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ARTICLE INFO ABSTRACT

Handled by George A. Rose Following interactions with fisheries gear, fishes may experience delayed mortality or display modified behavior.
The physiological status of fish at the time of capture, including the presence of infectious agents, can also
influence survival outcomes. To explore the relationship between capture, infectious agents and fate, we si-

mulated gillnet capture on adult salmon returning to a hatchery, used quantitative PCR to quantify infectious
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Pathogens agents in non-lethal gill biopsies, and determined longevity, migratory fate, and migration rate using radio
Cryptobia salmositica telemetry. An accompanying holding experiment investigated the relationship between infectious agents and
Gillnets

longevity. Gillnetted fish took longer to migrate than biopsy-only fish (median 3.8 versus 2.5 days), but there
was no difference in survival or migratory success among treatment groups. Longevity for fish infected with a
parasite, Cryptobia salmositica, was similar between the holding (median = 7.0 days) and telemetry (7.4 days)
experiments and significantly lower than that of uninfected fish (17.4 days in telemetry experiment). Males were
5.1 times more likely to arrive at spawning grounds compared to females and also migrated faster. The impact of
C. salmositica on adult Chinook salmon in our study was demonstrated at the molecular (genes), physiological
(plasma variables), and organism (migratory success) levels. These results demonstrate an instance where sex

and infection were better predictors of migratory fate than an experimentally applied capture experience.

1. Introduction

Wherever fisheries exist, the process of fishing can have detrimental
impacts on birds, mammals, non-target fish species, and even target fish
species that interact with gear but are not landed (Alverson et al., 1994;
Baker and Schindler, 2009). While release or escape may provide an
opportunity for survival, fish interacting with fisheries gear are likely to
undergo an energy intensive and immuno-compromising stress re-
sponse, receive external and internal damage, and become vulnerable
to predators during or following capture (Chopin and Arimoto, 1995;
Uhlmann and Broadhurst, 2015). This experience can lead to mortality
immediately following the capture experience (Thompson et al., 1971),
delayed mortality occurring days to weeks later (Donaldson et al.,
2011), or sub-lethal effects that alter behavior (e.g. delayed or slow
migration) (Bernard et al., 1999) and ultimately lead to a reduction in
fitness (Dickerson et al., 2005). Although recovery from capture stres-
sors is possible, semelparous fish undergoing freshwater spawning mi-
grations, such as Pacific salmon (Oncorhynchus spp.), are particularly
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vulnerable since they have a fixed energy budget (feeding ceases prior
to freshwater entry) and such capture events often occur in the presence
of high water temperature, predators, and infectious agents (Raby et al.,
2015).

Due to their relatively low cost, ease of deployment, and effective-
ness in a variety of environments, gillnets are frequently employed to
capture Pacific salmon during their freshwater spawning migrations.
Gillnets are made of fine nylon thread with mesh sizes corresponding to
the girth of a target fish. Fish have difficulty detecting these nets in poor
visibility and become enmeshed around the head and gills, anterior to
the dorsal fin, around fins, or even by teeth and jaws. Entanglement in
gillnets may cause asphyxiation resulting in blood lactate accumula-
tion, acidosis, and potassium increases, culminating in cardiac failure
(Kojima et al., 2004). Suffocation may also occur from air exposure
while fish are being disentangled from nets out of water. Contact with
nets can remove mucus, scales, and skin, resulting in large open wounds
(Davis, 2002). Such integument damage may provide points of entry for
infectious agents (Svendsen and Bggwald, 1997). Entangled fish
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Fig. 1. Map of 2013 study area, the Chilliwack River, British Columbia, Canada. Circles represent stationary radio receivers. Fish were acquired at the Chilliwack
Hatchery (indicated by the black triangle) and trucked downstream to the release location.

sometimes escape by struggling, but potentially incur serious injury in
the process (Thompson et al., 1971; Baker and Schindler, 2009). For
Pacific salmon, gillnet non-retention has been associated with acute and
latent mortality (Thompson et al., 1971; Vander Haegen et al., 2004),
physiological stress indicated by altered blood chemistry (Kojima et al.,
2004), the presence of infection (Baker and Schindler, 2009), and de-
layed maturation (Baker et al., 2013).

As a consequence of stress-induced immuno-suppression following a
capture event, fish with minor infections may experience elevated in-
fection (Pickering and Pottinger, 1989; Lupes et al., 2006). Alter-
natively, injuries to the integument could render uninfected fish vul-
nerable to infectious agents in the environment (Svendsen and
Bogwald, 1997). Upon entering freshwater, Pacific salmon are exposed
to a large variety of infectious agents including viruses, bacteria, pro-
tozoa, myxozoa, and fungi (Kent, 2011; Miller et al., 2014). Most, if not
all, adult salmon entering freshwater are infected by multiple infectious
agents (Miller et al., 2014; Bass et al., 2017) but the identification of
infectious agents capable of affecting migratory success on a population
level rarely occurs since dying fish are difficult to recover (Bakke and
Harris, 1998). Although infection is not often included as a central
factor in Pacific salmon spawning migration studies due to the difficulty
of obtaining non-lethal samples, many authors have speculated that it is
an important mechanism of mortality (Baker and Schindler, 2009;
Keefer et al., 2010; Raby et al., 2015). Studies of infectious agents oc-
curring during wild adult salmon migrations have shown that infection
can cause significant mortality on spawning grounds (Bradford et al.,
2010; Traxler et al., 1997) and in earlier sections of migrations (Kocan
et al., 2004; Miller et al., 2014).

While both the impacts of fisheries capture stress and infectious
agents have been studied, few researchers have investigated the inter-
section of the two (but see Teffer et al. (2017)). The continued decline
of Pacific salmon and the increased risk to salmon populations as cli-
mate warms has prompted researchers and policy makers to call for
more studies focused on the cumulative impact of multiple stressors as
opposed to just one in isolation (Cohen, 2012; Patterson et al., 2017).
Recent advancements in quantitative polymerase chain reaction (QPCR)
technology have made it possible to rapidly and non-lethally test a large
number of individual salmon for a wide breadth of infectious agents
(Miller et al., 2016, 2014). By applying this technology to studies where
biotelemetry is used to determine the fate of salmon experiencing si-
mulated or true fisheries capture, it is possible to simultaneously in-
vestigate the effects of both stressors, and any potential interactions.

In this study we examined the impacts of both infectious agents and
fisheries capture on the migration rate and migratory success of
Chinook salmon, Oncorhynchus tshawytscha. Holding and telemetry ex-
periments were conducted using the same source population of Chinook
salmon. The former identified infectious agents associated with
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survival. The latter involved a telemetry study where salmon were ex-
posed to a simulated gillnet capture, biopsied, and then released to
migrate to spawning grounds. The simulated capture treatments in-
cluded a group that was air exposed to mimic intentional release by a
fisher, a group released from the gillnet underwater to imitate under-
water escape, and a group that was only biopsied, then released. The
collection of gill biopsies at the beginning of both experiments allowed
the determination of pathogen presence and load, via qPCR. Both
measurement of salmon immune and stress genes and analysis of blood
plasma physiological indices were used to evaluate the impacts of in-
fectious agents and other factors (e.g. sex, transport group).

2. Methods
2.1. Experimental design

A schematic is provided in the supporting materials to give an
overview of the experimental and analytical design (Fig. S1). Adult
Chinook salmon were collected from the attraction channel at the
Chilliwack River Hatchery (Chilliwack, British Columbia, Canada) for
both the holding and telemetry experiments. In both experiments, fish
were biopsied and tagged (discussed below) in an identical fashion. For
the holding experiment, fish were returned to the holding channel after
tagging. The holding experiment was conducted to (1) identify in-
fectious agents associated with survival, (2) determine whether there
was a survival impact of gastric tagging, (3) determine whether gastric
tag loss occurred, and (4) assess the effect of transport on blood plasma
variables and host gene expression.

For the telemetry study, fish were trucked downstream to a release
location (river km [rkm] 6.5, Fig. 1) where they were exposed to a
simulated gillnet treatment, biopsied for gill and blood samples, radio
tagged, and then released into the river to conduct an upstream mi-
gration back to the hatchery, monitored using fixed radio receivers. The
telemetry experiment was conducted to (1) investigate the impact of
gillnet capture and infectious agents on migratory rate and success, (2)
determine whether migratory rate and success differed between fish
escaping gear underwater and those air exposed and then released, and
(3) use blood plasma variables and immune gene transcription to
identify mechanisms associated with survival. For all objectives, we
tested the null hypothesis. For example, there would be no infectious
agents associated with survival and there would be no difference in
migratory rate or success among the different treatment groups.

2.2. Fish collection, biopsy, and tagging

Chinook salmon were chosen for this study since they are captured
in gillnets from California to Alaska and have experienced declines in
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recent decades. In the Fraser River watershed, the largest Canadian
producer of Chinook salmon (DFO, 1999), 14 of 17 assessed Chinook
salmon Conservation Units in the Fraser River watershed have declined
by 30% or more over the last three generations (Riddell et al., 2013).
While the population used in this study were not technically “wild”
since they were sourced from a hatchery population, we expect that
they were exposed to the same environmental conditions, infectious
agents, and fisheries capture experiences as wild bred fish.

Summer run adult Chinook salmon (average body length male:
67.1 + 6.2cm and female: 76.1 *= 7.3 cm; average body depth male:
14.6 + 1.4cm and female: 15.6 = 1.9cm) were collected at the
Chilliwack River Hatchery, located 40 river kilometers (rkm) upstream
from the Chilliwack River mouth (which is 85 rkm upstream from the
Fraser River mouth), from August 14th to 19th, 2013 (Fig. 1). From
1985-1989, this population was created from the transplantation of
Upper Fraser populations including Quesnel River, Bowron River, Slim
Creek, Finn Creek and Chilko River (Robert Stanton, Chilliwack
Hatchery, pers. commun.). Migrating adults begin to arrive in early July
and fish become sexually mature in early September. University of
British Columbia (UBC) researchers collected fish under Fisheries and
Oceans Canada (DFO) permits XR 201 2013 and XR 355 2013. This
work was performed according to the UBC animal care and use permit,
A12-0250.

Fish arriving at the hatchery voluntarily held in a channel im-
mediately adjacent to the hatchery raceway. Since individuals were not
tracked prior to either experiment, their residence time at the hatchery
was unknown. Temperature in the holding channel during the study
period was 14.5 °C on average and ranged from 12.8 to 16.6 °C. At the
time of tagging, fish were not considered completely mature. Hatchery
staff first allowed the fish into the raceway for gamete collection on
August 27th. To obtain fish from the channel, we corralled them into
the lower end of the fish ladder accessing the raceway and then dip-
netted them out. Fish for the holding experiment were transferred di-
rectly from the channel to a tagging trough. Fish for the telemetry ex-
periment were transferred into a 1500 L oxygenated transport tank for a
30 min drive to the tagging and release site (rkm 6.5, Fig. 1). No more
than 20 fish were held in the transport tank at one time. Dissolved
oxygen was monitored to maintain proper concentration (8-11 mg/L)
during transport and as fish were removed from the tank for tagging.

For the holding experiment, a total of 52 fish were tagged and
biopsied, half received gastrically implanted radio tags and half re-
ceived external visual ID tags (see below). Fish were returned to the
attraction channel immediately after this process. Although longer
holding would have been preferred, the hatchery staff conducted a
spawning take (collection of gametes from fish in the raceways) 10 days
after the first day of tagging which resulted in the end of the experi-
ment. Recaptured fish were assessed for tag loss at this time.

A total of 108 fish (36 in each treatment group) were included in the
telemetry experiment. After arrival at the downstream release site, fish
were removed from the truck one at a time and transferred to either a
1000 L tank of fresh river water (gillnet treatments) or a tagging trough
(biopsy only) supplied with a constant flow of river water. Water
temperature recorded at river kilometer 16 during the study period was
14.8 °C on average and ranged from 12.8 to 17.2 °C. To simulate a brief
gillnet entanglement followed by escape, we enmeshed each fish in a
panel of gillnet (20 cm mesh strung on a dip-net hoop) for 20 s, and then
gently removed them from the net underwater. Research in Bristol Bay,
Alaska indicated that escape of sockeye salmon (O. nerka) from gillnets
was a common occurrence, with 11-29% of fish displaying gillnet
marks on spawning grounds over a three year study (Baker and
Schindler, 2009). To simulate a gillnet capture followed by release by a
fisher (and associated air exposure as the fisher disentangles the fish out
of water), we performed an identical entanglement, disentangled the
fish directly into a dip-net in air, and then suspended the fish so that
total air exposure time was one minute. A 20 s gillnet entanglement
followed by 1 min air exposure has been demonstrated as sufficient for
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influencing survival in sockeye salmon (Teffer et al., 2017).

The biopsy and tagging process was identical for all fish, regardless
of the experimental manipulation. Fish were not anesthetized because
there was the possibility that they could be recaptured and consumed
(anesthetics allowed for use on fish in Canada [metomidate, tricaine
methanesulfonate] cannot be used on potential food fish). One techni-
cian held a fish in the trough while the other performed the biopsy and
tagging procedure. Blood was drawn from the caudal peduncle using a
heparinized vacutainer and immediately placed on ice. A small gill
sample (2-3 mm of 3-4 gill filament tips) was removed with sterilized
end clippers and placed in 1.5mL of RNAlater™ (Life Technologies,
Carlsbad, CA). Gill tissue is a point of entry and infection for many
infectious agents, includes small amounts of blood which contain cir-
culating infectious agents and host RNA, and allows for low-impact
non-lethal sampling. A Pisces 5™ radio tag (43 mm length X 16 mm
diameter, 15.2 g in air, 5 s burst rate; Sigma Eight Inc., Newmarket, ON)
was placed in the stomach, immediately behind the esophageal
sphincter with the wire antenna hanging out of the fish's mouth. Fork
length was measured and sex was determined by observing secondary
sexual characteristics. An elastic visual identification tag (aka “spa-
ghetti” tag, Northwest Marine Technology, Shaw Island, WA) was
looped through the musculature posterior to the dorsal fin for the
purpose of recovering fish at the hatchery and by anglers.

Within 1 h of sampling, blood samples were centrifuged for 7 min at
7000g and plasma was stored at —80 °C. Hematocrit and leukocrit were
calculated as the percentage of packed red blood cells and leukocytes in
whole blood, measured after centrifuging in capillary tubes for 2 min.
Plasma osmolality, sodium, potassium, chloride, glucose, and lactate
were measured in duplicate or triplicate using the procedures outlined
in Farrell et al. (2000). Testosterone and 17f-estradiol samples were
extracted in ethyl ether according to manufacturer's protocols. Plasma
cortisol, testosterone, and 17f-estradiol were measured using com-
mercial ELISA kits (Neogen Corporation, Lansing, MI), and run in du-
plicate at appropriate dilutions. Gill samples in RNAlater™ were pre-
served according to the manufacturer's recommendations: after 24 h at
4 °C they were stored at —20 °C for 1-2 months and then —80 °C until
extraction. Sex assignments were confirmed by viewing scatterplots of
testosterone and 17f-estradiol (females are clearly higher for both
variables).

2.3. Radio telemetry

Six fixed radio telemetry receivers (Orion™, Sigma Eight Inc.), each
equipped with a three element Yagi antenna, were positioned along the
Chilliwack River (Fig. 1). At the hatchery, one receiver was placed
immediately upstream of the hatchery to detect fish moving further
upstream, and another was placed immediately downstream of the at-
traction channel to detect fish entering and leaving. At installation,
range was tested using a radio tag to ensure coverage of the river
channel. Stationary receiver efficiency was calculated for the four
middle receivers (> 95%) based on detections of tagged fish at adjacent
upstream and downstream receivers, and therefore this could not be
estimated for the furthest downstream or upstream receivers. Mobile
tracking was performed along the entire length of the river on August
20-23, 26, 30, and September 4 using a Lotek SRX 600 (Newmarket,
Ontario, Canada) with a truck mounted five element Yagi antenna.
Mobile tracking data were used to determine maximum upstream de-
tection location, to calculate antenna efficiency, and to visualize de-
tection data to aid in interpretation of movement patterns.

By evaluating plots of all fixed telemetry receiver and mobile
tracking detections, we were able to assign survival times for each fish.
We assumed that rapid downstream detections (equating to a rough
approximation of river velocity) indicated moribund or deceased in-
dividuals. These rapid downstream movements were easily recogniz-
able in plots and were not followed by subsequent upstream move-
ments. Survival times were assigned to the first detection in the series of
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downstream detections. To our knowledge, only two fish were captured
in the Chilliwack River recreational fishery and these were not included
in the analysis.

2.4. Molecular methods

Gill samples were screened quantitatively for the presence of 15
infectious agents (Table S1) known to infect Fraser River Chinook
salmon (Bass et al., 2017), using HT-qPCR on the Fluidigm BioMark™
microfluidics platform. Using the same technology, we measured the
expression of 35 host genes, primarily immune and stress related (Table
S2). The platform, populated by assays to 45 potential salmon patho-
gens, was analytically validated for research applications with salmon
(Miller et al., 2016) and utilizes the same TagMan probe assays as other
single assay platforms.

Assays were designed for RNA, which enables the inclusion of some
RNA viruses, focuses on infectious agents in an active state, and allows
measurement of host gene expression (Miller et al., 2014, 2016). Host
stress and immune gene assays (Table S2) were chosen to represent
components of innate and acquired immunity as well as genes found to
be correlated with survival in previous studies. Genes labeled “MRS” in
Table S2 were components of a “mortality related signature” found to
be predictive of survival for upstream migrating adult sockeye salmon
(Miller et al., 2011). Other genes included here were associated with
survival for juvenile sockeye salmon (Jeffries et al., 2014a) and a stress
response in adult pink, Oncorhynchus gorbuscha, and sockeye salmon
experimentally exposed to elevated temperatures (Jeffries et al.,
2014b).

Detailed laboratory methods are described in Bass et al. (2017) and
Teffer et al. (2017). In short, gill tissue was homogenized and RNA was
extracted from aqueous phase aliquots using an automated liquid
handling instrument. Normalized RNA (31.25ng/uL) was reverse
transcribed to cDNA. Because per sample volume used by the BioMark
is small, cDNA was pre-amplified (15 cycles) before qPCR on the Bio-
Mark.

All assays were run in duplicate. A serial dilution of artificial posi-
tive constructs (APC clones) of all infectious agent assays was run as six
samples on the dynamic array. This serial dilution allowed for the
calculation of infectious agent assay efficiency and infectious agent
RNA copy number. The APC clones contain an additional probe (labeled
with NED fluorescence) that allows for the detection of vector con-
tamination (see Miller et al. (2016) for further detail). To determine
assay efficiency for host genes, we created a 5 sample serial dilution of
pooled, pre-amplified samples. The pooled sample was diluted in DNA
suspension buffer to create the serial dilution. Assays with a low or high
amplification factor (< 1.8 or > 2.2; equivalent to < 80% or > 120%
efficiency) or low R? (< 0.98) were removed from further analysis (C3,
C7, CIRP, EIF4E, HSC70, KCTD, MCSF, SHOP21, TF, see Table S2).

Cycle threshold was determined using the BioMark Real-Time PCR
analysis software. Reaction curves for each positive sample-assay
combination were visually evaluated for abnormal curve shapes, close
correspondence between replicates, and presence of APC contamination
as indicated by fluorescence of the NED probe. Using custom functions
in R statistical software (R Core Team, 2015), we calculated efficiency
for each infectious agent assay, omitted results where only one dupli-
cate was positive for a sample-assay combination, removed APC con-
taminated samples, and averaged duplicates. For host genes, we per-
formed the same steps but kept results where only one duplicate was
positive and did not apply APC contamination screening.

For infectious agents, the number of RNA copies per sample was
calculated using the standard curve method (Larionov et al., 2005).
Host genes were normalized using the delta delta Ct method
(Schmittgen and Livak, 2008). We normalized relative to the geometric
mean of the reference genes and the population average Ct for a given
gene.
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2.5. Statistical analyses

2.5.1. Infectious agent presence, load, and RIB

Infectious agent prevalence was calculated as the percent of the
population with a positive detection for a given infectious agent. To
determine whether infectious agent load was associated with sex,
transport, or tagging day we created a separate multiple linear regres-
sion model for each infectious agent. The log transformed RNA copy
number of a given infectious agent was the response variable and the
factors in the preceding sentence were the explanatory variables. For
each model, plots of residuals were observed to ensure that the as-
sumptions of normality and homoscedasticity were met. p-values were
evaluated with the same criteria described below in “Physiological and
transcriptomic variables”.

We calculated relative infectious agent burden (RIB), as a means of
collapsing the infectious agent data to a single metric so that a para-
meter representing overall infection (determined by qPCR) could be
included in each model below. Relative infectious agent burden was
calculated as:

D

i=1

L;
Lmax;

)

where for a given individual, the load (RNA in gill sample) of the ith
infectious agent (L;) is divided by the maximum load within the po-
pulation testing positive for the ith infectious agent (Lmax;) and this is
summed across all infectious agents (m) infecting the given individual.
This metric is therefore relative within the study population. The in-
fectious agents rickettsia-like organism (RLO) and viral erythrocytic
necrosis (VEN) were not included in this calculation due to only one
and two positive samples, respectively. When included in models
below, this parameter was always log transformed due to its long-tailed
distribution.

2.5.2. Accelerated failure time modeling

Because our primary response variables were survival and migration
times with censored observations, we utilized time to event (aka sur-
vival) analysis using the “survival” package in R (Therneau, 2015).
Accelerated failure time (AFT) models were used instead of the com-
monly used Cox proportional hazards regression because exploratory
analyses revealed that the data did not meet the proportional hazards
assumption (Swindell, 2009). Because including all potential infectious
agents would over-fit each model, we first conducted single variable
survival models for each infectious agent that was present in 20% of the
population or greater. Infectious agents that were significant in single
AFT models at a = 0.05 were included in the final model. Sex was in-
cluded in all final models because multiple studies of migrating Pacific
salmon have shown that females have lower migratory success than
males (Jeffries et al., 2012; Martins et al., 2012; Teffer et al., 2017) and
data exploration indicated the same for this study. To represent overall
infection state, RIB was also included in all models.

To meet the assumption of the appropriate error distribution for all
AFTs, distributions were selected via Akaike's Information Criterion
(AIC) after each model was fit using the loglogistic, lognormal, logistic,
exponential, Weibull, and Gaussian distributions (Swindell, 2009). The
two distributions with the lowest AIC values were visually assessed by
plotting the negative log of the Cox-Snell residuals against time. The
distribution demonstrating better agreement with a line through the
origin with a slope of 1 was selected. To determine whether significant
categorical variables (sex, treatment, infectious agent presence) had a
multiplicative effect that was consistent across time, a major assump-
tion of AFT models, quantile-quantile (QQ) plots were created where
the survival time quantiles of one group was plotted against survival
time quantiles of the other and a straight line indicates fulfillment of the
assumption (Swindell, 2009).
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2.5.3. Holding experiment

A single AFT model was created to determine whether any in-
fectious agents were associated with survival (aka longevity) for the
holding Chinook salmon and also whether gastric tagging was asso-
ciated with survival. Cryptobia salmositica presence was included in the
model based upon the single variable exploratory analyses. The final
model included the following explanatory variables: tag type (spaghetti
vs gastric radio), sex, RIB, and C. salmositica presence. In this dataset,
individuals that left the attraction channel (determined via radio de-
tection) or were euthanized when the hatchery staff conducted a
spawning take were censored (71% of population was censored). The
exponential distribution was selected for this model.

2.5.4. Telemetry experiment

For the telemetry experiment, to test whether gillnet capture and
infectious agents were associated with migratory success, we created an
AFT model with survival times determined by detections from the fixed
antenna array. Individuals without survival times were assigned a
censored survival time at their last detection (69% censored). The final
model included simulated gillnet treatment (three categories: gillnet,
gillnet and air exposure, biopsy), sex, RIB, and C. salmositica presence.
The exponential distribution was selected for this model. We also fit
multiple models with interactions between gillnet treatment, sex, and
C. salmositica presence but this did not result in any improved models.

Due to the high percentage of censored observations, we also con-
ducted a logistic regression analysis where detection or tag recovery
above river km 28 (Fig. 1) was considered migratory success. This lo-
cation is considered to be the beginning of spawning habitat for Chi-
nook salmon in the Chilliwack river (pers. commun. Robert Stanton,
Chilliwack Hatchery) and we observed Chinook on redds several km
upstream. To determine whether infectious agents should be included
in this analysis we conducted chi-square tests for the presence of an
infectious agent against migratory success and simple linear regressions
between the maximum river km where an individual was ever detected
(by fixed or mobile telemetry) and the load of each infectious agents.
The final model included gillnet treatment, sex, RIB, C. salmositica
presence, and log Flavobacterium psychrophilum load. Including inter-
action terms as above did not improve this model. To meet the as-
sumption of multicollinearity, we estimated the variance inflation
factor to be sure that it was below 4 for all variables (O’Brien, 2007). A
Hosmer Lemeshow goodness of fit test indicated that the model fit was
appropriate.

To determine whether there were associations between migration
rate and treatment group and/or infectious agents, we created an AFT
model where an arrival event was a detection at the river km 28 re-
ceiver and time to event was calculated as the difference between the
first detection at river km 28 and release. Fish that were detected at rkm
16 and not subsequently at rkm 28 were censored at their last detection
at rkm 16 (6% were censored). Fish never detected at rkm 16 or 28
were not included in this analysis. Gillnet treatment, sex, and RIB were
included as explanatory variables in this model and the Weibull dis-
tribution was selected as most appropriate.

2.5.5. Physiological and transcriptomic comparisons

To explore the potential mechanisms underlying survival we created
multiple linear regression models with each blood plasma variable and
host gene (hereafter physiological parameters) as the response vari-
ables. For each model, infectious agent load (for each of the infectious
agents that were at least 20% prevalent), sex, transport, and tagging
date were the explanatory variables. Sex was included due to sub-
stantial evidence in the literature (Jeffries et al., 2012; Martins et al.,
2012; Teffer et al., 2017) and corroborating exploratory analyses in this
study indicating its association with survival. Transport was included
because the capture and confinement process was likely to evoke a
stress response. We also included the date of tagging as an explanatory
variable because we observed that some host genes appeared to change
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over the 5-day period. The associations between physiological para-
meters and both sex and transport discussed in the results were from the
model including RIB as an explanatory variable since this incorporated
the entire population (individuals from both experiments, n 149).
For each model, plots of residuals were observed to ensure that the
assumptions of normality and homoscedasticity were fulfilled. Due to a
lack of normality, we log transformed plasma cortisol, testosterone, and
17p-estradiol. Infectious agent loads and RIB (as above) were all log
transformed. For all of these tests, we did not penalize p values for
multiple hypothesis testing. However, while we highlighted results in
tables that had p values below the a = 0.01 level, we only discuss re-
sults that were significant at the @ = 0.001 level. At this @ we would
expect false discovery to occur less than one percent of the time for 300
statistical tests (for example).

To visualize the results from these models pertaining to infectious
agents, we created a heatmap (using the “heatmap3” package (Zhao
et al., 2015)) representing Pearson correlation coefficients for com-
parisons between infectious agents and physiological parameters.
Comparisons that were significant at the @ = 0.001 level in the above
multiple linear regression models were highlighted on this heatmap. To
compare overall patterns of gene expression to infectious agent pre-
sence and migratory fate, we created a heatmap (“heatmap3”) that used
hierarchical clustering to group individual fish from the telemetry ex-
periment based on gene expression. For each individual fish on the
heatmap, categories for RIB, C. salmositica load, sex, and migratory fate
were annotated.

3. Results
3.1. Infectious agent presence

Of the 15 infectious agents we assayed, 14 were detected in gill
samples (Piscine reovirus was not detected, Fig. 2). Six infectious agent
species including, ‘Candidatus Branchiomonas cysticola’, Flavobacterium
psychrophilum, Ceratonova shasta, Tetracapsuloides bryosalmonae, C. sal-
mositica, and Ichthyophthirius multifiliis were detected in > 20% of the
population and included in further analyses. The number of infectious
agents detected in a single individual ranged from 2 to 8, with a median
of 4. Relative infectious agent burden (RIB) ranged from 0.002 to 2.26,
with a median of 0.13 (before log transformation).

The ‘Ca. B. cysticola’ log load was significantly higher in females
(mean + 95% CI: 14.1 = 3.2 log copies RNA) compared to males
(13.2 + 3.0 log copies RNA) (multiple linear regression, p < 0.001,
Fig. 2). The log-transformed load of Flavobacterium psycrophilum was
significantly lower in transported fish (7.3 = 4.0 log copies RNA)
compared to fish sampled at the hatchery (8.8 *+ 3.0 log copies RNA)
(p < 0.001). No infectious agents varied significantly with date of
tagging.

3.2. Differences in physiological parameters between experimental groups
and sexes

The group that had been transported downriver for the telemetry
study showed elevated levels of plasma hematocrit, osmolality and
decreased levels of leukocrit (Table S3). Genes that showed higher
transcription in the transported group included ATP5G3, B2M, CD4,
CD83, IL-15, JUN, MHCII-B, and RIG-I (Table S3). Females demon-
strated higher levels of cortisol, testosterone, and 17[3-estradiol and had
elevated expression of hepcidin (HEP) and Interleukin-11 (IL-11)
compared to males (Table S3).

3.3. Hatchery holding experiment
Survival histories were determined for 35 of 52 Chinook salmon

biopsied and returned to the channel, based on discovery of carcasses,
detections of radio-tagged individuals leaving the attraction channel,
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Fig. 2. Barchart of infectious agent prevalence overlaid with beanplot of infectious agent load. Gray bars and black bean halves represent males (n = 99) and pink
and red represent females (n = 52). Bean lobes are smoothed histograms with small ticks indicating individuals and large ticks representing group means.

Table 1
Model results for survival analysis and logistic regression models applied to Chinook salmon in both holding and telemetry experiments, Chilliwack River, BC, 2013.
Dashes indicate that explanatory variable was not included in a given model. p values for explanatory variables significant at p < 0.05 are indicated in boldface.

Response variable Model type (distribution) N obs Model Explanatory variables
parameter
Gillnet Gillnet + air Tag type Sex (F) RIB C. sal F. psych
(radio) presence load
Holding Exp. survival time Accelerated failure time 35 (10 B - - 0.59 -0.75 -0.37 -1.46 -
(exponential) events)
SE 0.67 0.85 0.28 0.74
p 0.38 0.37 0.19 0.05
Telemetry Exp. survival time Accelerated failure time 102 (32 B 0.44 0.47 - -0.60 -0.15 -0.85 -
(exponential) events)
SE 0.44 0.45 0.38 0.14 0.40
p 0.32 0.30 0.11 0.28 0.03
Telemetry Exp. arrival at rkm  Logistic regression 92 B 0.58 —0.20 - -1.62 0.06 -1.59 0.04
28 (arrival = 1)
SE 0.63 0.62 0.52 0.12 0.60 0.12
p 0.35 0.74 0.002 0.74 0.01 0.76
Telemetry Exp. migration time Accelerated failure time 78 (73 B 0.35 0.37 - 0.26 0.01 - -
to rkm 28 (Weibull) events)
SE 0.14 0.14 0.12 0.04
p 0.01 0.01 0.03 0.81
Holding Survival River Survival
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Fig. 3. Kaplan—-Meier curves comparing survival of Chinook salmon with and without Cryptobia salmositica infection. Panel A is the 10 day holding experiment at the
Chilliwack River Hatchery, BC and Panel B is the telemetry experiment in the Chilliwack River. Triangles represent censored individuals.
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Fig. 4. (A) Barchart of migratory fate split by
treatment group for Chinook salmon released
in the Chilliwack River, BC. Immediate mor-
tality includes fish that died close to the re-
lease site within 24 hrs of tagging. Fallback
includes fish that were detected at the rkm 3
receiver and not upstream subsequently. (B) A
cummulative incidence curve of time to arrive
at the beginning of spawning habitat (river km
28) split by treatment. Triangles represent
censored individuals.
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and collection of survivors at the end of the experiment. Median sur-
vival time was greater than the length of the holding experiment (10
days) and therefore could not be estimated. C. salmositica presence was
the only variable in the AFT model that was associated with survival for
the held Chinook salmon (Table 1). The model indicated that fish
without C. salmositica survived 4.3 times (95% CI = 1.0-18.2) longer
than those testing positive. By fitting the model, median survival time
for a male fish with a spaghetti tag, an average RIB, and C. salmositica
was 7.0 days but the same value for a similar fish testing negative could
not be estimated since so few of these fish died before the termination
of the holding experiment (Fig. 3A). There was no radio tag loss among
the hatchery held fish and tag type was not significantly associated with
survival in the AFT model (Table 1).

3.4. River telemetry experiment

Following simulated gillnet treatments and biopsy, 15% of the
tagged fish died without being subsequently detected at receivers up-
stream or downstream of the release site and 10% were detected at the
receiver located 3 km downstream of the release site and not detected
upstream thereafter (Fig. 4A). Although 12% were detected by mobile
tracking upstream of the hatchery (four fish from each treatment group,
max rkm = 55.5), no fish were detected at the Chilliwack Lake receiver
(rkm 60, Fig. 1).

Median survival time for Chinook salmon released with radio tags
was 14.2 days. The AFT model indicated that fish testing negative for C.
salmositica survived 2.3 times longer (95% CI = 1.1-4.9) than those
testing positive (Table 1). According to the model, a male, biopsy
treatment fish with average RIB and testing positive for C. salmositica
would survive for a median of 7.4 days and the same fish without C.
salmositica would survive for a median 17.4 days (Fig. 3).

Logistic regression, with arrival at the beginning of spawning ha-
bitat as the dependent variable, revealed that sex and C. salmositica
presence were associated with the likelihood of arrival (Table 1). Males
were 5.1 times more likely to arrive at spawning grounds compared to
females (95% CI: 1.9-14.7) and fish without C. salmositica were 4.9
times more likely to arrive than those testing positive (95% CI:
1.6-16.8). Not a single female salmon that tested positive for C. sal-
mositica (n = 10) arrived at the beginning of spawning habitat while
exactly half of females that tested negative for C. salmositica (n = 28)
arrived. The respective proportions for males were 58 and 75%.

Similar proportions of the gillnet treatment groups (72% of gillnet,
69% of gillnet + air, and 67% of biopsy) were detected at the begin-
ning of spawning habitat (Fig. 4A). However, an AFT model showed
that the time required to arrive at this location (migration rate) was
significantly different between treatment groups and sexes (Fig. 4B and
Table 1). Biopsied individuals migrated significantly faster than both
gillnetted and gillnetted and air exposed fish. The two gillnet
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treatments were not significantly different from one another and the
model indicated that it took both gillnetted groups 1.4 times longer
(95% CI = 1.1-1.9) than biopsy fish to arrive at the beginning of
spawning habitat. Female Chinook salmon migrated significantly
slower than males, requiring 1.3 times longer (95% CI = 1.0-1.6) to
arrive. According to the model, the median time required to migrate
from release to spawning habitat (a distance of 22km) for a male
biopsied fish, a female biopsied fish, a male gillnetted fish, and a female
gillnetted fish was 2.4, 3.0, 3.4, and 4.5 days, respectively.

3.5. Gene expression, plasma variables, and infectious agents

A comparison of the load of all infectious agents and RIB to gene
expression and plasma variables showed that C. salmositica was sig-
nificantly correlated with 4 plasma variables and the expression of 3
genes (Fig. 5, Table S4). The genes HEP, IGMS (Immunoglobulin M),
and MMP13 (matrix metallopeptidase 13) all showed a similar highly
significant, positive correlation with C. salmositica load and were highly

-0.4 0.0 04

HEP
MMP13
MX

IL-1R
IGMS
leukocrit
MHCI
MHCII
B2M
IL-15

log testosterone
potassium
log cortisol
RIG-

I IJL—1 1

==

Gene expression & plasma vairables

log 17B-estradiol
lactate
GR-2
hematocrit
%Iucose

D4
sodium
chloride
osmolality

te. bry

ic. mul
ce. sha
RIB
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Fig. 5. Heatmap of correlations between infectious agent load and physiolo-
gical parameters (host gene expression and blood plasma indices) in adult
Chinook salmon (n = 149), Chilliwack River, BC. Comparisons with black
borders were significant in a multiple linear regression atp < 0.001 (see Table
S4). te. bry = Tetracapsuloides bryosalmonae; ce. sha = Ceratonova shasta; ic.
mul = Ichthyopthirius multifiliis; br. cyst = ‘Candidatus Branchiomonas cysti-
cola’; RIB = relative infectious agent burden; fl. psy = Flavobacterium psychro-
philum; cr. sal = Cryptobia salmositica. Full names for genes can be found in
Table S2.



A.L. Bass et al.

Fisheries Research 209 (2019) 156-166

ﬁ

4

RIB

C.sal load

Sex

Migr fate
HSP90
HEP
MMP13
IGMS
JUN
RIG-I
ATP5G3-C

B2M

RIB

O low
E mod
B high

C.sal load

Bl absent
O low
B high

Sex

E female
O male

Migr. fate

3 arrive
| fail

CD4
GR-2
MHCI

IFNa
IL-11
CD83
IL-1R

MHCII-B
MX
IL-15

Fig. 6. Heatmap plotting expression of 18 stress and immune genes for each Chinook salmon (n=101) radio-tagged and released into the Chilliwack River, BC.
Relative expression was scaled by gene by the “heatmap3” plotting function. Color bars on left side indicate RIB (low = < 0.04, mod = > 0.04 and < 0.30,
high = > 0.30), the load of Cryptobia salmositica (low = < 22,000 copies C. salmositica RNA per gill sample, high = > 22,000), sex, and migratory fate determined
by radio telemetry. Dashed horizontal lines indicate the division between four clusters (A-D) on the secondary branches of the dendrogram clustering individual fish

(row side).

expressed in C. salmositica positive fish (Fig. 6, Table S4). Hematocrit,
glucose, and potassium were negatively associated with C. salmositica
load and presence (Table S4).

Although the bacteria ‘Candidatus Branchiomonas cysticola’ did not
meet the criteria to be included in any of the models of survival and
migration rate, it was significantly, positively associated with the MX,
IL-1R, and IL-11 genes and negatively associated with plasma sodium,
chloride, and osmolality (Fig. 5). While not significant (except in the
case of IL-1R), the direction of these correlations appeared similar for
Ichthyophthirius multifiliis. RIB was significantly, positively correlated
with the expression of HEP and MMP13, and Flavobacterium psychro-
philum was negatively associated with the expression of CD4.

A heatmap of all of the Chinook salmon in the telemetry experiment
clustered by gene expression (Fig. 6) showed tight clustering of in-
dividuals with high C. salmositica loads (cluster C), while low load in-
dividuals were widely distributed among those testing negative for C.
salmositica. The high load group was disproportionately females that
did not arrive on spawning grounds and was characterized by relatively
high expression of HSP90, HEP, MMP13, and IGMS. Cluster A in Fig. 6,
which represented a group with 56% migratory success was char-
acterized by a near universal up-regulation of GR-2, MHCI, CD83, IL-
1R, MHCII-B, MX, and IL-15. Clusters B and D, which had higher in-
cidence of migratory success (62 and 74%, respectively) generally
presented more neutral or lower expression of all evaluated genes.
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4. Discussion

Both the condition of a fish at capture and the capture experience
itself can alter the physiology, behavior, and survival of Pacific salmon
released or escaping from fisheries gear. In this experiment, we simu-
lated fisheries capture and measured the presence and load of several
known infectious agents. Fish infected with a blood-borne protozoan, C.
salmositica, had a reduced likelihood of arriving on spawning grounds.
Although gillnetted fish did not experience lower migratory success or
shorter survival than biopsy fish, they did take significantly longer to
reach spawning grounds. While failing to arrive on spawning grounds is
a more severe consequence than delayed migration for a semelparous
fish, late arrival on spawning grounds can impact spawning success and
offspring fitness (Dickerson et al., 2005; Seamons et al., 2004). Females
were less likely to successfully migrate and migrated more slowly than
males. Taken together, these findings indicate that while even a brief
fisheries encounter at a late stage in the migration can have a mea-
surable impact on migration rate, aspects of the biological context
underlying a fisheries capture (fish condition and sex) may be more
important predictors of survival.

The process of dipnetting, transporting, handling, and biopsying
likely resulted in a stress response for all fish tagged in this study
(Pickering et al., 1982). Transported fish displayed significant changes
to blood plasma physiology reminiscent of a fisheries capture
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experience (Farrell et al., 2001). Genes associated with the cell-medi-
ated immune response were up-regulated within the hour following
capture, transport, and confinement. Similarly, Wiseman et al. (2007)
demonstrated up-regulation of immune genes (including MHCII) in the
liver of rainbow trout, Oncorhynchus mykiss, just one hour after a
handling stressor. Transcription factor jun-B (JUN) was up-regulated in
transported fish in our study, as in previous studies where capture and
handling stressors were applied (Momoda et al., 2007; Donaldson et al.,
2014). Load of F. psychrophilum was significantly lower in transported
fish, potentially a result of increased lysozyme activity in response to
the capture and confinement stress (Demers and Bayne, 1997). These
results demonstrate rapid transcriptomic changes associated with
handling stressors in the field, and researchers would be prudent to
optimize the time between the application of a stressor (such as
handling and tagging) and collection of biopsies (intended for analysis
by qPCR) according to the objectives of their study. In our river release
study, it appears that the stress of handling and transport contributed to
increased mortality (immediate mortality). However, median survival
times were similar for C. salmositica positive telemetry experiment fish
(7.4 days) and C. salmositica positive holding experiment fish (7.0
days). Furthermore, the handling and transport stress was uniform
across all river released fish so differences associated with treatment,
sex, and infectious agents are not artifacts of transport.

While all fish in this study likely required some degree of recovery
following the aforementioned transport and handling stress, the gillnet
treatment groups migrated slower, suggesting a need for additional
recovery time compared to biopsy-only fish. In cases where earlier ar-
riving fish have greater reproductive success, delayed arrival on
spawning grounds can have important implications (Dickerson et al.,
2005). By virtue of migrating slowly, netted fish may be more vulner-
able to additional encounters with fishery gear and spend more time
exposed to higher water temperature prior to entering cooler natal
streams. One might expect the importance of the observed delay in this
study to be low given the long pre-capture holding period of the Chi-
nook salmon at the hatchery and the short migration distance re-
maining after experimental manipulations. However, our research
group has observed a similar delay by gillnet-caught sockeye salmon
migrating through the Lower Fraser River (Nguyen et al., 2014; Bass
et al., 2018), indicating that the increased recovery time imposed by
gillnet capture may be observed on larger scales. In this study, we were
unable to identify the mechanisms linking gillnet treatment to migra-
tion rate because we only biopsied fish immediately following gillnet
treatments which did not allow adequate time for associated physio-
logical changes to occur. A future study with similar treatments but
including repeated sampling post-treatment (as in Donaldson et al.
(2014)) could provide a mechanistic understanding of the impacts of
gillnet capture on Chinook salmon.

There was no significant difference between the treatment groups
for survival post-release or migratory success. This may be due to the
mild nature of the simulated gillnet treatments; a 20 s entanglement is
short relative to what fish may experience in a more realistic “capture-
and-release” scenario but it could be an accurate representation of some
“entangle-and-escape” situations. Teffer et al. (2017) found that an
experimentally applied 20s gillnet entanglement caused a significant
difference in survival (relative to controls) for sockeye salmon captured
early in their migration and held in tanks for five weeks. In contrast,
Raby et al. (2013) found that mature chum (O. keta) and pink (O.
gorbuscha) salmon on spawning grounds were highly resilient to mul-
tiple simulated stressors, including a 3 min gillnet entanglement. While
these examples are drawn across multiple Pacific salmon species, the
difference in impact between these studies may be dependent upon the
context of physical and physiological development along the migration.
Pacific salmon collected from the final stage of their migration have
thickened skin (Robertson and Wexler, 1960) and elevated cortisol
(Robertson et al., 1961; Baker and Vynne, 2014). These adaptations,
potentially evolved to protect fish on spawning grounds, could render

164

Fisheries Research 209 (2019) 156-166

salmon physiologically refractory to fisheries capture towards the end
of their migration. Given this possibility, we discourage the application
of our findings to populations of Pacific salmon encountering fisheries
at early periods of their migration. Future field studies that compare the
impacts of fisheries encounter at multiple points along the migration
are warranted.

Sex was a significant predictor of migratory success and slower
migration in this study and there was one infectious agent (‘Ca. B. cy-
sticola’), three blood plasma variables (17p-estradiol, cortisol, testos-
terone), and two genes (IL-11, HEP) that varied significantly between
sexes. In previous holding and telemetry studies finding higher mor-
tality for female compared to male Pacific salmon, authors attributed
the phenomenon to the greater reproductive investment, reduced im-
mune function, and lower tolerance to stress of female fish (Jeffries
et al.,, 2012; Martins et al., 2012; Teffer et al., 2017). As seen in pre-
vious studies (Fagerlund, 1967; Hruska et al., 2010), 17[-estradiol,
testosterone, and cortisol in this study were significantly higher in fe-
males than males. Hepcidin and interleukin 11, which were both ex-
pressed higher in females, have previously been positively associated
with bacterial infection (Shike et al., 2002; Wang et al., 2005) but
neither gene was associated with bacteria load in this study. The load of
‘Ca. B. cysticola’ was significantly higher in females but we have seen
no evidence in our work to suggest that ‘Ca. B. cysticola’ is associated
with mortality, and other researchers recently suggested the same with
Atlantic salmon (Gunnarsson et al., 2017). While identifying the un-
derlying cause of lower survival in females is beyond the scope of this
study, our results contribute to the continued effort to understand this
important phenomenon.

C. salmositica was the only infectious agent that appeared to be as-
sociated with survival. The primary vector for C. salmositica is the
Pacific salmon leech, Piscicola salmositica, which we frequently saw on
salmon collected at the hatchery. We suspect that the hatchery attrac-
tion channel provided favorable conditions for the leech: low water
velocity, gravel substrate, and high fish densities (Becker and Katz,
1965). C. salmositica is known to cause anemia in fish (Woo, 1979;
Lowe-Jinde, 1986), and this was evident in our study as a negative
correlation between hematocrit and C. salmositica load and presence,
similar to the results of Laidley et al. (1988) and Lowe-Jinde (1986).
Consistent with Laidley et al. (1988), we also found a negative corre-
lation between C. salmositica load and plasma glucose. This could be
due to C. salmositica consuming glucose (Li and Woo, 1991) or con-
versely it is indicative of chronic stress (Laidley et al., 1988). Contrary
to Lowe-Jinde (1986), we found that leucocrit (% white blood cell) was
positively associated with C. salmositica load. However, associations
between leucocrit and infectious agent load have not been well-estab-
lished (Wedemeyer et al., 1983). Overall, the association of several
plasma variables with C. salmositica corroborated what has been ob-
served in a previous study (Laidley et al., 1988) and was indicative of
infection-mediated disease.

We found a positive correlation between C. salmositica load and the
expression of three immune genes (HEP, MMP13, IGMS) in gills.
Hepcidin plays an important role in sequestering iron, a nutrient re-
quired for many pathogenic microbes to replicate and cause disease
(Skaar, 2010), so that it is not available to pathogens (Drakesmith and
Prentice, 2012). C. salmositica lyses erythrocytes in the bloodstream,
likely causing an extracellular release of iron, a potential explanation
for the increased expression of hepcidin. Elevated levels of hepcidin
occur in fish challenged with bacteria (Shike et al., 2002; Martin et al.,
2006) and in this study there was also a correlation between RIB and
hepcidin. The positive association between C. salmositica and hepcidin
is not without precedent as ferroportin, an iron exporting protein whose
function is modulated by hepcidin, has been associated with iron reg-
ulation in mice parasitized by a blood-borne protozoan, Trypanosoma
brucei (Stijlemans et al., 2008). Matrix metalloproteinases, including
MMP13, play a role in the restructuring of damaged tissue and their
expression is increased in any disease that is associated with
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inflammation (Parks et al., 2004). Through histological investigation of
rainbow trout infected with C. salmositica, Bahmanrokh and Woo
(2001) found that lesions became evident 2 weeks post-infection in
liver, spleen, and gill tissue and that inflammation occurred simulta-
neously and increased in severity with parasitemia over time. Elevated
transcription of IGMS, the immunoglobulin M antibody, suggests that C.
salmositica infected Chinook salmon in this study experienced increased
antibody production. Woo (2007) demonstrated that adult Pacific
salmon contract C. salmositica shortly after returning to freshwater and
that correspondingly, complement-activating antibody production is
detectable two weeks after infection. In a challenge study where C.
salmositica was injected into Atlantic salmon (Salmo salar), Ardelli and
Woo (2002) observed an increase in antibody production and decrease
in the cell-mediated response. While correlations were non-significant
at our a level, several components of the cell-mediated response ap-
peared in heat maps to be down-regulated in individuals with high C.
salmositica load and high IGMS expression. After considering the ex-
pression of HEP, MMP13, and IGMS in the context of previous litera-
ture, we suspect that elevated transcription of these genes is an immune
response to the presence of and damage caused by C. salmositica.

The impact of C. salmositica on adult Chinook salmon in our study
was demonstrated at the molecular (genes), physiological (plasma
variables), and organism (migratory success) levels. However, we do
not expect this infectious agent to be a common problem for upstream
migrating adult Chinook salmon prior to arrival in natal streams. The
infectious agent is encountered primarily in spawning habitat (Becker
and Katz, 1965) and the fact that it played an important role in up-
stream migration may be an artifact of our experimental design
(moving fish from “spawning grounds” and requiring them to again
migrate upstream). It could however, play an important role in shaping
spawning ground demographics and reproductive capacity (Woo,
2003). There are some accounts of C. salmositica associated with epi-
zootics in Chinook salmon aquaculture and prespawn mortality (death
following arrival on spawning grounds but preceding spawning) in wild
fish (Woo, 2003). Most importantly, our study provides an example of
how one infectious agent species can play a significant role in de-
termining migratory success, and how this phenomenon can be tested.

Because an infectious agent was a stronger predictor of longevity
and survival to spawning than simulated fisheries capture and release
(or escape), this study illustrates the importance of the biological con-
text underlying fisheries capture (Raby et al., 2015). Due to rapidly
advancing high-throughput molecular technologies, like those we em-
ployed in this study, it may soon be possible to monitor infectious agent
prevalence or the expression of select genes on a real-time basis to in-
form in-season management decisions, similar to how real-time mon-
itoring of Fraser River sockeye salmon stock components and water
temperature is currently incorporated (Macdonald et al., 2010).
Meanwhile, conducting field studies where multiple capture techniques
are applied to different stages of maturity (varied using capture loca-
tion) and infectious agents are measured (as in this study) is a logical
next step to better understanding the intersection of fisheries capture,
infectious agents, and mortality in salmon migrations.
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