-scale modeling of annual thermal
regimes in riverine habitats in the western U.S. The stream tempera-
ture predictions can be used to examine temperature exposure across
populations, explore potentially suitable thermal habitat for species
reintroductions into unoccupied habitats, or assess the likelihood of
colonization of invasive species, making our work particularly impor-
tant in the era of rapid anthropogenic change and human-mediated
conservation. However, we urge caution when using this model or our
results (a) if there are fewer than ~1,500 total stream temperature ob-
servations within a watershed per month (e.g., Coastal California for
some winter months); (b) for bodies of water that are stagnant or slow-
moving, deep, or with known hyporheic flow influence, for which the
model may not predict well (Isaak, Wenger, Peterson, et al., 2017); or
(3) in systems where any spatial covariate (e.g., canopy coverage) may

have changed since our study time period.

4.3 | Limitationsin our approach
Estimating thermal stress for 26 Chinook ecotypes for thousands of
km of stream habitat required us to make several simplifying assump-
tions. First, our estimates of thermal stress are based on estimated
stream temperatures, rather than measured stream temperatures.
Our temperature predictions had a prediction error of ~1°C, suggest-
ing some caution when interpreting results near survival thresholds.
Moreover, the spatial resolution of our stream temperature model
(1 km) may not resolve microreaches or small refugia with more suit-
able temperatures (Fullerton et al., 2018), and freshwater fish may be-
haviorally thermoregulate by moving to these suitable microhabitats
within the stream (e.g., Bardach & Bjorklund, 1957; Berman & Quinn,
1991; Brett, 1971; Kaya et al., 1977). Second, we did not explicitly
consider population-specific thermal tolerances. The thermal crite-
ria applied in our study were based on extensive research, primarily
on Pacific Northwest salmonids (U.S. EPA, 2003), and are protective
of salmonids in general, but specific salmonid populations may have
different thermal tolerances (Chen et al., 2013; Eliason et al., 2011;
Martins et al., 2011; Stitt et al., 2014; Zillig et al., 2018). However,
in cases where population-specific tolerances are known, these es-
timates can be easily incorporated in our framework to more accu-
rately quantify thermal stress. Third, we represented the movement
of salmon populations through stream habitats in a relatively coarse
way, for example, by assuming holding and early rearing take place
within known spawning distributions for specific populations. Thus,
we did not explicitly account for more fine-scale movement within or
among habitats that individuals may use to reduce exposure to unsuit-
able temperatures.

Finally, river temperatures will likely change in more complex ways

than the simple climate scenarios we considered. We based the +1°C

and +2°C increases on modeling work by Isaak, Wenger, Peterson,
et al. (2017) for August, but applied these predicted stream tempera-
ture changes to all months of the year because a lack of seasonal flow
projections prevented us from expanding stream temperature projec-
tions to other months. We also assumed that all streams would show
the same increase, but regionally averaged air temperature warming is
unlikely to represent actual stream temperature responses (Arismendi
et al., 2014). Additionally, it is difficult to predict stream temperature
responses for regulated rivers (i.e., below dams), although tempera-
tures in the lakes and reservoirs above dams will increase with climate
warming (e.g., Gooseff et al., 2005; Helfer et al., 2012; Williamson
et al., 2009), indicating that downstream temperatures may similarly
increase. Cooler streams may be less sensitive to increasing air tem-
perature than warmer streams, and Isaak et al. (2017) calculated sen-
sitivity parameters for each watershed. However, these sensitivities
resulted in small differences; for example, the maximum sensitivity
parameter (0.06, for Central California) would change future pre-
dicted temperatures of 11°C (from historical 10°C) and 21°C (from
historical 20°C) to 10.4 and 21.1°C, respectively. For our study, these
small sensitivities are likely negligible compared to the broad insights
we have gained regarding which ecotypes, life stages, and regions are

likely to be more or less sensitive to stream warming.

4.4 | Conclusions

Combining spatial distribution and phenology data with spatially
explicit and temporally explicit temperature predictions enables
researchers to examine temperature exposure for populations
throughout the year. Our expansion of the stream temperature
model to all months of the year allows assessment of historical and
future thermal conditions for >460,000 stream km in the western
U.S. Examining seasonal thermal exposure is particularly important
for migratory taxa with multiple life stages that have different sensi-
tivities to temperatures, as we illustrated with Chinook salmon. Our
results highlight that populations of species with variable phenology
and spatial distribution may respond differently to climate change,
and responses may be more closely related to intraspecific variation
in phenology (e.g., adult migration timing) than environmental con-
straints imposed by local geography. For Chinook salmon, ecotypes
with early adult migration phenotypes and prolonged adult holding
times in the summer (i.e., spring-run, winter-run, and some summer-
run) will experience higher levels of thermal stress with climate
change relative to ecotypes with later arrivals (i.e., fall-run). However,
hope lies in the thousands of stream km currently blocked by dams,
where thermal stress would be substantially reduced or even elimi-
nated for most ecotypes, even if stream temperatures warm by 2°C.
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