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ABSTRACT

Multiple stressors are commonly encountered by wild animals,
but their cumulative effects are poorly understood, especially
regarding infection development. We conducted a holding
study with repeated gill and blood sampling to characterize the
effects of cumulative stressors on infection development in adult
coho salmon. Treatments included chronic thermal stress (157C
vs. 107C) and acute gill net entanglement with an air exposure
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(simulating fisheries bycatch release). The potential loadings of
35 infectious agents and the expression of 17 host immune genes
were quantified using high-throughput quantitative polymerase
chain reaction, while host physiology was characterized with
chemical analysis of blood. Temporal increases in infectious
agent richness and loads were concurrent with decreased ex-
pression of immune genes in fish sampled in the river. In the
laboratory, mortality was minimal in cool water regardless of
fishery treatment (!15%). Elevated water temperature under lab-
oratory conditions increased mortality of males and females (8%
and 28% mortality, respectively, delayed by 11 wk) and enhanced
mortality associated with handling and biopsy (∼40% both
sexes). Experimental gillnetting at high temperature further en-
hanced female mortality (73%). Fish held at high temperature
demonstrated heavier infectious agent loads, osmoregulatory im-
pairment, suppressed female maturation, and upregulation of in-
flammatory and extracellular immune genes. At high temperature,
heavy Parvicapsula minibicornis loads were associated with pre-
mature mortality. Females exhibited physiological impairment
from both stressors after 1 wk, and infection burdens correlated
poorly with immune gene regulation compared with males. Cu-
mulative effects ofmultiple stressors on femalemortality are likely a
function of physiological impairment and enhanced infections at
high temperature.

Keywords: Pacific salmon, infectious agents, stress, tempera-
ture, fisheries, disease ecology.
Introduction

Evidence is mounting for a functional role of infectious agents
in the ecology of all wild organisms, with influences on food
webs (Selakovic et al. 2014; Tucker et al. 2016; Buck and Ripple
2017), migration behavior (Altizer et al. 2011; Johns and Shaw
2016), and other ecological facets that collectively have evo-
lutionary implications (Vander Wal et al. 2014). As a result,
interest has grown in how anthropogenic and climate change–
associated stressorswill alter currenthost-pathogen relationships in
wild ecosystems. The stressors wild animals face throughout their
lives are presumed to affect their resilience and resistance to
naturally occurring infectious agents, thereby contributing to
variation in disease development within and among popula-
tions (Johnson et al. 2015). Understanding how a species’ ecology
and relevant stressors influence infectious disease development and
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survival is the cornerstone of disease ecology and crucial to
effective natural resource management.
Physiological stress is known to alter immune competence

(Glaser and Kiecolt-Glaser 1994), with stressor-specific immune
responses (Bowers et al. 2008;WebsterMarketonandGlaser 2008)
andpathogen-dependentdiseaseoutcomes (e.g., viral andbacterial
outcomes differ; Hori et al. 2013). Importantly, while concurrent
stressors are commonly experienced by wild animals, they are
rarely quantified for their cumulative effects, which may be ad-
ditive, synergistic, or even antagonistic (Folt et al. 1999; Crain et al.
2008). Studies are especially rare that describe impacts of multiple
stressors on disease development in the wild, which is inherently
affected by dynamic environments and migrations that can span
large geographic areas (Altizer et al. 2011;Miller et al. 2014).Given
that climatechange isexpected toalterhost-pathogenrelationships
directly and be compounded by other stressors (Altizer et al. 2013;
Burge et al. 2014; Miller et al. 2014; Lohmus and Björklund 2015),
evaluations of multiple stressors are increasingly needed to
account for the context-specific nature of disease development,
which comprises internal (genotype, immune portfolio, host
condition) and external (environment) forces to influence survival
outcomes (Mitchell et al. 2005).
Pacific salmonids (Oncorhynchus spp.) are frequently ex-

posed to multiple stressors (Miller et al. 2014) and therefore
are an excellent model for an evaluation of cumulative stressors
and infection development given the comprehensive knowl-
edge base describing their physiology (e.g., Farrell et al. 2008;
Cooke et al. 2012; Patterson et al. 2016). Furthermore, novel
genomic tools recently applied to Pacific salmon in British
Columbia have vastly improved our understanding of the infec-
tious agents carried by wild salmon (Miller et al. 2014; Bass et al.
2017; Tucker et al. 2018), the genomic and physiological responses
that accompany those infections (Jeffries et al. 2014a; Miller et al.
2017;Teffer et al. 2017), andhowhost genomicprofiles can predict
migration success (Miller et al. 2011; Drenner et al. 2017). Juvenile
Pacific salmon migrate to the marine environment to feed and
grow until adults return to fresh water to reproduce (Groot and
Margolis 1991). During the spawningmigration, fasting adults are
faced with increased energetic demands for reproduction and for
swimming, while immune competence diminishes and infection
burdens increase (Rand and Hinch 1998; Miller et al. 2009; Dolan
et al. 2016; Bass et al. 2017). Although death occurs naturally after
spawning, mortality before spawning—such as during the river
migrationperiod—eliminates any lifetimefitness through the total
loss of potential offspring.
Two major stressors currently affecting adult Pacific salmon

during river migration are high river temperature and fisheries
nonretention (i.e., release after capture or escape from fish-
ing gears), which are increasingly concurrent events. A prime
example is the Fraser River in British Columbia, the largest
salmon-producing river in Canada, which has shown signif-
icant climate-driven warming in recent decades (Patterson
et al. 2007). Terminal fishing in the Fraser River (commercial,
recreational, and ceremonial) targets certain salmon stocks and
species using a variety of gear types, including gill nets, beach
seines, hook and line, tangle nets, and others. The likelihood of
This content downloaded from 134.1
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nontarget species being caught and subsequently released as
bycatch is high in this watershed because different Pacific
salmon species comigrate through its main stem and tributaries
toward spawning grounds. Indeed, all Pacific salmon species
experience some degree of bycatch. For example, coho salmon
(Oncorhynchus kisutch) can be captured by Fraser River fisheries
targeting Chinook (Oncorhynchus tshawytscha) or sockeye
(Oncorhynchus nerka), but a conservation mandate demands
that they must be released, as is the case for threatened interior
British Columbia coho populations (Decker and Irvine 2013; Raby
et al. 2014). Stress and injury caused by fisheries capture (Davis
2002; Raby et al. 2015) can make released fish more susceptible to
infections (Svendsen and Bøgwald 1997). Gill nets are a com-
monly used gear type in the Fraser River and, relative to other
capture methods (e.g., beach seine, dip net), contribute to low
postrelease survival of released catch, as well as enhanced path-
ogen loads and altered physiology and behavior (Baker and
Schindler 2009; Raby et al. 2015; Teffer et al. 2017, 2018). Given
that salmon released from fisheries are more likely to die when
rivers are warm (Martins et al. 2012b) and carry severe infections
of multiple pathogens (Teffer et al. 2017), we tested the hy-
pothesis that thermal stress amplifies the impacts of capture on
disease development and mortality because empirical evidence
for such cumulative effects is absent.
The objectives of our studywere to (1) characterize and quantify

through repeated gill biopsy the development over time of path-
ogen communities and host immune responses within individual
adult Chilliwack River coho salmon (British Columbia) during
their river residency before spawning and (2) describe the indi-
vidual and cumulative impacts of chronic high temperature fol-
lowing an acute gill net entanglement on the development of
pathogenic infections and fish mortality. To ground-truth our
laboratory results and provide baseline data on temporal shifts
in infectious agent loads in the wild, we conducted concurrent
lethal sampling of fish in the river over time. Pairing field and
laboratory approaches provides a more comprehensive dy-
namics assessment of infections, both among surviving fish in
the wild and within individual fish in the lab. We used high-
throughput quantitative polymerase chain reaction (qPCR)
applied to gill biopsies to simultaneously characterize pathogen
community composition (prevalence) and structure (relative
infection intensity)with host immune responses (gene expression)
at weekly intervals, producing a trajectory of host-pathogen rela-
tionships. These genomic data were complemented by an array of
physiological indices to provide a comprehensive characterization
of the effects of multiple infections and stressors on host health
before spawning.

Methods

Hatchery Sampling for Pathogen Community
Composition and Structure

The protocols for this experiment were approved by the Animal
CareCommitteesofFisheries andOceansCanada(PacificRegion),
the University of British Columbia (certificate A11-0215), and the
University of Victoria (certificate 2012-030). Tissues from wild
17.247.225 on October 10, 2019 10:44:38 AM
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adult Chilliwack River coho salmon were obtained in 2012 by
terminally sampling fish during their river residence at the
Chilliwack River Hatchery, Chilliwack, British Columbia, during
the “middle” burst of this population’s normal migration (J.
Mothus, hatchery manager, personal communication) on Octo-
ber 18 (n p 9),November 8 (n p 10), andNovember 26 (n p 11;
table 1A). Fish were collected by dip net from raceways and
euthanized via cerebral concussion before removing tissue sam-
ples frommajor organs, which included gill (5–6 gillfilament tips),
whitemuscle proximal to the lateral line just posterior to the dorsal
fin, liver, spleen, heart ventricle, head kidney, and brain (every
other fish brain alternated with histology; data not shown). Tissue
samples (∼0.5 mg) were preserved in 1.5 mL of RNAlater
(Ambion, Austin, TX) solution (whole brain 3 mL) at 47C for
24 h and then at 2807C until analysis.
Infectious agent community composition and structure were

evaluated in a pool of seven organ tissues collected from hatchery
fish (including gill) and in each gill sample (separately). The qPCR
screening panel included 34 assays targeting an array of viruses,
bacteria, protozoa, and other microorganisms known to affect
Pacific salmon (Miller et al. 2016; fig. S1, available online; see
molecular methods below). Host immune gene expression was
measured only in gill samples; this approach limits our scope of
inference regarding genomic host responses to those occurring
locally in the gills, which are likely primarily relevant to gill
infections. Because tissues from fish at the hatchery were lethally
sampled at discrete time points, the resulting data describe
population-level temporal shifts in host responses and infec-
tious agent communities among surviving fish in the river.
This content downloaded from 134.1
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Laboratory Study of the Cumulative Effects of Stressors
on Pathogen Loads and Host Health

Over a 3-d period (Oct. 17–19), 240 coho salmon (silver with
minimal scale loss) were transported in truck-mounted, aerated
tanks (107C; table 1B) from the raceways at the Chilliwack River
Hatchery to the Cultus Lake Salmon Research Lab in Cultus Lake,
British Columbia (a 30-min journey). Fish were sequentially dis-
tributed among 12 8,000-Lholding tanks (107C) at lowdensities
(n < 25 tank21). Sex—which was unknown at the time of
collection, as fish had not yet developed sex-specific mor-
phologies—was subsequently determined when fish were sacri-
ficed at the termination of the experiment; 60%–85% of the fish in
each tank were female. Tanks were supplied with sand-filtered,
UV-treated water from Cultus Lake in a flow-through system. A
submerged pump produced a low-velocity current around the
tank periphery to encourage fish to orientate during holding (∼1
body length s21).
Twenty-four hours after the final transport, the temperature

of half of the tanks was increased over a 2-d period from the
normal migration temperature (107C; low) to 157C (high). The
157C treatment is above the temperature range currently experi-
enced by Chilliwack River coho salmon (e.g., ∼127C maximum in
Chilliwack River; Barnes and Magnusson 2000) but is within the
range currently encountered by wild interior coho stocks mi-
grating through the main stem of the Fraser River in late
September (Patterson et al. 2007; Raby et al. 2014) and reflects
projected temperature increases given climate-driven changes
to Fraser River hydrology (Morrison et al. 2002). Water tem-
perature was controlled by varying the proportion of water
from above or below the thermocline in the lake and by adding
boiler-heated water, if necessary. Boiler-heated water was in-
corporated at a minimum relative volume necessary to achieve
experimental temperatures and was dispensed into tanks from
above the water line to disperse gasses via aeration and prevent
supersaturation. Both temperature groups were divided into three
treatment groups (each replicated in two tanks): gill net treated
withbiopsy, biopsiedcontrols (a control for gill net treatment), and
nonbiopsied controls (a control for biopsy), which generated ge-
nomic, physiological, and mortality data in a longitudinal design
over 14 dwith biopsy sampling (e.g., Cooke et al. 2005; Teffer et al.
2017) at days 0, 7, and 14.
The gill net treatment was a standardized representation of

capture and release from a gill net fishery in the Fraser River
watershed and progressed as follows: each fish was removed
from its holding tank using a dip net and quickly submerged in a
smaller flow-through tank where the opening of the dip net
faced a wide frame with a 5.25-inch (13.3-cm) mesh gill net
mounted within it. Upon exiting the bag of the dip net, the fish
was caught in the gill net. If the fish escaped, the timer was
stopped until entanglement had been achieved. After 20 s of
sustained underwater entanglement, the fish and gill net were
pulled from the water and into a dip net while the fish was
detangled from the net in air for a standardized 1-min period
(simulating release byfishers). Thefishwas then submerged in a
foam-lined, flow-through sampling trough, where it was sampled
Table 1: Sample sizes by date and sex for coho salmon
sacrificed at the Chilliwack River Hatchery, Chilliwack, British
Columbia, in 2012 (A) and sample sizes by temperature,
treatment, and sex for coho salmon transported, treated, and
held at the Fisheries and Oceans Canada (DFO) Cultus Lake
Salmon Research Lab, Cultus Lake, British Columbia (B)
A. Date
 Female
 Male
October 18
 5
 4

November 8
 5
 5

November 26
 8
 3
Female
 Male
B. Temperature,
treatment
 N
Mortality
(%)
 N
Mortality
(%)
107C:

Gill net
 28
 3.6
 12
 .0

Biopsy
 26
 11.5
 14
 14.3

Control
 27
 3.7
 13
 .0
157C:

Gill net
 30
 73.3
 10
 40.0

Biopsy
 27
 40.7
 12
 41.7

Control
 29
 27.6
 12
 8.3
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for blood (∼2 mL from the caudal vasculature; 21-gauge needle
with lithium heparinized Vacutainer; Becton-Dickson, NJ) and a
small gill biopsy (2–3 gill filament tips, ∼0.5 mg tissue, preserved
in 1.5 mL RNAlater), implanted intraperitoneally with a small
(12mm) passive integrated transponder (Biomark, Boise, ID) and
examined for injuries. Total time in the trough was ∼2 min, after
which the fish was placed into a recovery tank until all individuals
in the holding tank had been treated and sampled, and then all fish
were returned to holding. Biopsied controls proceeded directly
from holding tanks to the sampling trough and followed the same
biopsy procedure as gill net–treated fish. After 7 d of holding, gill
net–treated fish and biopsied controls were biopsied again, fol-
lowing the protocols described above (no gill net treatment).
Nonbiopsied controls were left untouched until morbidity or
the terminationof the experiment. Anyfish that showed signs of
morbidity during the experiment (gulping, loss of equilibrium)
were euthanized by cerebral concussion and biopsy sampled
according to the protocols described above for hatchery-sampled
fish. Additionally, blood was taken and various morphological
measurements—including length (postorbital hypural5 1.0 mm),
organ weights, and gross pathology (e.g., fungus cover, lesions,
macroparasites)—were recorded. After 14 d, surviving fish in all
treatmentgroups (excludinghalfof thenonbiopsiedcontrols)were
euthanized and processed according to sampling protocols out-
lined for moribund fish. A subset of nonbiopsied controls were
excluded from our terminal pathogen analysis for use in a pilot
study examining long-term effects of thermal stress on infection
development (see Miller et al. 2014).
Molecular Analysis

Host gene expression and pathogen prevalence and intensity
were measured in gill biopsies and in a pool of seven terminally
sampled tissues using high-throughput qPCR on the BioMark
platform (for details regarding validation andmethodology, see
Miller et al. 2016; assay primer and probe sequences, effi-
ciencies, and host biomarker functions are listed in tables 2, 3).
Although gills are exposed to the environment and an infectious
agent load therefore reflects contributions from the exterior and
interior of the fish, infectious agent loads measured in blood are
similar to those in gill for most agents, except those that are
typically gill residents (i.e., not likely to be detected in blood;
Teffer and Miller, forthcoming). Furthermore, gill infectious
loads have been correlatedwithmigration success and survival as
well as physiological indexes of wild salmon (Jeffries et al. 2014a;
Miller et al. 2014; Bass et al. 2017; Teffer et al. 2017), demon-
strating gill as an effective infectious agent screening tissue,
especially when paired with host gene expression data.
We used RNA transcripts rather than DNA to measure in-

fectious agent loads not only to include RNA viruses in our
screening panel but also to describe relative productivity of
infectious agents via collective transcription levels. These data
are limited in that they do not enable us to compare load levels
across agents, only within agent species, and they do not rep-
resent counts of individuals but rather the transcription activity
and RNA maintenance of all individuals within each tissue
This content downloaded from 134.1
All use subject to University of Chicago Press Term
sample. This RNA screening approach has been shown pre-
viously to correlate well with physiological impairment and
mortality of adult salmon in the lab and field (Bass et al. 2017;
Teffer et al. 2017), and high loads of viral genetic material have
demonstrated association with histopathologically and geno-
mically characterized disease development (DiCicco et al. 2017,
2018; Miller et al. 2017). However, our intent is not to assign
specific disease states to qPCR load levels because the relevance
of genetic material to disease development will inevitably vary
across agent and host species, which can be misleading. We are
instead investigating how infectious agent loads as determined
by qPCR relate to host responses at local (gill gene expression),
systemic (blood chemistry), and whole organism (mortality)
levels. These relationships then provide a better understanding
of how wild adult salmon survive and respond to various mi-
gratory conditions.
For molecular analyses of hatchery-sampled fish, both gill,

and a multitissue pool were screened for infectious agents at
discrete lethal sampling dates. For laboratory holding analyses,
gill was nonlethally sampled on three occasions to measure
infection development over time (i.e., within individuals) and a
multitissue pool was also evaluated from held fish at death. As
this experiment was performed before full validation of the
platform, some aspects of the analysis differed slightly from
those described in Miller et al. (2016), including several primer
and probe sequences (see table 2) and minor aspects of the
protocol described below (for more specific protocol descriptions,
see Teffer et al. 2017).
Briefly, tissue samples were thawed and trimmed to nor-

malize weights (∼0.5 mg), transferred into sterile microtubes
with stainless steel beads, and homogenized in trireagent (600 µL;
Ambion, Austin, TX) and 1-Bromo-3-chloropropane (75 µL)
using a MM301 mixer mill (Retsch, Newtown, PA). After cen-
trifugation (1,500 g, 6.5 min), the aqueous phase (100 µL) was
transferred into 96-well plates for RNA purification using
MagMAX-96 for Microarrays Kits (Ambion), following manu-
facturer protocols for the spin method, with a DNase treatment
after the first wash. To create a tissue pool, organs were homog-
enized separately, and aliquots of aqueous phase from each tissue
in equal volumes were pooled for each individual before RNA
purification (water was substituted where brain was absent). RNA
quantity (A260) and quality (A260/280) were assessed using spectro-
photometry, and samples were normalized to 1 µg RNA per well
before cDNA synthesis using SuperScript VILO (Invitrogen,
Carlsbad, CA) cDNASynthesisKits underPCRcycling conditions
of 257C for 10 min, 427C for 60 min, and 857C for 5 min. As rec-
ommended by the manufacturer (Biomark), a preamplification
stepconsistingof amultiplexPCR including all primers tobeused
in the qPCR was completed before qPCR. A mixture of 200 nM
primer mix, TaqMan PreAmpMaster Mix (Applied Biosystems,
Foster City, CA), and cDNA was cycled at 957C for 10 min
followedby 15 cycles of 957C for 10 s and 607C for 4min, followed
by treatment with ExoSAP-IT PCR Product Cleanup (Affyme-
trix, Santa Clara, CA; 377C for 15 min, 807C for 15 min) and
fivefold dilution (TEKnova suspension buffer, Hollister, CA).
Negative controls were included from homogenization forward,
17.247.225 on October 10, 2019 10:44:38 AM
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and serial dilutions of host and pathogen preamplified cDNA
were included in the qPCR (artificial constructs available formost
infectious agent assays, subsequently validated by Miller et al.
2016; table 2). Sample (TaqManGeneExpressionMasterMix,GE
Sample Loading Reagent, and preamplified cDNA) and assay
(primerpair [9µM], probe [2µM],AssayLoadingReagent)mixes
were loaded into reaction chambers using the integrated fluidics
circuit controller, and qPCR cycling was completed following the
GE 96#96 Standard v1.pcl (TaqMan) protocol. Passive reference
dye(ROX)confirmedthepresenceof sample ineachwell,oneprobe
(with VIC dye) was included to detect artificial constructs in sam-
ples (i.e., lab contamination), and a second probe (with FAM
dye) quantified target amplicons. Pathogen assays with detec-
tions of theVIC-labeled probe or those not detected in duplicate
(with FAM-labeled probe) were considered failed. Quantifi-
cation cycle (Cq) is reported as the average of assay duplicates;
host genes are reported as relative expression derived following
Pfaffl (2001) using two reference genes, which showed stable ex-
pression throughout the experiment. Pathogens are reported as
relative load, calculated by subtracting the Cq from 40 (max-
imum Cq).
Blood Properties

Hematocrit and leucocrit were measured in the field following
blood sampling via centrifugation (2min at 10,000 g; LWScientific
ZIPocrit; Lawrenceville, GA) in heparinized microcapillary tubes
(Drummond Scientific, Broomall, PA). Plasma was extracted and
flash frozen in liquid nitrogen after centrifugation at 7,000 g for
7min (ClayAdamsCompact II centrifuge; Becton-Dickson, Sparks,
MD). Ions (chloride, sodium, potassium), metabolites (lactate,
glucose), and osmolality were measured according to Farrell et al.
(2001), while hormones (cortisol, estradiol, testosterone) were
measured using enzyme-linked immunosorbent assay (ELISA)
kits (Neogen, Lansing, MI) following manufacturer protocols.
Statistical Analysis

All statistical tests were completed using R statistical software
(R Core Team 2015). Results from qPCR analysis of gill and
pooled tissues from fish sacrificed at the Chilliwack River
Hatchery were used to identify temporal and sex-specific dif-
ferences in infectious agent richness (number of unique path-
ogens), relative loads of individual pathogens (402 Cq), and rela-
tive infection burden (RIB; Bass et al. 2019), which is a composite
score incorporating aspects of pathogen richness and relative
loads via the equation

RIB p^
m

iem

Li
Lmaxi

, ð1Þ

where for a given fish, the relative load of the ith infectious agent
(Li) is divided by themaximum loadwithin the population for the
ith infectious agent (Lmaxi) and then summed across all agents
(m) infecting the given fish. Analysis of variance (ANOVA) was
used to test for significant differences in each disease metric
This content downloaded from 134.1
All use subject to University of Chicago Press Term
between sampling dates and sexes (with an interaction term) and
post hoc Tukey tests for individual differences between groups.
To examine how overall host immune gene expression of hatchery
fish was influenced by date and sex (i.e., expression of 17 immune
genes as multivariate response), we used permutational multi-
variate analysis of variance (PERMANOVA) with sampling date,
sex, and an interaction term as predictors of host immunity; princi-
pal components analysis (PCA) and environmental fitting (envfit
function, vegan library)were thenused to graphically represent the
data anddescribe the relationships of genebiomarkers topredictor
variables (Oksanen et al. 2016).
For laboratory data (held fish), impacts of temperature, treat-

ment, andsexonsurvivalwere evaluatedusing survival analysis and
Cox proportional hazards (survival package; Therneau 2014), in-
cluding and excluding nonbiopsied controls to account for possible
impacts of nonlethal biopsy on survival. Following an initial model
that included both sexes to test for overall sex, treatment, and
temperature effects, males and females were evaluated sepa-
rately to determine hazard ratios associated with stressors
within sexes. Exponents of coefficients (eb) represent the rel-
ative daily hazard of mortality.
Effects of thermal and fisheries stressors, sex, and time on

disease metrics measured in gills were assessed using linear
mixed effects (LME) models (nlme package; Zuur et al. 2009;
Pinheiro et al. 2017). Three discrete gill sampling events (T0:
Oct. 22–23, T1: Oct. 29–30, T2: Nov. 5–6) were included in the
analysis, as well as samples taken from moribund fish that died
in the interim between sampling events (T0.5, T1.5); for all
time-dependent analyses (LME, survival analysis), data from
samples taken from fish that died before the termination of the
study were grouped into T1 if the fish died before T1 or into T2
if the fish died after T1. Inclusion of data from moribund fish
improved the comprehensiveness of our analysis beyond just
survivors.Missing values in the response variable (e.g., negative
detections) were excluded from each analysis. Differences be-
tween treatments, temperatures, and sexes over time were
tested for each disease metric in a repeated measures frame-
work. Equation (2) describes the full mixed effects model:

Di p b1H 1 b2G1 b3Si 1 b4T

1 b5(H # G)1 b6(H # Si)1 b7(H # T)1 b8(G# Si)

1 b9(G# T)1 b10(Si # T)1 (a1 Tjmi)
1 εimi

e

N(0, j2), εi
e

N(0, j2), ð2Þ

where Di is the disease metric (i.e., richness, RIB, or relative load
of an individual agent) for individual i; b1 is the coefficient of
thefixed effect of high temperature (H );b2 is the coefficient of the
fixed effect of gill net treatment (G); b3 is the coefficient of the
fixed effect of the sex of individual i (Si); b4 is the coefficient of
the fixed effect of time (T ); b5 is the coefficient of the interac-
tion between high temperature and gill net treatment; b6 is the
coefficient of the interaction between high temperature and sex;
b7 is the coefficient of the interaction between high temperature
and time; b8 is the coefficient of the interaction between gill net
treatment and sex; b9 is the coefficient of the interaction between
17.247.225 on October 10, 2019 10:44:38 AM
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Infection Development in Stressed Coho Salmon 515
gill net treatment and time; and b10 is the coefficient of the in-
teractionbetween sex and time.A random intercept (a) and slope
(Tjmi) describe individual variability (µi) in the response variable
and its relationship to time; µi and the residual error (εi) are nor-
mally distributed with a mean of zero and variance j2. Random
intercepts and/or slopes were included to control for individual
variation and autocorrelation across sampling events within in-
dividuals. Optimal random effects (intercept, slope, or both) were
identified using top-down model comparison and Akaike’s in-
formation criterion (AIC), varying the randomcomponentof each
full fixed effects model (Zuur et al. 2009). Fixed effects (treatment,
temperature, sex, and time) and all two-way interactionswere then
evaluated, beginning with the most complex model and then
removing noninfluential fixed effects (low t-value and high
P value). Stepwise reduction was repeated sequentially until the re-
duced model contained only significant factors and interactions
(and nonsignificant main effects of components of significant
interactions) with reduced AIC. AIC values, b estimates for fixed
effects with standard errors, and P values are reported from the
most parsimonious models. Where significant interactions pre-
vented further model reduction to test the significance of main
effects, P values were derived from t-values. Intraclass correlation
coefficients (ICC) are also reported, which describe the proportion
of total variance due to individual differences.
Effects of stressors and sex on infection intensities in pooled

tissues of survivors at T2 were evaluated using ANOVA on
richness, RIB, and relative loads for highly prevalent agents
(170%) and logistic regression on presence-absence data for
agents with lower prevalence (!70%). Temperature, treatment,
and sex with all possible interactions were included as predictor
variables in ANOVAs, while only main effects were examined
for logistic regressions due to low power (few positive samples).
The influence of pathogens on survival was quantified using
survival analysis with time-dependent covariates. Because few
fish died at 107C, this analysis was conducted only using high-
temperature fish (biopsied controls and gill net treated at 157C).
Sex and treatment were included as constant covariates, while
time-dependent covariates included RIB and load information
from highly prevalent agents. Because nonlethal biopsy was
conducted weekly, survival times were grouped by week (i.e.,
survival to T1 or T2). Relative loads were transformed into a
binary response: 0 for negative or low loads (less than the av-
erage load of held population) or 1 for high loads (greater than
the average load).
The gene expression and blood analyses included only samples

taken from live fish at the first and second sampling times (T0,
T1); this approach targeted changes occurring in the first week of
holding that prefaced andmay have influenced delayedmortality
(occurring mostly after T1). Changes in host immune responses
were evaluated using PERMANOVA to evaluate the relative in-
fluences of temperature, treatment (and their interaction), fate
(survival 14 d), and RIB at T0 and T1. PCA and environmental
fitting (envfit) were used to visually represent gene biomarker
relationships to predictor variables (temperature, treatment, fate,
RIB), while generalized linear models (GLMs) related predictor
variables to the first 2–3 PC axes (cumulative variance explained
This content downloaded from 134.1
All use subject to University of Chicago Press Term
150%). Tests were run for males and females separately to ac-
count for sex-specific differences, thereby characterizing treat-
ment effects within each sex. To assess immediate and delayed
physiological responses to stressors, ANOVAwas used to test for
significant differences in blood properties due to thermal and
fishery stressors (with an interaction) at T0 and at T1. Analyses
were performed for males and females separately to account for
sex-specific differences in blood chemistry, and each time point
was evaluated independently. Cortisol, lactate, testosterone, and
glucose were log transformed to meet normality assumptions.

Results

Pathogen Community Trajectories and Host Responses
of Coho Salmon Sampled in the River

Of the 34 infectious agents evaluated in the pooled tissues from
30 coho salmon sampled at the Chilliwack River Hatchery,
11 infectious agents were positively detected. Ceratonova shasta
and Parvicapsula minibicornis were found in all fish, while Ich-
thyophthirius multifiliis was found in nearly all fish (n p 27
fish). Kudoa thyrsites (n p 22) and Rickettsia-like organism
(RLO; 15) had at least 50% prevalence, while the remaining
seven infectious agents ranged between 3%and 27%prevalence:
Paranucleospora theridion (n p 8), Tetracapsuloides bryosal-
monae (n p 5), piscine orthoreovirus (PRV; n p 2), Aero-
monas salmonicida (n p 1), Ichthyophonus hoferi (n p 1), and
Sphaerothecum destruens (n p 1). Total positive detections for
each agent as a function of total positive detections of all agents
on each sampling date suggested a relatively static community
composition over time in pooled tissues (fig. 1). Richness per
fish ranged between 3 and 6 agents, and RIB ranged between
1.69 and 5.80 across sampling events, but neither changed sig-
nificantly over time or between sexes (pooled tissues; P > 0:05).
The relative loads of two freshwater myxozoans (P. minibicornis
and C. shasta) increased over time in pooled tissues (P < 0:001
and P p 0:006, respectively) due to significant increases only
in females (Tukey tests for Nov. 8 vs. Nov. 26: C. shasta, P p
0:030; P. minibicornis, P p 0:001; Tukey tests for Oct. 18 vs.
Nov. 26: C. shasta, P p 0:056; P. minibicornis, P p 0:002). Fe-
males also carried higher loads of another myxozoan (K. thyrsites;
P p 0:001) and at a higher prevalence than males (F p 57%,
M p 17%).
In gill biopsies from hatchery fish, the only significant tem-

poral difference detected in infectionburdenswas an increase in
P. minibicornis loads (P p 0:019), primarily between Novem-
ber 8 and November 26, but with no sex-specific effect (P p
0:473). In these same fish, PERMANOVA identified distinct im-
mune profiles in gill depending on collection date (r2 p 0:161,
P p 0:003) and sex-specific differences (r2 p 0:118, P p0:020)
that demonstrated high variability among females relative to
males, especially at later sampling dates. RIB and relative loads of
highly prevalent agents (C. shasta and P. minibicornis) in gill
explained little variation in immune gene expression patterns
in gill (r2 < 0:060, P > 0:05). Immune genes were generally
grouped by their functions in the PCA (PC1: 22% variance ex-
plained; PC2: 11%), with biomarkers of adaptive immunity
17.247.225 on October 10, 2019 10:44:38 AM
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(CD83, CD4, MHCI, MHCIIb) and cytokines (IL1R, IL15, IL11)
associated with the first and second samplings (Oct. 18 and
Nov. 8), while biomarkers of antiviral activity (Mx) and iron
metabolism (Hep) clustered with the third sampling (Nov. 26).
Most immunity biomarkers and several other antiviral indicators
(IRF1, IFNa) were negatively associated with the last sampling
This content downloaded from 134.1
All use subject to University of Chicago Press Term
date, suggesting an overall downregulation of these genes with
time.
Cumulative Effects of Multiple Stressors on
Survival, Infections, and Host Health

Fish Survival. At 107C, 85%–100% of both sexes survived 14 d
in all treatment groups (table 1B; fig. 2), with no significant ef-
fect of either biopsy or fishery simulation. In contrast, survival
at 157C was differentially affected by treatment and sex. While
nonbiopsied control male survival remained high (92%), gill net
treatment and biopsy significantly similarly reduced male sur-
vival to ∼60%. We interpret this similarity as a common effect
of handling and biopsy without a fishery simulation effect. For
females, however, survival of nonbiopsied controls was signifi-
cantly reduced at 157C (72%), further reduced by biopsy (59%),
and reduced again by gill net treatment (27%). Thus, temper-
ature alone and biopsy and handling affected survival of females,
and gill net treatment was an additive effect. Overall, mortality
was delayed by more than 1 wk after study start, with most fish
(∼98%) surviving to the second sampling occasion (T1).
The significance of treatment and sex effects on survival were

assessed in a two-stage survival analysis (likelihood ratio test P <

0:050; fig. 2). The first set of models evaluated survival relative to
nonbiopsied controls, which indicated significant effects of high
temperature (P < 0:001), gill net treatment (Pp 0:001), and sex-
specific differences that showed a greater overall daily hazard (of
mortality) for females relative to males (ebp 2:0, P p 0:040).
Among females, high temperature increased the daily mortality
risk to 15.6 times that at low temperature (P < 0:001). Gill net–
treated females experienced 3.7 times the daily hazard of non-
biopsied controls (P p 0:005), but biopsied and nonbiopsied
controls did not significantly differ (eb p 1:5, P p 0:396). Mor-
tality was minimal among males, which reduced our power to
Figure 2. Kaplan-Meier curves showing the survival of female and male Chilliwack River coho salmon (Oncorhynchus kisutch). Solid lines
represent fish exposed to a standardized gill net treatment (20 s entanglement in water plus 1 min air exposure) and a biopsy; dashed lines
represent controls that were biopsied; and dotted lines represent controls that were not biopsied. Colors depict holding temperatures
corresponding to cool (107C p blue) or warm (157C p red) thermal experiences during migration.
Figure 1. Proportional prevalence (total positive detections for each
agent divided by the total positive detections of all agents detected on
each sampling date) measured in a pool of seven tissues from coho
salmon sampled on October 18 (n p 9), November 8 (n p 10), and
November 26 (n p 11) of 2012 at the Chilliwack River Hatchery.
Agents were measured using quantitative polymerase chain reaction
in a multitissue pool of gill, muscle, liver, spleen, head kidney, heart
ventricle, and brain (every other individual).
17.247.225 on October 10, 2019 10:44:38 AM
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characterize differences using survival analysis, and a marginal
violation of the proportional hazards assumption (P p 0:050)
was evident, wherein a significant negative effect of high tem-
perature (eb p 6:9, P p 0:013) likely decreased with time among
males.
In the second set of models, which excluded nonbiopsied con-

trols and included a temperature-treatment interaction term,
temperature significantly affected survival (P p 0:008) and
enhanced the effect of gill net treatment (interaction:P p 0:028),
but no significant overall sex effect was detected (P p 0:109).
However, females consistently demonstrated more severe re-
sponses to stressors than males. High temperature significantly
reduced female survival (eb p 3:9, P p 0:008), and thermal
enhancement of the impact of gill net treatment almost reached
statistical significance (interaction: eb p 10:0, P p 0:058). Ex-
cluding the temperature-treatment interaction from the model,
females at high temperature experienced 13.1 times the daily
hazard of females at low temperature (P < 0:001), and gill net-
ting increased the daily hazard to 2.3 times that of biopsied con-
trols (P p 0:014). Differences in hazard ratios of females de-
pending on the inclusion of nonbiopsied controls suggests an
additive effect of handling (biopsy) on female survival in the pres-
ence of additional stressors. No interaction term was included
in the male survival model due to minimal male mortality, and
only temperature significantly reduced male survival (eb p 6:9,
P p 0:013).

Pathogen Dynamics during Holding Relative to Host Fate.
Results from LME analysis of relative loads and composite in-
fection metrics in repeated gill biopsies showed impacts of tem-
perature, treatment, and sex, but the strength and nature of these
relationships varied depending on the metric and time (fig. 3;
model coefficients in table 4). The delay in mortality (by 11 wk)
meant that most fish (98%) survived to be biopsied on the second
sampling occasion. Sex-specific differences were identified only
in I. multifiliis, with higher loads overall in females. All metrics
increased with time, and most were enhanced at high temper-
ature (excluding C. shasta). Furthermore, P. minibicornis and
richness reached maximum levels sooner at high temperature
(i.e., significant negative temperature-time interactions, suggest-
ing greater temperature-driven differences at T0 and T1 than at
T2), which means that changes in the pathogen dynamics pre-
ceded fish mortality. Survival analysis with time-dependent co-
variates identified significant effects of sex (eb p 2:59, P p
0:016) and P. minibicornis loads (eb p 2:48, P p 0:021; model
concordance p 0:73, likelihood ratio test P p 0:013) on sur-
vival at high temperature, with greater mortality risk among
females and individuals with higher P. minibicornis loads in gill.
In pooled tissues of survivors at T2 (study termination),

11 agents were positively detected (excludes Myxobolus arc-
ticus due to intermittent brain inclusion in qPCR analysis that
can bias detection probability; Mahony et al. 2015), with a wide
Figure 3. Relative infection burden (RIB), infectious agent richness,
and loads of three prevalent infectious agents (Parvicapsula mini-
bicornis,Ceratonova shasta, and Ichthyophthiriusmultifiliis)measured
in gill biopsies from Chilliwack River coho salmon (Oncorhynchus ki-
sutch) using quantitative polymerase chain reaction. Nonlethal gill bi-
opsies were taken at the start of the study (T0) and after 7 d (T1); all
surviving fish were sacrificed and sampled after 14 d (T2), and fish that
died prematurely were sampled at morbidity in the interim between live-
sampling events (T0.5, T1.5). Color represents holding temperature
(blue p 107C, red p 157C), while symbols and line types indicate
treatment groups (triangles and solid linep gill net treatment; circles and
dashed linep biopsied controls; starp nonbiopsied controls, T2 only).
Mean 5 SEM.
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range in prevalence (2%–100%; fig. S1; P values of factor effects in
table 5). Richness, RIB, and loads of C. shasta, I. multifiliis, RLO,
and K. thyrsites were increased in the pooled tissues of survivors
after 2 wk of chronic thermal stress (P ≤ 0:016). Females carried
higher loads of P. minibicornis, I. multifiliis, RLO, and K. thyr-
sites in pooled tissues, as well as higher richness and RIB (P ≤
0:001). Sex-specific treatment effects were apparent in I. multi-
filiis and RLO loads, with a positive effect of biopsy sampling in
males only (i.e., sex-treatment interactions). Logistic regression
identified a positive influence of high temperature on the prev-
alence of T. bryosalmonae, while biopsy sampling and gillnet-
ting increased the prevalence of A. salmonicida, and biopsy de-
creased the prevalence of P. theridion. Low prevalence agents
This content downloaded from 134.1
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with too few detections to assess statistically included PRV (2%),
Nucleospora salmonis (2%), S. destruens (2%), and I. hoferi (3%).

Host Immune Responses over Time. High temperature was the
primary factor influencing gill immune gene expression in both
sexes (fig. 4; model coefficients in table 6). Among females at T0,
PERMANOVA identified temperature, RIB, and fate (survival 14
d) as significant explanatory variables describing immune gene
expression patterns (P < 0:05), though coefficients of variation
were low (r2 < 0:10). The GLM identified PC1 as negatively as-
sociated with high temperature and RIB in females at T0. Most
immune biomarkers loaded negatively on PC1, suggesting an
overall upregulation of these genes in females with high RIB
Table 4: Parameters (b 5 SEM) from linear mixed effects models describing changes in infection metrics over time including
loads, richness (total unique agents), and relative infection burden (RIB) in gill
Infection metric
 DAIC
 ICC
 Sex
 Time
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Time # H
Parvicapsula
minibicornis
 9.49
 .35
 b p 4.56 5 .61***
 b p 5.01 5 1.77**
 b p 21.59 5 .74*
Ceratonova shasta
 5.55
 .14
 b p 2.37 5 .31***

Ichthyophthirius
multifiliis
 7.69
 .14
 b p 2.54 5 .92**
 b p 3.18 5 .50***
 b p 6.44 5 .96***
Richness
 5.72
 .20
 b p .90 5 .08***
 b p 1.23 5 .23***
 b p 2.25 5 .11*

RIB
 9.30
 .18
 b p .71 5 .04***
 b p .66 5 .08***
Note. Only significant parameters for time, high temperature (H), and interactions between terms are shown with change in Akaike’s information criterion
(DAIC) and intraclass correlation coefficients (ICC).
*P ! 0.05.
**P ! 0.01.
***P ! 0.001.
Table 5: Prevalence and loads (mean 5 SEM) of positively detected infectious agents in a multitissue pool from 132 Chilliwack
River coho salmon after laboratory holding and experimentation
Infectious agent
 Total detections
 Prevalence (%)
 Mean load (5SEM)
 S
 H
u/t-and-
G

c).
S # G
Ceratonova shasta
 132
 100
 27.86 5 2.85
 ***

Parvicapsula minibicornis
 132
 100
 22.80 5 2.95
 ***

Ichthyophthirius multifiliis
 128
 97
 22.59 5 5.85
 **
 ***
 *
 **

Rickettsia-like organism
 104
 79
 19.24 5 4.69
 ***
 ***
 **

Kudoa thyrsites
 93
 70
 18.00 5 3.89
 ***
 ***

Tetracapsuloides bryosalmonae
 43
 33
 18.04 5 3.22
 ***

Paranucleospora theridion
 35
 27
 12.99 5 4.45
 *

Aeromonas salmonicida
 30
 23
 14.11 5 4.96
 *
 *

Ichthyophonus hoferi
 4
 3
 16.88 5 8.65

Sphaerothecum destruens
 3
 2
 17.49 5 4.22

Nucleospora salmonis
 2
 2
 25.03 5 3.55

Piscine orthoreovirus
 2
 2
 16.98 5 5.91
Note. Multitissue pools included gill, liver, spleen, heart, head kidney, white muscle, and brain (alternated every other fish). Significance values (P < 0:05)
pertaining to the influence of sex (S), high temperature (H), gill net treatment (G), and interaction terms on infectious loads (agents with ≥70% prevalence) or
presence-absence (agents with ≥20% prevalence) were derived using analysis of variance and generalized linear models, respectively, on surviving fish after 14 d.
*P ! 0.05.
**P ! 0.01.
***P ! 0.001.
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and/or exposed to increasing temperature for 48 h (fig. 4). At T1
(1 wk later), the influence of thermal stress on immune gene
regulation in females increased (r2 p 0:18), and a weak associ-
ation with fate was still apparent (r2 p 0:03), but with no sig-
nificant association with RIB. High temperature, early mortality,
and the expression of MMP13, IL11, and Hep all negatively as-
sociated with PC1, while most immune biomarkers loaded pos-
itively, suggestingprimarily iron sequestration, inflammation, and
tissue repair responses indyingandthermally stressed females.High
temperature was also associated with the loadings of immuno-
globulin (IgMs) and cellular immune components (CD4, MHCI,
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b2m) on PC3, possibly signifying thermal stress responses that are
independent of fate.
Among males at T0, temperature was the only significant

factor associated with overall gene expression, but the GLM
identified negative relationships of both high temperature and
gill net treatment with PC1 (table 6). Like females, most im-
mune biomarkers negatively loaded on PC1, indicating en-
hanced immune gene expression in males exposed to chronic
thermal stress and immediately after gill net entanglement. At
T1, the influence of temperature on immune gene expression
in males increased (r2 p 0:28), and a weak influence of RIB
Figure 4. Principal component analysis (PCA) of the relative expression of 17 immune-related genes measured in the gill of Chilliwack River
coho salmon (Oncorhynchus kisutch). Females and males are plotted separately and were sampled at the start of the study (T0) and after 7 d
(T1). Ellipses depict 95% confidence intervals for each temperature and treatment group (blue p 107C, red p 157C; solid line p gill net
treated, dashed line p biopsied control). Vectors represent directionality and strength of significant correlations (P < 0:05) between relative
infection burden (RIB) and fate (mortality) with gene expression profiles; temperature significantly influenced gene expression in all analyses.
17.247.225 on October 10, 2019 10:44:38 AM
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was also apparent (r2 p 0:05). RIB correlated with PC1, PC2,
and PC3, associating high RIB with iron regulation (Hep, TF),
humoral immunity (IgMs, C3), and tissue repair (MMP13),
while cellular immune components (e.g., receptors) were gen-
erally characteristic of low RIB. Temperature was positively as-
sociated with gene expression loadings for cell receptors (CD4,
CD83, MHCIIb), interferon response regulators (IRF1, IFNa),
and IgMs on PC3 but negatively associated with gene expression
loadings for antiviral (Mx, RIG1) and iron (TF,Hep)metabolism.
Variation along PC3 also supported a temperature-treatment
interaction in males (b p 21:615 0:67, P p 0:021), suggest-
ing antagonistic treatment effects (i.e., the thermal response signal
was reduced and more variable for males that were gillnetted).

Initial and Sustained Stress Responses over Time. Thermal and
fishery stressors caused an immediate stress response detectable
in the blood of both sexes, but females demonstrated more se-
vere physiological disturbances and minimal capacity to resolve
the stress after 1 wk (fig. 5; coefficients in table 7). Again, changes
in the blood physiology preceded fish mortality. At T0, evidence
of thermal stress in females at 157C (after 48 h of increasing
temperature from 107C) included elevated levels for cortisol,
hematocrit, lactate, leucocrit, chloride, sodium, potassium, and
osmolality, as well as depressed estradiol and testosterone com-
pared with females at 107C. Immediate responses to gill net
treatment were temperature dependent in females: gillnetting
at 107C increased hematocrit, lactate, and potassium, while gill-
netting at 157C increased hematocrit and sodium relative to
biopsied controls and muted thermally driven decreases in es-
tradiol. After 1 wk, females maintained a significant stress res-
ponse at high temperature and showed signs of osmoregulatory
impairment, with elevated cortisol, glucose, lactate, and potas-
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sium, as well as depressed estradiol, testosterone, osmolality, chlo-
ride, and sodium compared with fish at 107C. Delayed effects of
gill net treatment in females were apparent after 1 wk, which
were mostly independent of temperature and included elevated
cortisol, glucose, and lactate and depressed leucocrit, estradiol,
and testosterone (especially at 157C) relative to biopsied controls.
Males at T0 had relatively mild responses to thermal stress

that included increased lactate and potassium and decreased tes-
tosterone at 157C. Gill net treatment immediately increased he-
matocrit and lactate in males, regardless of temperature. Males
showed an enhanced thermal stress response after 1 wk at 157C,
with elevated cortisol, glucose, lactate, and potassium and de-
pressed testosterone, osmolality, and sodium relative to fish at
107C. The only significant response to gill net treatment detected
in males at T1 was elevated lactate and only at 157C.
Discussion

This study experimentally explored how cumulative thermal
and fishery stressors influence the survival of adult coho salmon
by evaluating the development of natural coinfections concur-
rentlywithhost immunegene regulationandphysiology.Overall,
survival was high at low temperature, suggesting that both sexes
were resilient to capture stress at a normalmigration temperature
of 107C. By elevating the temperature by just 57C, however, we
confirmed earlier laboratory findings where warming similarly
reduced the survival of sockeye and pink salmon (Oncorhynchus
gorbuscha; Jeffries et al. 2012, 2014b) and exacerbated the impacts
of gill net entanglement, especially among females (Teffer et al.
2017). Stressor-induced mortality was typically delayed by more
than a week, which is also consistent with previous studies of
Table 6: Results from permutational multivariate analysis of variance (PERMANOVA) and generalized linear models
(GLM) describing the relationships of stressors, survival, and relative infection burden (RIB) with immune gene regulation in male
and female coho salmon
Study start (T0)
 After 7 d (T1)
PERMANOVA
 PC1
 PERMANOVA
 PC1
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PC3
Female:
 (28%)
 (27%)
 (18%)
 (11%)

H
 r2 p .08** b
 p 22.68 5 .78**
 r2 p .18***
 b p 21.64 5 .68*
 b p 1.51 5 .47**

RIB
 r2 p .04* b
 p 2.91 5 .38*

Fate
 r2 p .03*
 r2 p .03*
 b p 21.18 5 .50*
Male:
 (27%)
 (23%)
 (18%)
 (14%)

H
 r2 p .12*** b
 p 22.13 5 .88*
 r2 p .28***
 b p 3.23 5 .48***

G
 b
 p 22.01 5 .91*

RIB
 r2 p .05*
 b p .97 5 .41*
 b p 21.26 5 .47*
 b p 2.81 5 .29**

H# G
 ß p 21.61 5 .67*
Note. Gill biopsies were taken at the start of the study (T0) and after 1 wk (T1). GLMs used high temperature (H) and gill net treatment (G) with an interaction
(H# G), RIB, and fate (survival 14 d) as predictors of principal component (PC) analysis axes describing host immune gene expression. Percentages are variance
explained by each PC; gene loadings in the PCA are shown in fig. 5. Only significant parameters and coefficients (b 5 SEM) are shown.
*P ! 0.05.
**P ! 0.01.
***P ! 0.001.
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Pacific salmon in fresh water (Donaldson et al. 2012; Jeffries et al.
2014b; Patterson et al. 2017; Teffer et al. 2017). Sex-specific
differences in pathogen loads, immune profiles in gills, and blood
characteristics indicated poor recovery of females from thermal
This content downloaded from 134.1
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and capture stress compared with males. Females also exhibited
lower defenses against multiple infections, with suppressed
maturation indexes and circulating blood leukocytes that pre-
ceded any appreciable mortality.
Figure 5. Hormones (cortisol, estradiol, testosterone), ions (chloride, sodium, potassium), metabolites (glucose, lactate), relative blood cell
volumes (hematocrit, leucocrit), and osmolality measured in the blood of Chilliwack River coho salmon (Oncorhynchus kisutch). Females (F)
and males (M) were sampled at the start of the study (T0; white symbols) and again after 7 d (T1; black symbols). Colors indicate holding
temperature (blue p 10 7C, red p 15 7C), and symbols indicate treatment (triangles p gill net treated [G]; circles p biopsied control [B]).
Mean 5 SEM.
17.247.225 on October 10, 2019 10:44:38 AM
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Disease-associated mechanisms of mortality at high tem-
perature were indicated by a higher prevalence and loading of
most infectious agents in multiple tissues and evidence of os-
moregulatory impairment and chronic stress. Infection devel-
opment was enhanced by thermal stress, while host physiology
was impaired by both thermal and fishery stressors. Although
mortality patterns would predict further increases in pathogen
loads among gillnetted females at high temperature, no further
increase was detected. Infection intensity was therefore not the
sole contributor to mortality but more likely due to reduced host
infection thresholds under chronic stress. Combined impacts of
severe physiological impairment, immune modulation, and en-
hanced infection intensities likely contributed to the increased
mortality of gill net–treated females at high temperature. Our
results demonstrate relevant roles of pathogen dynamics and
host response patterns of coho salmon during freshwater resi-
dence that were predictive of early mortality, influenced by mul-
tiple stressors, and sex specific.
Sex-Specific Differences in Infection Patterns
and Host Responses

Sex-specific differences observed in the present study demon-
strate alternate responses of females to stressors and infections
compared with males. Female salmon have lower cardiac and
metabolic capacity relative to males (Clark et al. 2009; Sandblom
et al. 2009), which are potential mechanisms contributing to re-
duced survival under adverse migratory conditions (e.g., high
temperature, hydraulic challenges; Roscoe et al. 2011; Martins
et al. 2012a), as well as reduced disease resistance during spawn-
ing migration. Furthermore, female sex hormones were initially
depressed at high temperature (after 2 d of increasing tempe-
rature) and continued to drop, especially after gillnetting. This
phenomenon, which has been demonstrated in wild sockeye
salmon following gill net entanglement (Baker et al. 2013; Teffer
et al. 2017) and during chronic high temperature exposure (Mathes
et al. 2010), may indicate suppressed or inhibited maturation of
females. Though captivity can inhibit maturation (Patterson et al.
2004), decreases were not uniform across treatment groups.
Cumulative stressors therefore would result in prespawn mor-
tality of females if maturation, ovulation, and spawning were
not achieved before natural senescence or infectious disease
development.
The physiological shifts imposed by chronic thermal stress

in females may have overwhelmed or masked their immediate
responses to gill net treatment, suggesting that coping strat-
egies for acute stress are deficient or delayed in females at high
temperature. Indeed, female responses to gill net treatment
were stronger after 1 wk and just before the onset of mortality.
Our results indicated that high temperature generally en-
hanced components of adaptive immunity (cell surface recep-
tors, antibodies) and reduced antiviral activity (Mx) in gill re-
gardless of survival, whereas high temperature effects in fish that
would die also included biomarkers of iron sequestration and
tissue repair. Increased infection intensities and altered immu-
nity at high temperature combined with an inability to resolve
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physiological stress may serve as possible mechanisms for the
additive effects of multiple stressors on female mortality. Indeed,
sex-specific differences in glucose metabolism previously iden-
tified in sockeye salmon (Teffer et al. 2017) were also found in
the present study, with higher plasma glucose levels after 1 wk in
females at high temperature, suggesting enhanced energy mo-
bilization relative to males. These findings support a limited ca-
pacity of female Pacific salmon to cope with multiple stressors
during spawning migration and demonstrate links between energy
needs, infection intensities, maturation indices, and mortality.
Whether physiological impairment results from or contributes
to infection development and immune modulation is unknown
and warrants further examination.
Pathogen Communities and Immune Responses
at the Hatchery

Multiple infections were a common finding in gill and pooled
tissues of hatchery-sampled fish, a common trait of wild an-
imals with inherent complexity for characterizing pathogen
virulence (Sofonea et al. 2015; Kinnula et al. 2017). The path-
ogen community (i.e., RIB) among fish in the river was rather
static over time, despite increased loading by several agents (myx-
ozoans). Hatchery data were produced from independent lethal
sampling events that do not encapsulate infection development
within individuals but rather population-level shifts among
surviving fish. Given that laboratory-held fish increased gill RIB
with time, it is unlikely that gill RIB was maintained at low levels
in hatchery fish by targeted immune responses. Rather, removal
of ripe fish by hatchery staff for spawning may artificially reduce
RIB among surviving fish because RIB is temporally confounded
with maturity. Sex-specific differences in pathogen dynamics were
primarily restricted tomyxozoan parasites in pooled tissues, with
consistently higher loads carried by females (Kudoa thyrsites, a
marine and freshwater nonpathogenic myxozoan) or increasing
loads with time at the population level in females only
(Ceratonova shasta and Parvicapsula minibicornis, freshwater
myxozoan pathogens). These findings are similar to those de-
scribed for Chinook salmon in southwestern British Columbia
(Bass et al. 2017).
The absence of significant temporal or sex-specific differ-

ences in gill infection burdens among hatchery fish supports
an incomplete or alternate microbe community profile in gill
relative to other tissues, as described previously in sockeye and
Chinook salmon (Teffer et al. 2017; Teffer and Miller, forth-
coming). Differences in infection metrics derived from gill ver-
sus other tissues should be incorporated into data interpretations
and assessed according to the ecologyof each agent (e.g., tissues of
primary infection).More importantly, our approach for hatchery
sampling (discrete lethal sampling events) neglected temporal
changes in gill loads within individuals, which were evident in
laboratory-held fish; these results emphasize the need to account
for how hatchery practices (mature fish removal), predation, and
other means of mortality influence population-level infectious
agent communities in wild animals. Loss of high-load individuals
from wild animal populations would reduce disease likelihood
17.247.225 on October 10, 2019 10:44:38 AM
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among survivors and may be an evolutionary driver for the
strenuous migrations undertaken by salmon (e.g., migratory cull-
ing; Altizer et al. 2011). The stressors encountered during mi-
gration would also influence the effectiveness of this life-history
strategy with respect to disease development.
Cumulative Effects of Thermal and Capture Stressors
on Pathogen Dynamics

By taking repeated biopsies from the same laboratory-held fish
over time, we detected temporal shifts in the gill pathogen
community structure, characterized by increases in richness
and loads that differed depending on temperature and, in the
case of Ichthyophthirius multifiliis, sex of the host. Significant
increases in RIB were apparent at high temperature and with
time, but impacts of acute gill net capture stress on RIBwere not
observed, which may require more than 2 wk or a more severe
stressor to manifest (Teffer et al. 2017). The degree to which a
stressor affects host immune responses can differ depending on
the pathogen (Hori et al. 2013), suggesting that infectious agent
community composition as well as the types of stressors en-
countered are relevant to disease-induced mortality of wild
animals (Sofonea et al. 2015). Notably, both I. multifiliis and C.
shasta levels in gills at high temperature remained slightly lower
for gillnetted fish, which may signify effective host responses
targeted toward these parasites following acute stress, despite
the immunosuppressive effects of chronic thermal stress (Wen-
delaar Bonga 1997; Campisi et al. 2002; Dhabhar 2002; Mateus
et al. 2017). As these fish were also more likely to die, successfully
maintaining lower infection levels may prove deleterious for sem-
elparous fish by causing epithelial damage during the immune
response (e.g., inflammation hypertrophy, hyperplasia, lamellar
fusion in gill) or facilitating enhancement of other pathogenic
infections by redirecting immunity (P. minibicornis; Buchmann
et al. 2001; Bradford et al. 2010a; Sofonea et al. 2017). Thermal
enhancement of C. shasta in pooled tissues but not in gill may
signify accelerated migration of spores from gills to the gut (via the
blood) at high temperature (Bartholomew et al. 1997; Okamura
et al. 2015), thereby contributing to pathogenesis, but this hy-
pothesis requires further study. Load increases of several agents in
response to stressors differed between gill and pooled tissues, again
suggesting that gill biopsies alone may be inadequate to charac-
terize infection development of some agents, such as C. shasta, that
do not mature in the gill.
Importantly, our analysis identified a positive association of

P. minibicornis loads withmortality at high temperature, where
survival was contingent on maintaining low loads in gill. Par-
vicapsula minibicornis is a myxozoan parasite endemic to the
Fraser River that has been previously linked to premature mor-
tality of adult sockeye salmon (Jones et al. 2003; Bradford et al.
2010b). Our findings provide further evidence for a role of P.
minibicornis in premature mortality of stressed salmon by con-
firming temperature as a driver of P. minibicornis infection in-
tensity in salmon (Wagner et al. 2005) and lending support to the
idea that high pathogen loadings during the late stage of fresh-
water residence lead to mortality of adult coho salmon (Miller
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et al. 2014). Despite its association with kidney disease, P. mini-
bicornis has been documented in the gill of sockeye salmon
(Bradford et al. 2010b), and diseased fish show respiratory stress
(Bradford et al. 2010a)withnegative impacts on exercise recovery
(Wagner et al. 2005). Given that high loads of P. minibicornis in
gill were associated with high temperature and mortality in the
present study but loads in pooled tissues (including kidney) of
survivors showed no temperature effects, gill infections of P.
minibicornis may be more relevant to survival (Bradford et al.
2010b), emphasizing the importanceof infection localewithin the
body. Alternatively, as only survivors were included in pooled
tissue analyses, infection thresholds may be reduced for P. mini-
bicornis at high temperature (i.e., high-load fish died before study
termination).
Shifts in osmoregulatory and stress indexes and reduced

aspects of immune gene expression in gill demonstrated the
highest level of physiological impairment in gillnetted females
held at high temperature. RIB in gill was more strongly asso-
ciated with the immune profiles of males after 1 wk than that of
females, whichmay signify more targeted responses of males to
infections. Because RIB was not strongly associated with fe-
male immunity after 1 wk and was not the primary predictor
of mortality, it is likely that female mortality was not solely
pathogen-load driven but rather a function of both enhanced
infections and impaired physiological resilience. Additionally,
not all infectious agents contributing to mortality were com-
prised by ourmetric, as our evaluation did not comprise the full
array of agents impacting wild Pacific salmon populations
(Miller et al. 2016) and most notably does not include some
newly discovered viruses inBritishColumbia salmon (K.Miller,
unpublished data). Furthermore, our experiment was not de-
signed to identify the nature of interpathogen interactions that
may have influenced survival but instead provides crucial in-
sight for future challenge work to include a range of environ-
mental conditions and coinfections.
Immune and Physiological Responses to Pathogens
and Multiple Stressors

Our results add to growing evidence for decreased immune
activity of Pacific salmonids late in freshwater residence, sug-
gested to be due to senescence processes in advance of mortal-
ity rather than immune suppression by pathogens (Dolan et al.
2016).Demonstration of this phenomenon inChinook salmon in
the upperWillamette River Basin (Dolan et al. 2016), Early Stuart
sockeye salmon from the Fraser River (Teffer et al. 2017), and
Chilliwack River coho in the present study provides evidence for
conservationof this trait across river basins, latitudes, and species.
Stressor effects on immune gene expression in gill were apparent
and primarily attributable to thermal stress, characterized by in-
creased expression of most immune genes after just 1–2 d of
rising temperature followed by a decrease in most aspects of
immunity after 1 wk (i.e., just before the onset of mortality).
Pink and sockeye salmon showed similar increases in immune
gene expression that were maintained after 5–7 d of chronic
thermal stress (Jeffries et al. 2014b), suggesting species-specific
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or season-dependent differences in the timing of immune mod-
ulation.Most immunebiomarkerswere decreased in coho salmon
gills after 1 wk at high temperature, likely due to immunosup-
pressive effects of chronic thermal stress (Barton and Iwama1991;
Dittmar et al. 2014) and included the interferon-induced antiviral
protein Mx. However, Mx was positively associated with pre-
maturemortality andgillnetting, consistentwithpreviousworkon
sockeye salmon (Teffer et al. 2017). The only virus positively de-
tected in the current study was PRV and then in only two in-
dividuals. The observed expression of Mx (and RIG-1) could be a
relic of a cleared infection or a component of a conserved response
to acute stress (Zwollo 2012) or possibly senescence, or may be in
response to one of the novel viruses recently identified in British
Columbia Chinook and sockeye salmon (K. Miller, unpublished
data).
Differences in immune gene expression in gill between gill-

netted and nongillnetted females at high temperature indicate
alternate responses to enhanced infectious loads. After 1 wk,
gillnetted fish showed positive association with biomarkers of
iron regulation (Hep, TF), antiviral and intracellular responses
(Mx, RIG-1), and inflammation (MMP13, IL11) but lower and
more variable expression of most other aspects of immunity
including extracellular pathogen recognition (e.g., IgMs, MHCIIb).
Parasites associated with mortality (e.g., P. minibicornis) would
contribute to an inflammatory response but not ironmetabolism
or intracellular responses (Buchmann et al. 2001; Okamura et al.
2015). RLO is an alphaproteobacteria associated with strawberry
disease (Metselaar et al. 2010), but RLO is not considered path-
ogenic in culture settings (Olson et al. 1985). Modulation of iron
metabolism and inflammation are characteristic of bacterial in-
fection (Raida and Buchmann 2009), but it is unknown whether
RLO can recruit the intracellular immune components observed.
RLO was not evaluated in gill, but as it is an endosymbiont of I.
multifiliis (Sun et al. 2009) with highly correlated loads in Pacific
salmon (Bass et al. 2017), the responses and prevalence of these
agents were likely similar. Finally, our analysis, though compre-
hensive, did not include several bacterial assays such as Flavo-
bacterium psychrophilum and Candidatus Branchiomonas cysti-
cola. Both of these bacteria are highly prevalent amongChilliwack
River Hatchery Chinook salmon (Bass et al. 2017) and very likely
contributed to the bacterial responses we observed in coho salmon.
The physiological effects of thermal and fishery stressors im-

pacting wild adult salmon have been well studied (Farrell et al.
2008; Cooke et al. 2012; Hinch et al. 2012; Martins et al. 2012a;
Raby et al. 2015; Patterson et al. 2017), but data showing linkages
between physiological variables and disease development are
scarce (but seeMiller et al. 2014; Bass et al. 2017; Teffer et al. 2017,
2018). High temperature effects on plasma ions were apparent,
causing decreases in chloride and sodium, especially among
gillnetted fish. These shifts indicate different osmoregulatory
responses to individual and combined stressors that can influence
longevity (Hruska et al. 2010; Jeffries et al. 2011) and are very
likely pathogen driven (Buchmann et al. 2001; Bradford et al.
2010a; Bass et al. 2017). A stress response was apparent in fish at
high temperature, with cortisol, lactate, glucose, and hematocrit
all significantly increased at the start of the study and well before
This content downloaded from 134.1
All use subject to University of Chicago Press Term
changes in mortality and pathogen loadings. Gillnetting en-
hanced muscle activity, with initial elevation and subsequent
clearance of metabolites (e.g., lactate) that are consistent with
previous studies (Farrell et al. 2001; Raby et al. 2012; Teffer et al.
2017). Temporal changes in glucose were temperature depen-
dent, increasing only at high temperature and especially among
gillnetted females. Impaired exercise recovery of infected fish
relative to healthy fish (Wagner et al. 2005) and the potential for
thermal influences on this relationship (Kocan et al. 2009) have
implications for migration success, especially if rivers are warm.
Our results provide novel experimental data describing the

disease ecology of an ecologically, culturally, and economically
valued fish species. Fisheries bycatch is a prevalent phenom-
enon, with discards estimated to comprise between 10% and
40% of global marine catches (Davies et al. 2009; Zeller et al.
2018), and the effects of climate change, especially regarding
temperature, are expected to impact the range and resilience of
wild animals all over the world (Root et al. 2003; Poloczanska
et al. 2013). The context-specific nature of animal responses to
multiple stressors warrants continued research into their cu-
mulative effects and associated disease development, especially
in the face of climate change (Crozier et al. 2008; Altizer et al.
2013). The necessity of such studies to ensure effective man-
agement of resources and ecosystem services affected by mul-
tiple stressors, especially given variability in their cumulative
effects, is accentuated by the rarity of experiments that comprise
this complexity (Folt et al. 1999; Crain et al. 2008). Although
infectious agents are inherent components of wild ecosystems,
anthropogenic changes to climates and habitats can accelerate
disease development by pushing animals to physiological ex-
tremes in addition to shifting the geographic ranges of hosts and
pathogens (Walther et al. 2002; Pörtner andKnust 2007; Altizer
et al. 2013). Our application of ecologically relevant multiple
stressors combined with examination of infection development
and stress and immune responses of Pacific salmon over time is a
necessary step toward comprising the complexity of disease
dynamics in wild ecosystems.
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