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Evidence of prevalent heat stress in Yukon River Chinook
salmon
Vanessa R. von Biela, Lizabeth Bowen, Stephen D. McCormick, Michael P. Carey, Daniel S. Donnelly,
Shannon Waters, Amy M. Regish, Sarah M. Laske, Randy J. Brown, Sean Larson, Stanley Zuray,
and Christian E. Zimmerman

Abstract: Migrating adult Pacific salmon (Oncorhynchus spp.) are sensitive to warm water (>18 °C), with a range of consequences
from decreased spawning success to early mortality. We examined the proportion of Yukon River Chinook salmon (O. tshawyts-
cha) exhibiting evidence of heat stress to assess the potential that high temperatures contribute to freshwater adult mortality in
a northern Pacific salmon population. Water temperatures greater than 18 °C have occurred almost annually in the Yukon River
and correspond with low population abundance since the 1990s. Using gene transcription products and heat shock protein
70 biomarkers validated by field experiment, we identified heat stress in half of Chinook salmon examined (54%, n = 477) across
three mainstem locations and three tributaries in 2016–2017. Biomarkers tracked wide variation in water temperature (14–23 °C)
within a tributary. The proportion of salmon with heat stress differed between years at four of the six locations, with more
prevalent heat stress in the warmer year. This work demonstrates that warming water temperatures are currently affecting
northern populations of Pacific salmon.

Résumé : Les saumons du Pacifique (Oncorhynchus spp.) en migration sont sensibles à l’eau chaude (>18 °C), les conséquences
pouvant aller d’une diminution du succès du frai à une mortalité précoce. Nous avons examiné la proportion de saumons
chinooks (O. tshawytscha) du fleuve Yukon qui présentent des indices de stress thermique afin d’évaluer la possibilité que des
températures élevées jouent un rôle dans la mortalité en eau douce des adultes dans une population septentrionale de saumons
de Pacifique. Des températures de l’eau supérieures à 18 °C se sont produites presque chaque année dans le fleuve Yukon et
correspondent à de faibles abondances de la population depuis les années 1990. En utilisant des biomarqueurs de produits de
transcription génique et de la protéine de choc thermique 70 validés par une expérience de terrain, nous avons relevé un stress
thermique chez la moitié des saumons chinooks examinés (54 %, n = 477) dans trois sites du cours principal et dans trois affluents,
en 2016–2017. Les biomarqueurs témoignent de grandes variations de la température de l’eau (14–23 °C) au sein d’un affluent. La
proportion des saumons présentant un stress thermique diffère entre les deux années dans quatre des six sites, la prévalence du
stress thermique étant plus grande durant l’année plus chaude. Ces travaux démontrent que la hausse des températures de l’eau
a actuellement une incidence sur les populations septentrionales de saumons du Pacifique. [Traduit par la Rédaction]

Introduction
Air temperatures in the Arctic have warmed by more than 2 °C

since the late 19th century, disproportionally higher than the
0.8 °C rise globally during the same time period (Post et al. 2019).
Recently, the rate of Arctic warming has accelerated, with 0.75 °C
of the 2 °C increase occurring in just the last decade (Post et al.
2019). Indeed, the five warmest years on record globally have all
occurred since 2015 (NOAA and NASA 2020), and in Alaska four of
the five warmest years have occurred since 2014. The negative
effects of warming on Arctic specialist species have been widely
anticipated and increasingly well-documented (reviewed in Post
et al. 2019). A less obvious result of disproportionate and acceler-
ating warmth at high latitudes could be negative effects on more
generalist, broadly distributed Northern Hemisphere fish and

wildlife species encountering unsuitable temperatures at their
northern range extent. Pacific salmon (Oncorhynchus spp.) are an
ideal taxon for examining the possibility that fish and wildlife
species are already encountering unsuitable habitats at their
northern range extents. There is a long history of Pacific salmon
thriving at northern latitudes with a wide range of climatic con-
ditions (Finney et al. 2000). They occur over a broad geographic
distribution, and the negative effects of heat stress in the south-
ern parts of their range have been well-documented (Crozier et al.
2008; Hinch et al. 2012). Heat stress is a cellular and physiological
stress response that can cause mortality and results from warm-
ing beyond suitable temperatures. High water temperatures may
cause mortality through several mechanisms, including increased
virulence of pathogens (McCullough 1999; Kocan et al. 2009;
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Miller et al. 2011), steep increases in metabolic rate that outstrip
energy resources (Rand et al. 2006), and an oxygen demand that
exceeds the heart’s capacity to deliver oxygen (Farrell et al. 2008;
Eliason et al. 2013). We hypothesized that water temperatures are
already warm enough to induce heat stress in migrating adults
near the northern range extent of Pacific salmon in Alaska’s sub-
arctic Yukon River.

The Yukon River is a subarctic, seasonally ice-covered, trans-
boundary river originating in Canada. It flows through the US
state of Alaska and terminates in the Bering Sea. The watershed
area (�850 000 km2) is the fifth largest in North America and
supports important Pacific salmon fisheries (Revenga et al. 1998;
Brabets et al. 2000). Despite the high latitude (�62°N to 67°N) and
ice-covered winters, summer water temperatures have consis-
tently exceeded typical thresholds associated with stress and ele-
vated mortality in migrating adult Pacific salmon (>18 °C) at lower
latitudes (�44°N to 50°N; McCullough 1999; Wagner et al. 2005;
Crossin et al. 2008; Keefer et al. 2008; Mathes et al. 2010; Strange
2010; Hinch et al. 2012; Bowerman et al. 2016). Indeed, water tem-
perature in the Yukon River during spawning migration met or
exceeded 18 °C in 85% of years, 19 °C in 70% of years, and 20 °C in
40% of years (n = 23 years: 1996–2019, except no data in 2006) at
Pilot Station, Alaska (Fig. 1). Surprisingly, the peak summer water
temperatures for the Yukon River are generally similar to that of
the Fraser River (Hinch et al. 2012), despite the Fraser River being
�3000 km further south. Fraser River sockeye salmon (Oncorhynchus
nerka) have been used as a model system for assessing heat stress
and related mortality that can exceed 90% in the warmest cases
(reviewed by Hinch et al. 2012). Even water temperature of 18 °C
can double adult sockeye salmon mortality rates compared with
cooler temperatures if the exposure is prolonged (i.e., weeks;
Crossin et al. 2008). Mortality of migrating and spawning adults
due to heat stress can undermine escapement-based management
practices and exacerbate population declines if a large compo-
nent of the individuals counted do not successfully reproduce.

Chinook salmon (Oncorhynchus tshawytscha) have been a manage-
ment focus in the Yukon River and broader Arctic–Yukon–Kuskokwim
(AYK) region of Alaska and Canada since a population decline
occurred in the late 1990s and failed to recover (Kruger and
Zimmerman 2009; ADF&G 2013; AYK-SSI 2013). The causes of the
initial population decline and failure to recover are unclear
(Kruger and Zimmerman 2009; ADF&G 2013; AYK-SSI 2013). Low
Chinook salmon numbers are a hardship for virtually all residents

in the region given their key role in the local economies, food
security, and culture (ADF&G 2013). In contrast with other regions
with declining salmon populations across North America, fresh-
water and marine habitats are largely intact in the AYK region
with little development and sparse human populations (Brabets
et al. 2000). Evidence of heat stress in Yukon River salmon is
limited to anecdotal observations of listless behavior during
warm water periods (generally >20 °C) and the Pacific salmon
mortality event that occurred across Alaska in 2019, where car-
casses of various species were observed along migration corridors
with eggs retained (i.e., en route mortality) (various observations
from LEONetwork.org and media stories; Westley 2020).

Cellular and physiological biomarkers of heat stress precede
obvious behavioral changes, which provide an early warning of
heat stress that is often predictive of death (Miller et al. 2011;
Jeffries et al. 2012). Changes in gene transcription (mRNA) and
protein expression of heat shock proteins are natural biomarkers
of cellular stress that may provide information for assessing the
prevalence of heat stress in wild populations (Iwama et al. 1998;
Basu et al. 2002; Deane and Woo 2011; Jeffries et al. 2012). Many
genes and proteins are highly conserved among taxa and allow for
comparisons across a wide array of species (Welch 1993; Feder and
Hofmann 1999; Basu et al. 2002). These techniques require exper-
imental validation studies to demonstrate the response of specific
genes or proteins to high temperatures and establish the specific
signatures that reflect heat stress. Validations with model labora-
tory species and more southern wild populations have supported
the use of these biomarkers to identify heat stress in salmonids
(Feder and Hofmann 1999; Basu et al. 2002; Iwama 2004; Crossin
et al. 2008; Chadwick and McCormick 2017).

Here, we conducted an experimental temperature manipula-
tion with a subset of wild Yukon River Chinook salmon to validate
heat stress biomarkers and subsequently estimated the propor-
tion of adult Chinook salmon with heat stress biomarkers across
six collection locations in the Yukon River watershed that were
sampled in 2 years (2016 and 2017) with different water tempera-
tures. While differences in water temperatures were small be-
tween the 2 years, water temperatures in July of both years were
predominantly >18 °C and in a range where the Pacific salmon
heat stress response is known to be extremely sensitive. We clas-
sified each Chinook salmon as heat-stressed or not using thresh-
olds of muscle gene transcription levels and heat shock protein 70
(HSP70) abundance developed from the experiment. Gene tran-

Fig. 1. Water temperatures recorded by the Alaska Department of Fish and Game during the seasonal peak of temperature in July near Pilot
Station, Alaska, 1996–2019. Data include all measurements made from both river banks. Averages were not calculated, as measurement frequency
varies across years from one or no measurements made each day by hand (2005 and prior) to consistent and frequent measurements at 4 h (2007–2011) or
hourly (2012–2019) intervals daily. Dashed lines indicate the two experimental temperatures, 18 and 21 °C, shown in this experiment to induce a low
and high level of heat stress, respectively. Data available at https://www.adfg.alaska.gov/CF_R3/external/sites/aykdbms_website/Default.aspx.
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scription levels were measured for a panel of 12 genes associated
with heat shock (HSP27, HSP70, HSP90), oxidative stress and detox-
ification (AHR, CYP1A, SOD, MT-A), immune system function (AHR,
tbx21, Gata3, MX1, IFNa), and metabolism (leptin) (Table 1). The gene
transcription and protein biomarkers were examined jointly be-
cause they provide different snapshots of the heat stress response,
as gene transcription precedes protein translation, and the com-
bination of the two biomarkers may also help differentiate be-
tween moderate and severe heat stress (Lund et al. 2002; Lewis
et al. 2016).

Methods

Temperature manipulation experiment
A temperature manipulation experiment was conducted in the

lower Yukon River, adjacent to the Alaska Department of Fish and
Game’s (ADF&G) test fishery site (61.94716°N, 162.84161°W) at the
beginning of the spawning migration in June, when ambient wa-
ter temperatures were cooler to ensure that individuals had not
already experienced temperatures near or above heated treat-
ment conditions. Pilot Station is a mixed stock, and population
fishery and genetics (single nucleotide polymorphisms) estimates
the contributions of three major groups during the experiment
(mid-June 2018) were approximately 10% US lower Yukon, 40% US
middle Yukon, and 50% Canada (West and Prince 2019), such that
the experimental results are unlikely to be specific to a particular
stock or population. Genetic stock assignments are not available
for individual Chinook salmon. Across the Yukon River basin,
183 separate Chinook salmon spawning areas are known, with
32 areas being major producers, suggesting the potential for a
high number of genetic populations (Brown et al. 2017).

Sample size was determined in consultation with ADF&G man-
agers and was limited given the low population size of Yukon
River Chinook salmon. Briefly, up to three individual Chinook
salmon were acquired daily from the ADF&G test fishery across 9
consecutive days (n = 27) and randomly assigned to one of three
tanks: control (�15 °C), 18 °C, or 21 °C. The treatment tempera-
tures were selected because they already occur with some fre-
quency in the mainstem Yukon River as well as some tributaries
and headwater streams (Zuray 2010; Carlson and Edwards 2017;
Conitz 2018; Koch et al. 2020) (Fig. 1) and spanned the temperature
range associated with heat stress, decreased migration perfor-
mance, and increased mortality based on review of literature
(McCullough 1999; Goniea et al. 2006; Farrell et al. 2008; Keefer
et al. 2008; Martins et al. 2012). Water temperatures of 18 and 21 °C
are likely near the thresholds for detecting heat stress and the
upper temperature limit, respectively, for migrating Chinook

salmon (McCullough 1999). Animals were cared for in accordance
with the Guide for the Care and Use of Laboratory Animals (NAS
2011). This work was approved by the USGS Alaska Science Center
Animal Care & Use Committee (ACUC 2018-04) and under a permit
from the ADF&G (SF2018-132).

Treatment tanks were 587 L polyethylene stock tanks with a
liquid propane fueled heater to raise temperature, electric aquar-
ium heaters to maintain temperature, circulation pumps to pre-
vent thermal stratification, aerators to supplement dissolved
oxygen, and temperature loggers to record water temperature
every 5 min. Each experimental run lasted �6 h with 1 or 2 h of
heating (18 and 21 °C, respectively) and a minimum of 4 h at the
treatment temperature. Prior experiments indicate that 4 h is
sufficient to elicit gene transcription and protein responses to
heat stress (Buckley et al. 2006). The rate of temperature rise to
treatment temperatures was 3.71 ± 1.31 °C (mean ± SD), with a
mean hold temperature of 18.0 °C in the low heat stress treatment
(range = 17.3–18.6 °C) and 20.9 °C in the high heat stress treatment
(range = 19.8–22.0 °C). Individuals in the control group were held
at a near consistent ambient water temperature until the comple-
tion of the heat treatments each day. Details of the heating and
control system used for these experiments can be found in
Donnelly et al. (2020).

All fish were sacrificed immediately following the 4 h period at
the target temperature by cranial stunning. All individuals in the
control and 18 °C groups survived the trial, but one individual that
began the 18 °C trial failed to acclimate to the tank and was re-
leased. Fifty-six percent (n = 9) of those in the 21 °C treatment
group survived and provided samples for this study. Mortality in
the 21 °C treatment is not surprising given that 21 °C has been
suggested as the upper thermal limit for migrating Chinook
salmon (McCullough 1999). Experimental mortality is discussed in
greater detail in Donnelly et al. (2020). Individuals that survived
the 21 °C treatment were not especially lethargic or moribund and
were similar in appearance and behavior to fish in other treat-
ments. Twenty-two individuals were used in the experimental
results, with nine in the control group, eight in the 18 °C treat-
ment group, and five in the 21 °C treatment group. Samples con-
sisted of three muscle biopsy plugs taken from the white dorsal
muscle above the lateral line and posterior to the operculum.
Muscle tissue was chosen because it can be sampled nonlethally in
adult salmonids with minimal training by those already staffing
monitoring sites. All samples were immediately placed in micro-
centrifuge tubes and then into a liquid nitrogen dry shipper. All
tissue samples were stored at –70 °C or below until laboratory

Table 1. Genes examined with their description, associated pathway, and references.

Full name
Short
name Function Reference

Heat shock protein 27 HSP27 Heat stress chaperone Basu et al. 2002
Heat shock protein 70 HSP70 Heat stress chaperone Iwama et al. 1999; Tsan and Gao 2004
Heat shock protein 90 HSP90 Heat stress chaperone Iwama et al. 1999; Tsan and Gao 2004
Leptin leptin Metabolism: lipid liberation and storage Copeland et al. 2011
Th2-specific transcription factor Gata3 Immune system: initiates Th2 response in

the presence of parasites
Wang et al. 2010

Th1-specific interferon alpha, type I IFNa Immune system: cytokines for viruses; Th1 Robertsen 2018)
Orthomyxovirus resistance gene 1 MX1 Immune system: antiviral activity Verrier et al. 2011
Th1-specific Tbox transcription factor tbx21 Immune system: initiates Th1 response in

the presence of intracellular pathogens
Wang et al. 2010

Aryl hydrocarbon receptor AHR Immune system: inflammation and Th
differentiation

Quintana et al. 2008; Veldhoen et al. 2010

Detox: oxidative metabolism regulator
Hydrocarbon-inducible cytochrome P4501A CYP1A Detox: oxidative metabolism enzyme Erdoǧan et al. 2011
Cyp1A superoxide dismutase SOD Detox: anti-oxidant enzymes Roberts et al. 2006
Metallothionein A MT-A Detox: oxidative metabolism enzyme Erdoǧan et al. 2011; Vignesh and Deepe 2017

Note: Associated pathways indicate the function each gene is most associated with and is not comprehensive of all known roles.
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work was conducted to assess the gene transcription and protein
abundance.

Experimental laboratory analyses
Genes are denoted in italic font (e.g., HSP70) and proteins are

denoted in plain font followed by the word “protein” (e.g., HSP70
protein) for clarity throughout. The particular genes selected for
this study are relatively well-studied, with heat shock genes se-
lected for their specific response to elevated water temperatures
and the remaining genes selected for their broad response to a
variety of stressors (references in Table 1). Gene transcription was
measured using quantitative real-time polymerase chain reaction
(qPCR) assays of mRNA at the US Geological Survey Western Eco-
logical Research Center in Davis, California, USA. Total RNA was
extracted from ground muscle tissue using the RNeasy Lipid Tis-
sue Mini Kit (Qiagen; www.qiagen.com). To remove contaminat-
ing genomic (g)DNA, extracted total RNA was treated with
10 U·�L–1 of RNase-free DNase I (DNase, Amersham Pharmacia
Biotech Inc.) at room temperature (20–30 °C) for 15 min. The ex-
tracted RNA was stored in a –80 °C freezer until analyzed.

A standard cDNA synthesis was performed on 2 �g of RNA tem-
plate from each salmon. Reaction conditions included four units
reverse transcriptase (Omniscript, Qiagen, Valencia, California),
1 �mol·L–1 random hexamers, 0.5 mmol·L–1 each dNTP, and 10
units RNase inhibitor, in reverse transcription (RT) buffer (Qiagen,
Valencia, California). Reactions were incubated for 60 min at
37 °C, followed by an enzyme inactivation step of 5 min at 93 °C,
and then stored at –20 °C until further analysis.

Briefly, 1 �L of cDNA was added to a mix containing 12.5 �L of
QuantiTect Fast SYBR Green Master Mix (5 mmol·L–1 Mg2+; Qiagen,
Valencia, California), 0.5 �L each of forward and reverse sequence-
specific primers (Table 2), and 10.5 �L of RNase-free water; total
reaction mixture was 25 �L. The primers for HSP27, HSP70, and
HSP90 are specific to the inducible forms of these genes. The reac-
tion mixture cDNA samples for each gene of interest and refer-
ence genes were loaded into MicroAmp Fast Optical 96 well
reaction plates in duplicate and sealed with optical sealing tape
(Applied Biosystems, Foster City, California). Reaction mixtures
containing water, but no cDNA, were used as negative controls.

Amplifications were conducted on a QuantStudio 3 Real-time
Thermal Cycler (Applied Biosystems, Foster City, California), us-
ing the QuantStudio 3 software. Reaction conditions were as fol-
lows: an initial hold stage of 95 °C for 20 s, 40 cycles of 95 °C for 1 s,
and 60 °C for 20 s. The melt curve was 95 °C for 1 s, 60 °C for 20 s,
and 0.3 °C·s–1 temperature increase, and then 95 °C for 1 s.

We analyzed qPCR data using normalized values calculated as
the threshold cycle (CT) of the reference gene subtracted from the
CT of the gene of interest, where CT is the amplification cycle that

allows for detection (Bustin 2002). Because samples with inher-
ently higher numbers of transcripts require fewer amplification
cycles for detection, lower normalized values indicate that more
transcripts are present. A change in normalized value of 2 is ap-
proximately equivalent to a fourfold change in the amount of the
transcript.

HSP70 protein abundance of the inducible form was analyzed at
the US Geological Survey S.O. Conte Anadromous Fish Research
Laboratory, Turners Falls, Massachusetts, USA. Muscle from the
dermal punch was separated from subdermal fat and skin and
weighed to the nearest milligram. All tissues were thawed and
homogenized with a Kontes Pestle Pellet handheld homogenizer
(Thermo Fisher Scientific, Hampton, New Hampshire, USA) in 10
volumes of SEID (150 mmol·L–1 sucrose, 10 mmol·L–1 EDTA (ethyl-
enediaminetetraacetic acid), and 50 mmol·L–1 imidazole, pH 7.3
plus 0.1% deoxycholic acid). Homogenates were centrifuged at
3000g for 7 min at 4 °C. A portion of the resulting supernatant was
immediately diluted with an equal volume of 2× Laemmli buffer,
heated for 15 min at 65 °C, and stored at –80 °C. A small volume of
supernatant was used to determine total protein concentration in
quadruplicate using the Pierce BCA Protein Assay kit (Thermo
Fisher Scientific, Hampton, New Hampshire, USA). Thawed sam-
ples were run on a 7.5% SDS–PAGE gel along with Precision Plus
protein standards at 5 �g in a reference lane (Bio-Rad Laborato-
ries, Hercules, California, USA). Dilution titration for tissue ho-
mogenates was completed to establish the range of linearity. A
total of 10 �g of muscle protein was loaded per sample. Two lanes
were reserved on each gel for a standard consistent tissue prepa-
ration as reference to control for blot-to-blot variation and to
allow for comparison across all treatments and locations. Follow-
ing electrophoresis, proteins were transferred to Immobilon
polyvinylidene difluoride (PVDF) transfer membrane (Millipore,
Bedford, Massachusetts, USA) at 30 V overnight in 25 mmol·L–1

Tris, 192 mmol·L–1 glycine buffer, pH 8.3. Equal loading was veri-
fied by reversible total protein staining with ponceau S. Samples
with unequal loading or alternate banding patterns were re-
moved from analysis. PVDF membranes were blocked with 5%
nonfat dry milk in PBST (phosphate buffered saline plus 0.1% Tri-
ton X-100) for 1 h at room temperature, rinsed in PBST, and ex-
posed to primary polyclonal antibody specific for the inducible
form of salmonid HSP70 (AS05061; Agrisera, Vannas, Sweden) at
1:25 000 dilution in PBST with 5% nonfat dry milk for 1 h at room
temperature. After rinsing in PBST, blots were exposed to goat anti-
rabbit IgG conjugated to horseradish peroxidase diluted 1:10 000 in
PBST and 5% nonfat dry milk for 1 h at room temperature. Blots were
washed in PBST and incubated for 1 min in a 1:1 mixture of enhanced
chemiluminescent (ECL) solution A (396 �mol·L–1 coumaric acid,

Table 2. Chinook salmon quantitative real-time polymerase chain reaction primers.

Gene Primer name FP1 Primer name RP1 rc
Expected
amplicon (bp)

HSP90 Onts HSP90 F1 atgatcgggcagttcggtg Onts HSP90 R1rc agtgtcaactttgacagtgaa 140
HSP70 Onts HSP70 F1 gcaccctctcctccagca Onts HSP70 R1rc ggtaccgcggaacaggtca 124
CYP1A Onts CYP1A F1 agacagtccgccaggctc Onts CYP1A R1rc agccttgtcggtgctgaag 115
AHR Onts AHR F gctccagatgtggtcaagt Onts AHR R gagtttgtccaggcgaga 122
HSP27 Onts HSP27 F ctgacgctgagaaggtga Onts HSP27 R tagggcttggtcttgctg 135
MT-A Onts MT-A F atcttgcaactgcggtgg Onts MT-A R gacagcagtcgcagcaac 253
SOD Onts SOD F3 gagacaacaccaacggctgt Onts SOD R3rc gctcctgcagtcacgttgc 120
IFNg2 Onts IFNg2 F3 tataagatctccaaggaccag Onts IFNg2 R2rc ccagaaccacactcatcaac 100
MX1 Onts MX1 F1 ctgatgtggagaagaaaattcg Onts MX1 R1rc gcaggtcgatgagtgtgag 128
Gata3 Onts GATA F2 caagcgacgactgtctgca Onts GATA R3rc gaccgcaagcgttacacac 118
tbx21 Onts TBX21 F agtgaaggaggatggttctgag Onts TBX21 R ggtgatgtctgcgttctgatag 111
IFNa Onts IFNa F cctgccatgaaacctgagaaga Onts IFNa R tttcctgatgagctcccatgc 107
leptin Onts Lep F1 cttccatagtggagaccatg Onts Lep R1rc ggcagcgtgatatcatccag 131
rpL8 Onts rpL8 F ttggtaatgttctgcctgtg Onts rpL8 R gggttgtgggagatgactg 129
EF1a Onts EF1a F1 gcgtggtatcaccattgaca Onts EF1a R2rc ctgagaggtaccagtgatca 120
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2.5 �mol·L–1 luminol, 100 mmol·L–1 Tris, pH 8.5) and ECL B (0.018%
H2O2, 100 mmol·L–1 Tris, pH 8.5), and then digitally imaged and quan-
tified (Syngene PXi, GeneTools, Frederick, Maryland, USA). All blots
were normalized to the internal standard consistent tissue prepara-
tion and are represented as a ratio to the mean standard value that
we refer to as HSP70 relative abundance.

Statistical analyses of controlled experiment
Heat stress was inferred through differences between fish held

in the control and elevated temperature treatments that allow for
high classification accuracy (correct classification > 75%) for both
the gene transcript levels and HSP70 protein abundance. Follow-
ing separate statistical analyses for the two biomarkers, heat
stress classifications based on gene transcription and HSP70 pro-
tein were considered jointly, with indications of heat stress in
both biomarkers interpreted as more severe stress (Lund et al.
2002; Lewis et al. 2016).

A linear discriminate analysis (LDA) was used to identify the
combination of muscle gene transcript levels that best classified
individuals among the control and two elevated temperature
treatments. LDA was chosen as the data reduction technique, as it
explicitly attempts to model the difference among a priori
groups. Specifically, the “lda” function in the MASS package of
R (Venables and Ripley 2002) was implemented to identify a
linear combination of the mRNA transcript values from genes
that results in maximum separation between the centers of the
groups while minimizing variation within the groups.

Data for all genes were examined to assess statistical assump-
tions of normal distribution and multicollinearity. The muscle
mRNA transcript data for leptin were removed because concurrent
investigations of similar data in Yukon River Chinook salmon that
were not part of the experiment revealed a violation of normal
distribution due to a high frequency of individuals without detect-
able levels of leptin and the need for any model developed from the
experimental results to be applicable to the broader population of
Chinook salmon. MT-A was also removed from the analysis due to
strong positive correlations (r > 0.60) with both HSP27 and IFNa
that were not dependent on a single influential point (i.e., outlier).

Given the small experiment sample size, a sequential reduction
in the number of genes in the LDA was preformed to limit the
number of genes used in the model and reduce overfitting. The
sequential reduction was based upon gene transcript data that
were centered and scaled prior to analysis so that coefficients
reflected the influence of each gene in the model. The least influ-
ential gene with the coefficient closest to zero (mean of LD1 and
LD2 coefficients weighted by the variation attributed to each LD)

was dropped from the analysis sequentially until the classification
rate fell below the desired threshold of 75%. The model that used
the fewest number of genes and still maintained a classification
rate of >75% was considered the preferred model. HSP70 protein
abundance was plotted and visually examined for the location of
a threshold that best separated fish among treatments. The mean
HSP70 abundance was compared among treatments using a one-
way analysis of variance (ANOVA).

Application of experimentally derived heat stress thresholds
Muscle biopsy samples were collected from 477 live Chinook

salmon during their spawning migration in the Yukon River wa-
tershed during summers of 2016 and 2017 (Table 3). The timing of
sample collection varied by sites to generally align with the peak
of spawning migration at each location. Collection locations were
annual management assessment projects or subsistence fishing
efforts that varied in capture methods. Chinook salmon were sam-
pled in Alaska at three locations on the mainstem Yukon River
and three tributaries. Mainstem sites sample a mix of popula-
tions, while tributary locations presumably sample a single pop-
ulation. Genetic stock identification is not routine at all collection
sites, nor are genetic assignments available for individual fish or
designed to identify the spawning population (West and Prince
2019). This work was approved by the USGS Alaska Science Center
Animal Care & Use Committee (ACUC 2017-08) and under permits
from the ADF&G (SF2016-186 and SF2017-167).

Mainstem Yukon River locations were near the mouth at Em-
monak (ADF&G test fishery gillnets), subsistence fish wheels in
the middle portion of the mainstem Yukon River (Rapids Fish
Wheel operated by Stan Zuray and others), and just before the
Canadian border at Eagle (ADF&G test fishery gillnets). Individuals
captured at the Rapids Fish Wheel are predominantly Canadian
stocks, as there are only two major spawning areas in the US
beyond there, and all individuals captured at Eagle are Canadian
stocks (Eiler et al. 2014; Brown et al. 2017). Upstream migration in
the main stem occurs primarily in June and July. Tributary collec-
tions occurred at weirs in the East Fork Andreafsky and Gisasa
rivers (US Fish and Wildlife Service) and electrofishing in the
Chena and Salcha rivers (ADF&G). Fish collected in the Chena and
Salcha rivers were grouped together for analysis because both are
components of the Tanana River with similar migration routes
and temperature histories. Sampling at all tributary locations oc-
curred primarily in July. In all cases, muscle biopsies were taken
within minutes of capture, including at the Rapids Fish Wheel
where individuals were sampled directly from the capture basket
and not the live-well holding box. This approach assumes that

Table 3. Sample size (n) and length (mean mideye to fork length ± standard deviation in
mm) for field sampled Chinook salmon at sites in the Yukon River and tributaries in 2016
and 2017 along with the dates when sample collections occurred.

Location Year Sampling date n Length (mm)

Mainstem Yukon River
Emmonak 2016 10–18 June 45 801±113

2017 8–21 June 38 773±80.5
Rapids 2016 6–7 July 39 622±111

2017 5–7 July 30 681±111
Eagle 2016 11 July – 2 August 40 790±79.1

2017 16 July – 9 August 33 789±71.5

Tributaries
East Fork Andreafsky River 2016 30 June – 14 July 46 708±89.0

2017 23 June – 5 July 40 648±126
Gisasa River 2016 4–18 July 38 665±97.6

2017 3–20 July 39 668±105
Chena River 2016 13–18 July 51 676±81.1

2017 18 July 38 775±66

Note: Sample size reflects the number of individuals for which data were obtained for gene transcrip-
tion and HSP70 protein analyses.
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capture, short handling time (minutes), and differences in capture
methods described here have no effect on the cellular stress bio-
markers used because they require hours for response (Lund et al.
2003; Buckley et al. 2006). To date, there is no evidence that phys-
ical stressors and confinement can induce heat shock proteins in
fish, nor does cortisol (which does respond rapidly to stressors)
have direct effects on heat shock proteins (Deane and Woo 2011).
Moreover, the experimentally derived heat stress classifications
are developed by contrasting control fish with heated fish. Thus,
heat stress classifications are primary related to the water temper-
ature while minimizing the potential effects of capture and con-
finement that are more likely in tissue samples collected hours
after capture and confinement.

All laboratory analyses of gene transcription and HSP70 protein
were conducted in an identical fashion as above for the experi-
mental fish. The preferred LDA model for classifying experimen-
tal fish to their respective treatments was then applied to gene
transcript data from the field-sampled fish to classify each indi-
vidual as grouping with control fish that were not heat-stressed,
18 °C treated fish, or 21 °C treated fish. Only the experiment data
were used to estimate the model coefficients. Because the gene
transcript CT values of the field-sampled fish likely differed in
their gene-specific means and standard deviations from the exper-
iment fish, the classifications of field-sampled fish were based on
coefficients from a model that was refit with transcript data that
was not centered and scaled from experimental fish.

Assessment of experimentally derived models to identify
heat stress in field-sampled fish

A subset of field-sampled fish (n = 477), just those from the East
Fork Andreafsky site collected in 2016 and 2017 (n = 86), were used
to assess the experimentally derived thresholds to identify heat
stress. At this location, individuals have spent enough time in
fresh water (�200 river kilometres (rkm) over several days at a
minimum) to encounter warm water but have not traveled so far
that a reasonable assessment of their temperature history is diffi-
cult. At sites further upstream in the Yukon River watershed,
spans stretching hundreds of river kilometres lack water temper-
ature data and preclude a reasonable assessment of temperatures
previously encountered. Moreover, the individuals captured at
this location experienced a wide range of temperatures, including
seasonal increases that rose to >23 °C in 2016. The East Fork An-
dreafsky is one of only two major spawning populations that are
downstream from the experimental location and therefore could
not have contributed to the sample used in the experiment.

The relationships between results from each individuals heat
stress biomarkers were compared with the 3-day maximum water
temperature at the capture location (maximum temperature on
the day of and 2 days prior to capture based upon US Fish and
Wildlife Service water temperature data collected at East Fork
Andreafsky River weir every 15 min). The 3-day maximum temper-
ature from the capture location is a reasonable metric for recent
temperature history given that the capture location on the East
Fork Andreafsky River is just 43 rkm from the mainstem Yukon
River. While lower Yukon River Chinook salmon could travel that
distance in about 1–1.5 days (Eiler et al. 2015), warm water temper-
atures are known to decrease migration speeds by �50% in Co-
lumbia River Chinook salmon (Goniea et al. 2006) and may result
in a travel time closer to 3 days if speed reductions with warming
temperatures are comparable. To assess the strength of gene tran-
scription data to identify heat stress caused by warm tempera-
tures, the 3-day maximum temperature was compared with the
LD1 value calculated for each fish captured in the Andreafsky
River using linear regression. LD1 values were predicted from each
individual’s gene transcription data using coefficients estimated
during the experiment. LD1 captured the majority (70%) of the
variability in the gene transcription data used to assigned individ-
uals among the control and experimental treatments (see Re-

sults). Similarly, we plotted the HSP70 protein abundance relative
to the 3-day maximum temperature. Next, we tested whether the
presence of elevated HSP70 abundance was related to the 3-day
maximum temperature using logistic regression (values greater
than threshold set to 1 and values less than or equal to threshold
set to 0).

Heat stress proportions and water temperatures across the
Yukon River watershed

Each field-sampled fish was classified as heat-stressed or not
based on gene transcription levels and HSP70 protein abundance.
An individual was classified as stressed if the LDA equation devel-
oped from experiment fish classified the individual with Chinook
salmon treated at 18 or 21 °C or if their HSP70 protein abundance
exceeded 0.14, the experimental derived threshold. The propor-
tion of individuals with evidence of heat stress in either bio-
marker was calculated for each location and year. The proportion
of individuals with evidence of heat stress were compared be-
tween years at each site using a z test for independent propor-
tions.

Water temperature data were available from the mainstem Yu-
kon River and the three tributaries where Chinook salmon were
captured in 2016 and 2017. Mainstem Yukon River water temper-
atures were measured hourly by ADF&G in the lower river near
Pilot Station on the left and right sides of the river using HOBO Pro
v2 data logger. In the East Fork Andreafsky and Gisasa rivers,
water temperatures were measured every 15 and 20 min, respec-
tively, by US Fish and Wildlife Service at the weirs using HOBO Pro
v2 data loggers. In the Chena River, water temperatures were
measured every 15 min by the US Geological Survey at the gage
station near Two Rivers, Alaska (station number 15493000).
Monthly mean water temperatures were compared in each river
between years using a Welch’s t test for unequal variances for
qualitative comparison with interannual differences in the heat
stress proportions. All data and metadata associated with this
study is publicly available in von Biela and Donnelly (2020) and
von Biela et al. (2020).

Results

Temperature manipulation experiment
Heat stress was inferred through differences in gene transcrip-

tion of individuals in both the 18 and 21 °C treatment groups
compared with the control group. The mean and standard error
for all normalized qPCR data that reflected gene transcript levels
from each experimental treatment were calculated to visualize
input data used in the LDA (Fig. 2). The LDA produced two linear
combinations of the continuous predictor variables, LD1 and LD2,
and established a threshold that classified individuals based on
their location in the ordination of LD1 and LD2. Data from the ten
genes that met statistical assumptions (HSP27, HSP70, HSP90,
Gata3, tbx21, MX1, IFNa, AHR, SOD, and CYP1A) classified individuals
by treatment with 82% accuracy, with LD1 accounting for 61% and
LD2 accounting for 39% of the variability. Sequential model reduc-
tion to include fewer genes resulted in a preferred model with six
genes (HSP70, HSP90, Gata3, IFNa, AHR, and SOD) with a classifica-
tion rate among the three treatments of 77% (Fig. 3A). Misclassifi-
cation of individuals by the preferred model always involved the
intermediate 18 °C treatment. No individuals from the control
were classified with the 21 °C fish or vice versa. Among individuals
in the control group, classification was accurate in 88% of individ-
uals, with one misclassification to the 18 °C treatment. Similarly,
80% of individuals from the 21 °C treatment were correctly classi-
fied, and only a single fish was misclassified to the 18 °C treat-
ment. Classification rate was lowest among fish from the 18 °C
treatment at 63%, with one individual grouped with the control
and two individuals grouped with the 21 °C treatment. If the clas-
sifications are summarized as more simplistic control or heat-
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treated (18 and 21 °C combined), 91% of individuals are correctly
classified by the LDA.

The LDA based upon centered and scaled gene transcript data
resulted in the following coefficients, with LD1 accounting for 70%
of the variability across the six genes and LD2 account for the
remaining 30%:

(1) LD1 � 0.83HSP70 � 1.97HSP90 � 0.88Gata3 � 2.06IFNa
� 0.04AHR � 1.96SOD

(2) LD2 � �1.06HSP70 � 0.07HSP90 � 0.07Gata3 � 7.04IFNa
� 3.08AHR � 1.54SOD

Higher normalized qPCR values used in the analysis indicate
less mRNA transcript. For example, positive coefficients of LD1
indicate a higher normalized value from qPCR moving from left to
right along the LD1 axis, but less mRNA transcript. The first linear
discriminate axis, LD1, of the six-gene model accounted for 70% of
the variation in the genes examined and primarily separated in-
dividuals from the 21 °C treatment group from both the 18 °C
treatment and control groups (Fig. 3). The positive coefficients and
relative position of fish from the treatments in Fig. 3 indicated
that 21 °C treatment group had more transcript for the genes
HSP70, HSP90, and Gata3 and less transcript for IFNa and SOD com-
pared with control and 18 °C groups. The second linear discrimi-
nate axis, LD2, accounted for the remaining 30% of the variation
in the gene transcript data and primarily separated fish between
the 18 °C treatment and control groups (Fig. 3). Coefficients indi-
cated that fish from the 18 °C treatment group had more tran-
script from HSP70, IFNa, and SOD (i.e., negative coefficients
indicate a lower normalized qPCR value and more gene transcript,
moving upward along the LD2 axis in Fig. 3), but less AHR com-
pared with the control group. Coefficients for the genes HSP90 and
Gata3 were near zero for LD2 and indicated little influence in
distinguishing between the 18 °C treatment and control groups.

The reduced six-gene model was refit with data that was not
centered and scaled for application to Chinook salmon collected

across the Yukon River watershed that were not part of the exper-
iment. The formulae for LD1 and LD2 fitted by the analysis were

(3) LD1 � 0.67HSP70 � 1.08HSP90 � 0.13Gata3 � 0.36IFNa
� 0.02AHR � 1.27SOD

(4) LD2 � �0.87HSP70 � 0.04HSP90 � 0.01Gata3 � 1.23IFNa
� 1.09AHR � 1.00SOD

HSP70 protein abundance distinguished fish in the 21 °C treat-
ment group and was higher compared with both the 18 °C treat-
ment and control groups in muscle (ANOVA; F = 4.95, P = 0.02;
Fig. 3B). The threshold that separated HSP70 protein values be-
tween control and 21 °C fish with the fewest misclassifications was
0.14 (Fig. 3B). The threshold for HSP70 protein from muscle tissue
resulted in correct classifications for 93% of individuals overall,
with 100% correct classifications of fish in the control group and
80% correct classification of fish in the 21 °C fish treatment group.
Only the 21 °C treatment group elicited a detectable response in
both gene transcription and the HSP70 protein.

Assessment of experimentally derived model to identify
heat stress

Among Chinook salmon captured in the East Fork Andreafsky
River, the 3-day maximum water temperature was related to the
LD1 value of gene transcript data calculated based on coefficients
that were fit using only fish from the experiment (eq. 3; linear
regression, y = –0.92x + 17.6, t = –9.46, df = 84, r2 = 0.510, P < 0.001;
Fig. 4A). When the continuous LD1 variable is used to classify the
heat stress status of each Andreafsky River fish, an abrupt shift is
observed between 20 and 22 °C, where individuals switch from
being primarily categorized as unstressed (e.g., similar to experi-
mental control group) to all individuals categorized as high heat
stress fish (e.g., similar to the 21 °C treatment group; Fig. 4A).
Water temperature was also related to the presence of elevated
HSP70 protein abundance (logistic regression, deviance = –55.7,
df = 1, P < 0.001; Fig. 4B). Each degree of increase in temperature

Fig. 2. The mean and standard error of normalized qPCR values for 12 genes in muscle tissue of Chinook salmon from individuals held in
three different temperatures: control (blue circles, river ambient, �15 °C), 18 °C (orange squares), or 21 °C (red triangles). Because lower
normalized gene transcript values represent more transcripts present, the y axis is displayed in reverse order. A change in normalized value
of two is approximately equivalent to a fourfold change in the amount of the transcript. [Colour online.]
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resulted in a 4.3-fold increase in the odds of elevated HSP70 (log-
odds ratio = 1.46). The 3-day maximum water temperature associ-
ated with a 50% probability of elevated HSP70 protein was 17.8 °C.

Heat stress proportions and water temperatures across the
Yukon River watershed

Gene transcription and HSP70 protein abundance results (Fig. 5)
were available for 477 Chinook salmon captured in the Yukon
River and three spawning tributaries (Table 3). Across all capture
locations and both study years, heat stress was identified using
gene transcription and protein biomarkers in more than half of
Chinook salmon examined (54%, n = 477). The overall evidence of
heat stress was summed across individuals for which heat stress
was only indicated by gene transcription (15%), only indicated by
HSP70 protein (20%), or indicated by both biomarkers (19%).

The proportion of Chinook salmon with evidence of heat stress
was higher in 2017 than in 2016 at the three locations further
upstream: Rapids Fish Wheel (18% in 2016 versus 97% in 2017, z =
4.45, P < 0.001), the Chena River (45% in 2016 versus 64% in 2017, z =
3.12, P = 0.002), and Eagle (38% in 2016 versus 64% in 2017, z = 2.12,
P = 0.028; Fig. 6). Among individuals captured at the East Fork
Andreafsky River, heat stress was more common in 2016 (98% in
2016 versus 18% in 2017, z = –4.90, P < 0.001; Fig. 6). The proportion
of fish with heat stress was similar between years for fish captured
at Emmonak (31% in 2016 versus 34% in 2017, z = 0.30, P = 0.764)
and in the Gisasa River (66% in 2016 versus 77% in 2017, z = 1.08,
P = 0.282).

Water temperatures in the mainstem Yukon River were warm
during both years, although not extremely so in the context of the

Fig. 3. Results from a linear discriminate analysis (A) used to reduce mRNA abundance of six genes (HSP70, HSP90, Gata3, IFNa, AHR, and SOD)
to two linear discriminate axes (LD1 and LD2) and HSP70 protein abundance (B) in muscle tissue of Chinook salmon from individuals held in
three different experimental temperatures: control (blue, river ambient, �15 °C), 18 °C (orange), or 21 °C (red). Shapes indicate the model
prediction for each individual with either the control (open circles), 18 °C (filled squares), or 21 °C (filled triangles) treatment group. The
dashed line in panel B is the proposed threshold for elevated HSP70 protein that distinguishes heat stress, and points in this panel are spread
out (i.e., jittered) so that data are more visible.
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last decade (Fig. 1). Mainstem mean water temperatures at Pilot
Station were similar between the 2 years in June (Table 4; t test, t =
0.65, df = 2701, P = 0.517) and August (t test, t = 0.40, df = 1612,
P = 0.693), but differed in July (t test, t = –13.6, df = 2964, P < 0.001),
with July 2017 being warmer than July 2016 (Table 4). Water tem-
peratures were also warmer in 2017 than 2016 in the Gisasa River
during July (t test, t = –32.8, df = 2213, P < 0.001) and Chena River
during June (t test, t = –12.4, df = 4952, P < 0.001), July (t test, t =
–53.6, df = 4553, P < 0.001), and August (t test, t = –38.9, df = 3749,
P < 0.001). In contrast, water temperatures at the East Fork Andre-
afsky River weir were warmer in 2016 during the second half of
June (data only available for 15 to 30 June; t test, t = 32.4, df = 2553,
P < 0.001) and July (t test, t = 21.5, df = 4334, P < 0.001).

Discussion
This study provides evidence that heat stress is prevalent in

migrating adult Chinook salmon near their northern range ex-
tent in the Yukon River. Given the established links between heat
stress and increased mortality, warm water temperatures may
already contribute to population-level consequences for Yukon

River Chinook salmon and the failure to recover from declines
that began more than two decades ago. Because water temperature
data are limited prior to population declines in the late 1990s, the
possibility that warming temperatures contributed to the initial de-
cline is difficult to assess. Our experiment identified gene transcrip-
tion and HSP70 protein response consistent with heat stress at two
water temperatures (18 and 21 °C) that regularly occur during the
spawning migration. The experimental fish response was used to
train biomarker classification models that subsequently identi-
fied field-captured individuals as heat-stressed or not and allowed
heat stress to be summarized as a proportion. More than half of
the field-captured Chinook salmon had evidence of heat stress in
at least one biomarker. The proportion of heat-stressed fish varied
between years at most locations, with higher heat stress propor-
tions estimated in the warmer year. Between the two biomarkers,
the HSP70 protein is a more straightforward, cost-effective tool
for identifying and monitoring heat stress in future studies, and
gene transcription results provided a deeper understanding of
how warm temperatures disrupt processes in the body and helped

Fig. 4. The LD1 gene (A) and HSP70 protein abundance (B) plotted against the maximum 3-day water temperature for Chinook salmon
captured at the East Fork Andreafsky River weir during spawning migrations in 2016 and 2017 (n = 86). LD1 gene is calculated based on gene
transcript data for each individual fish and gene-specific model coefficients fit based on experiment results (preferred model). Symbol color
and shape reflects the heat stress classifications based on predictions fit with experiment data. Field-sampled individuals categorized as
unstressed were similar to experimental control fish (blue circles), and individuals classified with heat stress were distinguished between heat
stress similar to 18 °C experiment group (orange squares, LD1 genes only) or the 21 °C experiment group (red triangles). [Colour online.]
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Fig. 5. Boxplots of LD1 genes (A) and HSP70 protein abundance (B) for spawning Chinook salmon captures across the Yukon River watershed
in either 2016 (navy, lower boxplot for each location) or 2017 (purple, upper boxplot for each location) in relation to results from an
experimental temperature manipulation (green). Dashed lines reflect the threshold for identifying heat stress. Heat stress is indicated by
values lower than the LD1 threshold and higher than the HSP70 protein threshold. In each boxplot, the horizontal line is the median, the
upper and lower ends of the box are the first and third quartiles, and the whiskers extend to the highest and lowest values that are within the
1.5× interquartile range. Outliers are not shown.

Fig. 6. A map depicting the percentage of Chinook salmon in each capture location (black circles) and year with evidence of heat stress.
Paired stacked bar charts reflect the heat stress classifications from gene transcript and HSP70 protein for fish captured in summer 2016 (left)
and 2017 (right). Fill reflects the proportion of individuals in each of the four heat stress categories: hatched green = no evidence of heat stress
in either gene transcription or HSP70 protein; gold = heat stress identified only in gene transcription; red = heat stress identified in gene
transcription and elevated HSP70 protein; and dotted purple = heat stress identified only by elevated HSP70 protein). Numbers near each bar
are the sum across the three categories that identified heat stress presence. The white star is the location of the temperature experiment near
Pilot Station, Alaska, USA. An asterisk (*) prior to the capture location name denotes a significant difference (P < 0.05) in the heat stress
proportion between capture years. Map created in ArcMap 10.7 (Esri, Redlands, Calilfornia, USA) with selected rivers from the National
Hydrography Dataset (US Geological Survey 2015) and shorelines from Wessel and Smith (1996).
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identify potential mechanisms linking heat stress to mortality
(also see Bowen et al. 2020).

Temperature manipulation experiment
Gene transcript biomarkers successfully identified a cellular

response to 18 and 21 °C, while the HSP70 protein response only
distinguished fish in the 21 °C treatment group. The differences in
mRNA and protein response identified here largely agree with
previous studies of Pacific salmon in southern regions of their
range, namely the upregulation of heat shock genes and proteins
and differential immune system response (Evans et al. 2011; Miller
et al. 2011, 2014; Jeffries et al. 2014). This study is the first to
identify a cellular stress response to elevated temperature from a
high-latitude Pacific salmon population.

An increase in the transcription and protein abundance of heat
shock proteins is the hallmark of the heat shock response
(Lindquist 1986). Thus, it was no surprise that HSP70 and HSP90
were influential in distinguishing heat stress in muscle tissue or
that the HSP70 protein alone was able to correctly classify individ-
uals to the 21 °C treatment in all cases. The transcription and
protein abundance of heat shock proteins exhibit a ubiquitous
increase in response to elevated water temperature in past studies
regardless of tissue type (Palmisano et al. 2000; Basu et al. 2002;
Iwama 2004; Buckley et al. 2006; Evans et al. 2011). A differential
response between the heat shock protein genes was evident be-
tween the 18 and 21 °C treatment groups, with both HSP70 and
HSP90 contributing to classification of the 21 °C group; HSP90
responded more strongly based upon the magnitude of the coef-
ficients in the model. In contrast, the 18 °C treatment group was
distinguished by elevated HSP70 in the LDA model with little in-
fluence of HSP90.

Immune system genes were differentially expressed in the mus-
cle tissue of 18 and 21 °C treatment groups compared with control
fish. Immune system responses to heat stress have often been
documented in Pacific salmon and include examples from gill and
cardiac tissue (McCullough et al. 2009; Evans et al. 2011; Miller
et al. 2011; Jeffries et al. 2012; Anttila et al. 2014). The immune
response in muscle tissue has been less frequently studied in fish,
but muscle is known to be immunologically active (Valenzuela
et al. 2017) and is a common site of disease and infection in Pacific
salmon (Meyers et al. 2019). Immune system genes retained in the
final model were related to two pathways of T helper (Th) cells,
Th1 immune response (IFNa) and Th2 immune response (Gata3)
(citations in Table 1). Within our results, an influence of the Th1
immune gene IFNa was consistent with upregulation at 18 °C but
downregulation at 21 °C. The Th2 immune gene Gata3 was upregu-
lated at 21 °C, but no clear influence was present at 18 °C. The
upregulation of Th1 immune response seen in the 18 °C treatment
is typical of acute stressors and reflects an appropriate immune
defense, while the Th2 response seen in the 21 °C treatment is

typical of a chronic response and immune suppression that can be
detrimental (Tort 2011). Still, data reflected the changes in just two
of many genes that are part of the immune system and did not
provide a full picture of the immune system response. Concurrent
results from an analysis of the entire transcriptome for individu-
als included in this experiment offers more insight to the com-
plexity of the immune system response to warming temperatures
(Bowen et al. 2020).

Immune system genes may respond to temperature if warming
increases activity of latent pathogens in the body of the fish
(Crossin et al. 2008; Miller et al. 2011, 2014). Many pathogens occur
at chronic low levels in fish under normal circumstances and are
poised to respond when conditions are more suitable (Arkoosh
et al. 2004; Miller et al. 2014). Although there are likely many
pathogens present, the most studied pathogen in Yukon River
Chinook salmon is the parasite Ichthyophonus hoferi that causes
inflammation in several tissues including muscle (Kocan et al.
2004; AYK-SSI 2013). Disease progression for fish infected with
I. hoferi is known to be faster in warmer water (Kocan et al. 2004),
but it is not clear whether the short (�6 h) duration of this exper-
iment would allow enough time for the response of a latent patho-
gen. Without an independent assessment of pathogen load or
even a synoptic examination of pathogens in Yukon River Chi-
nook salmon, interpreting the cause of differential responses
among immune system genes following exposure to heat is spec-
ulative. Still, the response of the immune system and immune
genes is a consistent feature in heat-stressed salmon (McCullough
et al. 2009; Evans et al. 2011; Miller et al. 2011; Jeffries et al. 2012;
Anttila et al. 2014) and warrants further study about the potential
for pathogens to exacerbate stress and mortality with warming in
Alaska Pacific salmon.

Warming was associated with differential expression of a gene
closely linked with contaminants (AHR and SOD; Wheelock et al.
2005; Arellano-Aguilar et al. 2009; Erdoǧan et al. 2011; Uno et al.
2012). AHR transcripts were lower in the 18 °C treatment, while
SOD transcripts declined with warming and contributed to distin-
guishing fish from both the 18 and 21 °C treatments. Decreased
expression of genes related to detoxification of xenobiotics has
been associated with heat stress (Veldhoen et al. 2010; Lapointe
et al. 2011; Tomalty et al. 2015), as well as hypoxia (Rahman and
Thomas 2012) and pathogens (Reynaud et al. 2008). Although the
mechanisms involved are unclear, decreased expression of genes
involved in detoxification may simply indicate a reallocation of
resources to the more substantial stressor.

Assessment of experimentally derived models to identify
heat stress

The experimentally derived models for gene transcription and
the HSP70 protein used to identify heat stress performed well in
an independent assessment using Chinook salmon captured in a

Table 4. Mean (± standard deviation) and maximum monthly water temperatures (°C) for the mainstem Yukon River
and sampled tributaries in June, July, and August of 2016 and 2017.

June July August

River Year Mean Max. Mean Max. Mean Max.

Yukon River 2016 15.3±1.4 19.6 18.3±0.9 20.1 16.1±0.4 17.6
2017 15.3±1.8 18.2 18.7±1.0* 20.3 16.1±1.8 18.7

East Fork Andreafsky River 2016 16.2±2.3* 22.2 17.2±2.3* 23.2 —
2017 14.0±1.5 21.7 15.9±1.8 20.5 —

Gisasa River 2016 — 15.2±2.0 20.5 —
2017 — 17.1±1.5* 21.2 —

Chena River 2016 8.67±1.5 12.2 8.28±1.6 13.1 7.66±0.7 9.3
2017 9.22±1.7* 13.1 10.5±1.3* 13.6 9.05±1.8* 13.7

Note: Water temperature data for the East Fork Andreafsky River in June are incomplete and begin on 15 June. No data are available
in June for the Gisasa River or August for the East Fork Andreafsky or Gisasa rivers. Water temperature records are only collected at the
East Fork Andreafsky and Gisasa rivers when staff are present at weirs to monitor Pacific salmon escapement.

*Denotes the warmer water temperature in interannual monthly comparisons at each river (P < 0.05).
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lower Yukon River tributary, the East Fork Andreafsky River.
Salmon captured when water temperatures had recently ex-
ceeded 21 °C were all identified by the model as being similar to
fish treated with 21 °C based on gene transcription response (rep-
resented by LD1, Fig. 4A). Moreover, differences in gene transcrip-
tion were related to recent maximum water temperature across
the whole range of observed temperature values. Elevated HSP70
protein was also strongly related to water temperature (Fig. 4B),
with an inflection point separating unstressed and heat stress
individuals near 18 °C, the presumed heat stress threshold for
migrating adult Pacific salmon based on our literature review (see
Introduction).

Very few individuals in the East Fork Andreafsky River had gene
transcription results similar to fish treated with 18 °C despite
water temperature data suggesting that several individuals re-
cently experienced water temperatures between 18 and 21 °C
(Fig. 4A). In the experiment, a lower level of heat stress could be
detected in the gene transcript response but not the HSP70 pro-
tein response; the opposite appeared to be true in the assessment
of Andreafsky fish. A HSP70 protein response identified heat
stress for nearly all individuals captured when water tempera-
tures had recently exceeded 18 °C (98%, n = 40) in the tributary. It
appears that prolonged exposure to temperatures near 18 °C (or
increased time since exposure) may have resulted in an HSP70
protein response in field-sampled Chinook salmon, which was not
apparent in the acute experiment. This hypothesis is supported by
laboratory studies that indicate that HSP70 protein abundance
first appears after 2 h of exposure to elevated temperature and
peaks and stays elevated for 24–72 h (Lund et al. 2003). This pos-
sibility is also supported by evidence of increased HSP70 mRNA
levels in individuals treated with 18 °C that would presumably
have resulted in more HSP70 protein in time. The gene transcrip-
tion signature that defined our 18 °C treated individuals, captured
by LD2, may be relatively fleeting. Indeed, a gene transcription
response similar to that of individuals treated with 18 °C was
rarely (5%, n = 477) observed in field-sampled Chinook salmon
across all locations in the Yukon River watershed.

Heat stress prevalence
Heat stress was prevalent (>50% of individuals) at all locations in

at least one of the two study years, except near the river mouth at
Emmonak (Figs. 5 and 6). Lower and consistent rates of heat stress
for individuals passing through Emmonak agree with the cooler
water temperatures that occur early in the migration during June.
Heat stress was prevalent in 2017 at all three upper watershed
locations (Rapids, Chena River, and Eagle), but not 2016, in agree-
ment with warmer temperatures in the mainstem Yukon River
(Fig. 6). Within the East Fork Andreafsky River, a lower Yukon
River tributary, an opposite interannual difference was observed
consistent with the local water temperatures in the tributary. The
lack of coherence in water temperature interannual variation
among rivers is likely related to differences in the hydrology and
atmospheric conditions across the distinct regions of the water-
shed (Brabets and Walvoord 2009). The East Fork Andreafsky River
differs from the rest of the watershed in terms of its lower eleva-
tion and gradient (Olsen et al. 2010) and closer proximity to the
Bering Sea, which results in more of a maritime climate as com-
pared with middle and upper river tributaries (Brabets et al. 2000).

Results for Chinook salmon captured in the Chena River may be
among the most surprising and informative given that water tem-
peratures are often cool in the Chena, Salcha, and greater Tanana
rivers watershed owing to a higher influence of cold groundwater
and glacier melt (Brabets et al. 2000; Walvoord and Striegl 2007). It
appears that prolonged (weeks) exposure to warmer water tem-
peratures in the mainstem Yukon River during the spawning
migration was still detectable when individuals were captured in
the Chena River’s cooler water further upstream. Chinook salmon
captured in the Chena River have spent �24 days in the mainstem

Yukon River (�1100 km) and �11 days in the cooler Tanana and
Chena rivers (�500 km) assuming a migration speed of 45.8 km·day−1

for Chena River Chinook salmon (Eiler et al. 2015). Note that individ-
uals may spend more or less time in each of these rivers given that
migration speeds are known to decline with warm temperature
(Goniea et al. 2006) and as migration progresses (Eiler et al. 2015).

Similarity in results among fish captured from the three sites
(Rapids, Chena River, and Eagle) further upstream in the Yukon
River watershed suggests that long stretches of shared migration
corridors may synchronize the influence of heat stress among
populations. Synchrony in any attribute of Pacific salmon across
populations has usually been interpreted as a reflection of their
shared conditions during ocean residency (e.g., ocean tempera-
ture, feeding conditions), as the natal freshwater habitats of each
population can have dramatic differences in environmental con-
ditions (Hare et al. 1999; Mueter et al. 2002). Synchrony as a result
of shared migration corridors is rarely considered because this
phase is short relative to the life-span of the fish, many attributes
are set prior to river entry (e.g., body length), and not all water-
sheds have a long, shared migration route like the Yukon River.

In addition to thermal stress, heat stress biomarkers can be
induced by a variety of environmental factors (Deane and Woo
2011), including social stressors and lack of food (Currie et al.
2010). In our studies, the wide variation in heat stress rates be-
tween study years within locations provided additional confi-
dence that heat stress classifications were robust to changes in
gene transcription and HSP70 protein during the spawning migra-
tion that are associated freshwater entry, sexual maturation, and
senescence (Evans et al. 2011; Miller et al. 2011; Carey et al. 2019).
Our sampling focused on collections that occurred in migration
corridors and used only live fish sampled within minutes of cap-
ture. The thresholds developed here for identifying heat stress are
likely inappropriate for Chinook salmon captured on spawning
grounds or collected as carcasses. Among the locations included
in this study, the applicability of these thresholds is most uncer-
tain for individuals collected near Emmonak. This location is the
closest to the river mouth where fish undergo a major physiolog-
ical shift from salt water to fresh water that may result in shifts to
gene transcription and HSP70 protein abundance (Evans et al.
2011). Indeed, any detection of heat stress at this location is sus-
pect because water temperatures were cool (generally <15 °C) at
the time of collection, and there was no reason to suspect previ-
ous exposure to warm water temperatures at this time of year.
Moreover, gene transcription and HSP70 protein values are just
above the threshold for heat stress detection (Fig. 5).

The Gisasa River was the only location where heat stress was
prevalent in both study years, and no interannual difference in
heat stress proportion was detected despite warmer temperatures
in 2017. The high heat stress proportions in both years may simply
reflect that Chinook salmon reach the Gisasa River weir at the
seasonal peak of water temperatures in mid-July. The largest ob-
served Pacific salmon mortality event within the Yukon River
watershed during the 2019 heatwave was also located within the
same portion of the Yukon watershed (Koyukuk River) in mid-July
with chum salmon (Oncorhynchus keta) that have similar migration
timing (Westley 2020). The only other site with a strong overlap in
sample collections and peak water temperatures was in the much
cooler Chena River, where individuals likely move into cooler
tributary waters prior to the seasonal maximum temperature in
the mainstem Yukon River in mid-July.

Here, we did not have the data necessary to consider the effects
of population on the response of heat stress biomarkers. Previous
studies have indicated that populations with a long-term history
of warmer water temperatures have physiological adaptations
that moderately increase thermal tolerance and performance
(Eliason et al. 2011). The potential for similar population-specific
adaptations to spawning migration temperatures appears un-
likely within the Yukon River Chinook salmon because nearly all
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Yukon River Chinook salmon populations encounter warm water
during their upstream migrations. Thus, the variability in water
temperature experience among populations might be too weak to
elicit or detect variability in thermal tolerance in Yukon River
Chinook salmon. Still, we cannot rule out the effects of variability
in water temperatures of spawning and rearing habitats on ther-
mal tolerances among populations.

Conclusions
The evidence presented here was consistent with routine, prev-

alent heat stress for Chinook salmon near their northern range
extent in the Yukon River. Three major findings support this con-
clusion. First, the experiment and field results from the East Fork
Andreafsky River agreed with the general presumption that water
temperatures near 18 °C approximate the threshold of heat stress.
Second, water temperatures routinely exceeded this threshold
during the spawning migration each July over the last two de-
cades. Third, gene transcription and HSP70 protein levels identi-
fied prevalent heat stress during field sampling in 2016 and 2017,
years when outward signs of heat stress were nearly nonexistent.
The cellular stress response used to identify heat stress in this
study is an adaptive response that can protect cellular function
for just a limited amount of time in a relatively narrow tempera-
ture range. To this point, heat stress often predicts en route and
prespawn mortality or reduced reproductive success because
warm temperatures often exceed the protection afforded by the
cellular stress response (Evans et al. 2011; Miller et al. 2011; Jeffries
et al. 2012). In light of the findings presented here, the unusual
mortality of Pacific salmon species along migration routes during
the record-breaking warmth and low water level of 2019 (e.g.,
Westley 2020) is not surprising. The mortality observations pro-
vide additional evidence that water temperatures are already high
enough to cause mortality among Pacific salmon populations
near their northern range extent. The apparent absence of car-
casses in previous years does not infer a lack of mortality because
carcasses initially sink at death and are rarely observable in large
turbid rivers (Farrell et al. 2008) like the Yukon River. Indeed, the
low water levels may be a key reason that carcasses were observed
in 2019 and not previous years with warm water temperatures.

This work has immediate implications for management consid-
erations and research priorities, particularly in the context of
projections that universally forecast continued warming (Post
et al. 2019). This study is the first to confirm that freshwater tem-
peratures are stressful to Pacific salmon migrating in a northern
river. Results here raise concerns that unaccounted mortality may
result in an overestimation of Pacific salmon spawning success in
warm water years. Spawning abundances are the primary data
used to assess management success in escapement-based manage-
ment. In fact, the productivity (log recruits per spawner) of Chi-
nook salmon populations across several southcentral Alaska
watersheds was recently shown to decline steeply when spawning
water temperatures exceed 18 °C, the same water temperature
threshold identified for heat stress in this study (Jones et al. 2020).
More research is needed that links water temperature, heat stress,
and mortality in northern rivers to assess the sensitivity of popu-
lation dynamics to environmental conditions during the spawn-
ing migration. Useful studies for assessing the severity and scale
of this threat include expanding water temperature and heat
stress monitoring to additional northern watersheds, simple sur-
veys of egg retention on spawning grounds (e.g., prespawn mor-
tality), large-scale tagging studies to estimate en route mortality
rates, and physiological experiments to identify lethal tempera-
ture and dissolved oxygen thresholds (e.g., aerobic scope).
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