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Abstract
Recent decades have seen an increased appreciation for the role infectious diseases can play in mass
mortality events across a diversity of marine taxa. At the same time many Pacific salmon populations
have declined in abundance as a result of reduced marine survival. However, few studies have
explicitly considered the potential role pathogens could play in these declines. Using a multi-year
dataset spanning 59 pathogen taxa in Chinook and Coho salmon sampled along the British
Columbia coast, we carried out an exploratory analysis to quantify evidence for associations between
pathogen prevalence and cohort survival and between pathogen load and body condition. While a
variety of pathogens had moderate to strong negative correlations with body condition or survival
for one host species in one season, we found that Tenacibaculum maritimum and Piscine orthoreovi-
rus had consistently negative associations with body condition in both host species and seasons and
were negatively associated with survival for Chinook salmon collected in the fall and winter. Our
analyses, which offer the most comprehensive examination of associations between pathogen
prevalence and Pacific salmon survival to date, suggest that pathogens in Pacific salmon warrant
further attention, especially those whose distribution and abundance may be influenced by anthropo-
genic stressors.
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Introduction
As climate change and other human activities have altered marine environments, a concurrent
increase in the incidence of infectious-agent-mediated mortality has been observed across numerous
marine taxa (Tracy et al. 2019; Behringer et al. 2020) including corals (Bruno et al. 2007), sea stars
(Miner et al. 2018), and mammals (Sanderson and Alexander 2020). These mortality events can cause
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abrupt changes to the abundance, demographics, and evolution of infected species as well as wide-
spread changes to the structure and function of ecosystems where they occur (Preston et al. 2016).
Most well-studied marine epizootics involve relatively immobile organisms in the intertidal zone or
megafauna, including pinnipeds, that are readily observable above water. Outbreaks occurring in less
easily observed organisms like marine fishes may therefore be under-documented (Bakke and
Harris 1998).

Coincident with increased observations of marine disease outbreaks (over the last three decades;
Behringer et al. 2020), declines in Pacific salmon (Oncorhynchus spp.) population abundance have
become widespread across the southern distributions of multiple species (Zimmerman et al. 2015;
Welch et al. 2021). Chinook salmon (Oncorhynchus tshawytscha) in this region have steadily declined,
raising concerns of local extirpation of both salmon populations (COSEWIC 2019) and other species
that rely on salmon, including resident killer whales (Orcinus orca) (Wasser et al. 2017). Coho salmon
(Oncorhynchus kisutch) in some regions have also experienced persistently low survival, for example,
some populations in the Salish Sea have demonstrated declines since the 1980s (Zimmerman et al.
2015). Low salmon abundance has severely curtailed Indigenous, recreational, and commercial
fisheries (Fisheries and Oceans Canada 2020).

A growing consensus among researchers suggests early marine residence as the period where survival
has changed most dramatically (although this likely varies regionally, see Michel 2019), and the
hypothesized mechanisms driving this change include altered climatic regimes (Mantua et al. 2010;
Hertz et al. 2016), interspecific competition (Kendall et al. 2020), predation (Nelson et al. 2018),
primary productivity impacts on growth (Duffy and Beauchamp 2011; Daly and Brodeur 2015), and
carryover effects from freshwater (Chasco et al. 2021; Wilson et al. 2021a). A potential role of
infectious agents in the multi-decadal decline of Pacific salmon has not been investigated in detail.

Mass mortality of marine resident salmonids caused by infectious agents has been documented in
aquaculture settings as a result of outbreaks of disease such as Infectious Salmon Anemia (ISA) in
Norway (Rimstad and Mjaaland 2002) and Piscirickettsia salmonis in Chile (Rozas and Enríquez
2014). Monitoring pathogens in wild salmon in the marine environment is uncommon and moribund
individuals are nearly impossible to obtain (Bakke and Harris 1998). Therefore, we have no measure
of whether ISA, P. salmonis, or any other pathogens impact wild salmon marine survival, aside from a
large body of literature indicating that sea lice (Lepeoptheirus salmonis), a readily visible external
macroparasite, may cause quantifiable decreases in wild salmon survival (Krkošek et al. 2011;
Vollset et al. 2018). Several studies have inferred pathogen-associated mortality in wild salmon by
observing truncation in the distribution of pathogen loads (Jacobson et al. 2008; Tucker et al. 2018),
temporal changes in pathogen prevalence for a population (Tucker et al. 2018), and body condition
indices (Sandell et al. 2015). However, we are not aware of any published studies relating marine
population infection metrics to population-level survival estimates for salmonids outside of
aquaculture.

In this study, we quantify associations between infectious agents and the early marine survival of
Chinook and Coho salmon populations along the Pacific coast of British Columbia. The goal of our
exploratory analysis was to identify which pathogens, if any, had the strongest associations with
cohort survival, as a first step upon which future, more targeted, studies could be based. Specifically,
we quantified pathogen prevalence (percentage of a group infected) and load (intensity of infection)
using high-throughput quantitative polymerase chain reaction (ht-qPCR) and related (i) pathogen
prevalence to cohort survival and (ii) pathogen load to individual body condition (deviations from
the length–mass relationship). By conducting these analyses across two host species, two seasons,
and dozens of different pathogens, we sought to identify pathogens demonstrating multiple associa-
tions with survival and condition.
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Methods

Methods overview
To explore associations between pathogens and both cohort survival and mass deviations, we used a
10-year dataset of Chinook and Coho salmon collected during early marine life along the British
Columbia Coast that were assayed for 59 infectious agents using ht-qPCR. For cohort survival, we
related coded-wire-tag (CWT) based estimates of survival to the prevalence of each pathogen while
accounting for the potential confounding influence of broad-scale oceanographic conditions (Pacific
decadal oscillation (PDO)), stock of origin, and ocean entry year (OEY). Deviations in mass (after
accounting for length) were modeled in relation to average infection intensity for each pathogen while
accounting for the influence of temperature during early marine life (sea surface temperature (SST)),
stock, and OEY. These analyses were run separately for two seasons, spring–summer and fall–winter,
for reasons described below. The unit of analysis for the cohort survival model was the stock–OEY
group estimate of prevalence, whereas for the mass deviation model it was the individual fish. In total,
our analyses resulted in eight sets of model results for each infectious agent occurring with sufficient
prevalence to run models (19 agents). Such a large number of exploratory comparisons is expected to
result in some spurious correlations, so we focused our inference on pathogens with associations that
were the most consistent across host species and seasons. This work was the culmination of the
second phase of the Strategic Salmon Health Initiative (SSHI; psf.ca/what-we-do/strategic-salmon-
health-initiative), a large-scale, multi-organization effort to identify Pacific salmon pathogens with
the potential to result in population-level impacts.

Juvenile salmon sampling
Chinook (n = 5719) and Coho (n = 2059) salmon in their first year of ocean residence (from April
through March of the following year) were collected opportunistically during several Fisheries and
Oceans Canada research programs from 2008 to 2018 (scientific fishing permit MECTS # 2014-502-
00249). Methods used to capture salmon included mid-water trawl (Chinook = 75%; Coho = 91%),
purse seine (8%; 4%), and beach seine (17%; 5%). Samples were collected as far north as Fredrick
Sound, Alaska (56° N) and as far south as mid-Puget Sound, Washington (56° N; Fig. 1). If still alive
upon net retrieval, fish were euthanized in buffered MS-222. A tissue sample was taken from the
operculum and preserved in 95% ethanol for genetic stock identification (GSI; Beacham et al. 2006,
2017). Fish were either dissected in the field or frozen at 80 °C after capture and subsequently
dissected in the lab. If dissected in the field, tissue samples including gill, brain, liver, head kidney,
and heart, were placed in RNAlater (Qiagen, MD, USA) for 24 hours at (4 °C) and then frozen
at –80 °C.

Genetic stock identification
Genetic stock identification determines the probability of assignment to a population grouping from a
baseline of individuals (Beacham et al. 2006). For Chinook, analyses were run with a baseline
composed of individuals from 295 stocks (Beacham et al. 2006, specific stock count dependent on
the year the analysis was run and the version of the baseline used) utilizing cBayes to estimate stock
compositions and individual assignments (Neaves et al. 2005). For Coho, analyses were run with a
baseline comprising 321 stocks (Beacham et al. 2020 MGL SNP panel version v1.0.0) utilizing
Rubias (Anderson et al. 2008). Eighty-four percent of Chinook and 76% of Coho had assignment
probabilities exceeding 0.5, a threshold indicative of regional accuracy (Beacham et al. 2006; Tucker
et al. 2018). We considered this threshold appropriate for accurate assignment to conservation units
(CU), defined as groupings of populations with similar ecology, life history, and genetics (DFO
2009). For those below 0.5, 77% of Chinook and 89% of Coho were assigned to multiple stocks that
were either from the same or adjacent CUs. To avoid assigning survival data to stocks with incorrectly
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assigned individuals, we chose to group individuals by CU (Supplementary Material 1, Table S2).
We also chose to exclude Columbia River-origin Chinook and Coho salmon from our analyses due
to their brief residence in our study area (Trudel et al. 2009). Previous samples analyzed over the
course of the SSHI have indicated that Columbia River-origin salmon display notably
different pathogen profiles from fish originating from British Columbia and Puget Sound
(unpublished data; Wang 2018).

Seasonal division
Population distributions, diets, and infectious agent profiles for Chinook and Coho salmon have
been shown to vary significantly over the course of the first year of marine life (Jacobson et al. 2008;

A

B
C

Fig. 1. Map of Chinook (B) and Coho (C) salmon sample sites (small black dots) along the British Columbia
coast. Yellow and black circles indicate the location of origin for coded-wire-tag stocks. The red box on the inset
map (A) indicates the extent of the primary map (B). Basemap data are from the GSHHG (Global Self-consistent,
Hierarchical, High-resolution Geography) Database (Wessel and Smith 1996). The coordinate system for the data
is WGS 1984 and the map is projected in NAD 1983.
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Duffy et al. 2010; Tucker et al. 2012, 2018). For example, most ocean-type Chinook salmon inhabit
nearshore environments for the first months of their ocean residence before reaching a sufficient size
to move to more pelagic environments and switch to a more piscivorous diet (Teel et al. 2014;
Chittenden et al. 2018), and both diet and habitat may control exposure to some infectious agent taxa
(Losee et al. 2014; Kocan 2019). In addition, it is possible that infection-mediated mortality caused by
some pathogens is seasonal and associations could be obscured if pathogen prevalence or load is
calculated annually as opposed to seasonally. Thus, we divided samples into the spring–summer
(April through August; n: Chinook = 2883, Coho = 1062; average fork length ± SD:
Chinook = 124.0 ± 49.4, Coho = 172.2 ± 36.4) and fall–winter (September through March;
n: Chinook = 2836, Coho = 997; average fork length ± SD: Chinook = 199.9 ± 48.6,
Coho = 267.8 ± 34.4) sample periods (sample size precluded further seasonal division).

Molecular methods
Tissue samples were pooled for each individual and screened for the presence of 59 infectious agent
taxa (Table 1; Supplementary Material 1, Table S1) using ht-qPCR on the Fluidigm Biomark
Dynamic Array™ microfluidics platform (Fluidigm, San Francisco, CA, USA) at the Pacific
Biological Station, Nanaimo, British Columbia, Canada. This platform has been analytically validated
for quantitative infectious agent profiling in salmon tissue (Miller et al. 2016) and applied to multiple
studies of infectious agents in Pacific salmon (e.g., Miller et al. 2014; Thakur et al. 2018; Tucker et al.
2018). Infectious agent taxa were chosen based on knowledge of their presence in Canada or evidence
of their association with disease worldwide (Miller et al. 2016). Assays, using taqman probes
(Supplementary Material 1, Table S1), were designed to target both RNA and DNA. Herein, we
assume that RNA/DNA copy number is representative of infection intensity. Not all of the same agent
assays were used over the course of the qPCR runs (113 dynamic arrays run over the course of six
years), as some new assays were developed (Mordecai et al. 2019, 2021a) and others were removed
after no positive detections across previous studies (see assay percentages in Table 1). Detailed
molecular methods are provided in Supplementary Material A.

Statistical analyses
We conducted two distinct analyses to investigate the influence of infectious agents on the survival
and condition of Chinook and Coho salmon: (i) multi-level models of CWT-derived cohort survival
in relation to pathogen prevalence and (ii) multi-level models of mass deviations in relation to average
pathogen load. Multi-level models (linear mixed effects models) were fit in a Bayesian framework to
quantify variability in effects across population groupings and to account for shared year effects.
We included variables representative of oceanographic conditions (PDO) and SST in our models
(described below) to account for the well-known association between water temperature and survival
(Mantua and Hare 2002; Miller et al. 2013; Gosselin et al. 2018) and to enable direct comparisons of
the magnitude of temperature and pathogen effects. For both survival and mass deviation analyses,
separate models were fit for each infectious agent, in each host species, in each season. The same
parameters were estimated across pathogens for each model type (i.e., no model selection was
conducted).

Pathogen associations with variation in cohort survival
Cohort survival was estimated using CWT data matched to CUs (as determined by GSI; Fig. 2;
Supplementary Material 1, Table S2). CWT are small, serial-engraved strips of metal that are
implanted in juvenile salmon snouts (Johnson 1990). Many studies of marine survival in Pacific
salmon populations, especially those from the Columbia River north to British Columbia, rely on sur-
vival estimates determined by recoveries of CWT from hatchery-origin fish. Some such studies have
revealed considerable heterogeneity in survival estimates across large spatial scales, with populations
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Table 1. Infectious agent assays run, for Chinook and Coho salmon mixed-tissue marine samples, using the Fluidigm Biomark HT-qRT-PCR platform.

% Chinook positive % Coho positive

Scientific name
Taxonomic class
or family (viruses)

Spring–summer,
n = 2883

Fall–winter,
n = 2836

Spring–summer,
n = 1062

Fall–winter,
n = 997

Renibacterium salmoninarum Actinobacteria 2.3 (100) 0.4 (100) 1.3 (100) 0.7 (100)

Rickettsia-like organism Alphaproteobacteria 3.8 (100) 6.0 (99) 2.1 (100) 0.2 (100)

Candidatus Branchiomonas cysticola Betaproteobacteria 76.4 (98) 85.9 (98) 97.1 (100) 95.6 (100)

Candidatus Piscichlamydia salmonis Chlamydiae 0.8 (100) 0.2 (100) 1.5 (97) 0.4 (95)

Candidatus Syngnamydia salmonis Chlamydiae 27.2 (98) 17.1 (98) 17.7 (99) 13.9 (99)

Flavobacterium psychrophilum Flavobacteriia 7.9 (98) 7.4 (98) 3.1 (99) 1.7 (99)

Tenacibaculum maritimum Flavobacteriia 2.8 (62) 11.6 (62) 4.8 (98) 11.1 (98)

Aeromonas hydrophila Gammaproteobacteria 0 (40) 0 (46) NA (0) NA (0)

Aeromonas salmonicida Gammaproteobacteria 0 (100) 0 (100) 0 (100) 0 (100)

Moritella viscosa Gammaproteobacteria 0 (3) 0 (9) NA (0) NA (0)

Vibrio anguillarum Gammaproteobacteria 0 (100) 0 (100) 0 (100) 0 (100)

Vibrio salmonicida Gammaproteobacteria 0 (100) 0 (100) 0 (100) 1.8 (99)

Yersinia ruckeri Gammaproteobacteria 0 (63) 0 (64) 0 (100) 0 (100)

Piscirickettsia salmonis Gammaproteobacteria 0.3 (99) 1.8 (100) 0.2 (100) 0.6 (100)

Dermocystidium salmonis Mesomycetozoea 0.1 (100) 0 (100) 0.6 (100) 0 (100)

Ichthyophonus hoferi Mesomycetozoea 11.8 (99) 23.6 (98) 10.7 (100) 8.7 (99)

Sphaerothecum destruens Mesomycetozoea 1.2 (100) 2.6 (100) 2.4 (100) 4.5 (100)

Facilispora margolisi Microsporea 5.0 (98) 11.8 (98) 5.0 (99) 7.2 (98)

Loma salmonae Microsporea 18.5 (99) 30.4 (98) 38.2 (99) 47.7 (98)

Paranucleospora theridion (syn.
Desmozoon lepeophtherii)

Microsporea 62.2 (97) 67.0 (96) 65.5 (97) 78.8 (98)

Ceratonova shasta Myxosporea 24.4 (99) 22.7 (99) 10.7 (100) 5.9 (100)

Kudoa thyrsites Myxosporea 6.2 (100) 6.1 (99) 3.2 (100) 2.8 (100)

Myxobolus arcticus Myxosporea 33.8 (99) 30.8 (98) 14.9 (99) 13.0 (99)

Myxobolus cerebalis Myxosporea 0 (37) 0 (36) NA (0) NA (0)

Myxobolus insidious Myxosporea 0.6 (100) 0.3 (100) 3.0 (100) 3.0 (100)

Parvicapsula kabatai Myxosporea 16.1 (99) 1.1 (100) 10.2 (100) 4.2 (100)

Parvicapsula minibicornis Myxosporea 33.5 (98) 36.8 (97) 40.8 (98) 36.5 (97)

Parvicapsula pseudobranchicola Myxosporea 26.2 (97) 79.5 (97) 36.5 (96) 76.9 (97)

Tetracapsuloides bryosalmonae Myxosporea 12.6 (99) 12.0 (99) 11.8 (100) 2.0 (100)

Gyrodactylus salaris Monogenea 0 (40) 0 (46) NA (0) NA (0)

Nanophyetus salmincola Trematoda 0.8 (100) 2.8 (100) 2.8 (100) 2.6 (100)

Cryptobia salmositica Kinetoplastida 0.2 (100) 0.1 (100) 2.0 (100) 2.1 (100)

Ichthyophthirius multifiliis Oligohymenophorea 14.7 (90) 8.0 (91) 5.1 (96) 4.5 (98)

(continued )
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in close proximity showing more similar patterns in survival (Zimmerman et al. 2015; Ruff et al.
2017). For Chinook salmon, we matched CUs (sometimes multiple) to CWT survival data based on
assignments used previously (Supplementary Material 1, Table S2; DFO 2018; Brown et al. 2020).
Because CWTs are used as indicator stocks for management units (as opposed to CUs) for Coho
salmon, we determined these matches for this species based on proximity between locations of
CWT origin (typically hatcheries) and CUs (Supplementary Material 1, Table S2).

Table 1. (concluded )

% Chinook positive % Coho positive

Scientific name
Taxonomic class
or family (viruses)

Spring–summer,
n = 2883

Fall–winter,
n = 2836

Spring–summer,
n = 1062

Fall–winter,
n = 997

Neoparamoeba perurans Discosea 0.1 (100) 0.6 (100) 0 (100) 0.5 (100)

Spironucleus salmonicida Trepomonadea 0 (40) 0 (46) NA (0) NA (0)

Cutthroat trout virus 2 Hepeviridae <0.1 (63) 0 (62) 0 (100) 0 (100)

Salmon alphavirus Togaviridae 0 (40) 0 (46) NA (0) NA (0)

Infectious pancreatic necrosis virus Birnaviridae 0 (40) 0 (46) NA (0) NA (0)

Piscine myocarditis virus Totiviridae 0 (40) 0 (46) NA (0) NA (0)

Salmon Pescarenavirus 1 Arenaviridae 5.0 (62) 6.5 (61) 0.3 (100) 0.2 (100)

Salmon Pescarenavirus 2 Arenaviridae 0.5 (59) 0.3 (52) 0.4 (100) 0.2 (100)

Salmon herpesvirus Alloherpesviridae 0 (40) 0 (46) NA (0) NA (0)

Infectious salmon anemia virus Orthomyxoviridae 0 (40) 0 (46) NA (0) NA (0)

Rainbow trout orthomyxovirus Orthomyxoviridae 0 (63) 0 (62) 0 (100) 0 (100)

Viral encephalopathy and retinopathy
virus

Nodaviridae 0 (100) 1.1 (100) 0 (100) 0.1 (100)

Erythrocytic necrosis virus Iridoviridae 15.1 (99) 20.7 (99) 6.7 (100) 10.3 (99)

Atlantic Salmon Paramyxovirus Paramyxoviridae 0 (37) 0 (36) NA (0) NA (0)

Infectious hematopoietic necrosis virus Rhabdoviridae 0.1 (100) 0.1 (100) 0 (100) 0 (100)

Viral hemorrhagic septicemia virus Rhabdoviridae 1.1 (100) 0.5 (99) 1.0 (100) 0.8 (99)

Atlantic Salmon Calicivirus Caliciviridae 0.1 (63) 0.4 (63) 0.2 (100) 0.4 (100)

Pacific salmon nidovirus Coronaviridae 9.6 (60) 0.2 (54) 0.7 (100) 0 (100)

Salmon gill pox virus Poxviridae 0 (63) 0 (63) 0 (74) 0 (86)

Pacific salmon parvovirus Parvoviridae 0.4 (95) 0.5 (94) 0.5 (100) 0 (100)

Chinook aquareovirus Reoviridae 0 (63) 0 (62) 0 (100) 0 (100)

Piscine orthoreovirus Reoviridae 5.3 (100) 5.0 (100) 9.6 (100) 2.3 (100)

Putative Narna-like virus Unclassified
Narnaviridae

0 (63) 0 (63) NA (0) NA (0)

Putative RNA virus 1 Unclassified 0.3 (60) 3.6 (54) 0.8 (100) 0.7 (100)

Putative toti-like virus Unclassified Totiviridae 0 (62) 0 (62) 0 (100) 0 (100)

Note: Agent names in boldface were detected in this study. The percent of the assayed samples that tested positive for each season are given with the percent of the total sample that
was assayed in parentheses. Primer and probe sequences are available in Supplementary Material 1, Table S1. To best describe the taxonomic group of each agent we listed species by
class for prokaryotic and eukaryotic agents or by (expected) family for viruses.
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For both Chinook and Coho salmon we used previously calculated estimates of smolt-to-adult returns
(SAR; Fig. 2) based on CWT data. Because hatchery fish are released into freshwater prior to seaward
migration, SAR estimates include survival during freshwater migration, in addition to marine
residence and return spawning migration. However, survival cannot be disaggregated amongst these
periods. For Coho salmon, an updated version of the dataset used by Zimmerman et al. (2015) was
acquired through the Salish Sea Marine Survival Project (marinesurvivalproject.com/). We acquired
SAR estimates for Interior Fraser Coho (IFR, Supplementary Material 1, Table S2) from Arbeider
et al. (2020). The estimates in these datasets were based on CWTs recovered from age 3 Coho salmon
caught in fisheries and returning to hatcheries and spawning grounds. To generate a SAR estimate,
CWT recoveries from fisheries and escapement were expanded by the fraction of the total catch and
escapement sampled, summed, and divided by the number of CWT smolts released from the corre-
sponding brood year. The approaches to estimate SAR for both salmon species assume perfect
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Fig. 2. Smolt to adult survival (SAR) for Chinook and Coho salmon stocks released from the same or adjacent
hatcheries, as determined by coded wire tag releases and recoveries ([freshwater recoveries + fishery recov-
eries]/n smolts released). Points are fitted by local polynomial regression with a 95% confidence interval
(line = locally estimated scatterplot smoothing curve, band = 95% CI). Zero percent survival is indicated by the
dashed horizontal line. Chehalis River Hatchery and Inch Creek Hatchery are in relative proximity (∼20 km) in
tributaries to the Lower Fraser River. Note variation in y axes.
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detection of CWTs in sampled fish and no CWT loss from surviving fish. For Chinook, we used SAR
estimates generated by the Pacific Salmon Commission Chinook Technical Committee’s (CTC)
Exploitation Rate Analysis (ERA; Chinook Technical Committee 2019, pers. comm. Gayle Brown,
CTC), as described in Welch et al. (2021). The Chinook SAR estimates we used were calculated sim-
ilarly to the Coho SAR estimates, but include a term for fisheries-related incidental mortality (Welch
et al. 2021). We note that the Chinook SAR estimates are not part of an official CTC product and are
different from the commonly applied early marine survival metric generated by the ERA (also known
as age 2(3) survival). The CTC’s early marine survival estimate specifically calculates survival before
Chinook are captured in fisheries, and we instead elected to use the SAR estimate for consistency with
our Coho SAR estimates. Furthermore, because pathogen-mediated mortality for some agents in our
study is not well understood, we aimed to avoid limiting the potential period of impact to the early
marine phase. Although an important distinguishing feature of the early marine survival estimate is
that it accounts for natural mortality, the SAR estimate we used and the early marine survival estimate
are highly correlated (for our dataset, R2 = 0.81).

Associations between infectious agent prevalence and cohort survival were estimated as:

logðSiÞ = β0,sðiÞ + β1,sðiÞPDOi + β2,sðiÞIAPi + γyðiÞ + εi (1)

β0,s ∼N ðβ̇0, σ2β0Þ
β1,s ∼N ðβ̇1, σ2β1Þ
β2,s ∼N ðβ̇2, σ2β2Þ

IAPi ∼ BðN+
i + 1,N−

i + 1Þ
γy ∼N ð0, σ2γÞ
εi ∼N ð0, σ2εÞ

where Si is cohort survival (SAR) for observation i (one observation is a CWT stock, season, and
ocean entry year combination given a minimum sample size of≥10 fish, to estimate pathogen preva-
lence; Supplementary Material 1, Tables S3, S4), PDOi is Pacific decadal oscillation, IAPi is infec-
tious agent prevalence, γy(i) is a random effect representing variation in survival among ocean entry
years (y), and subscript s indicates among CWT stock variation in the influence of PDO and IAP
on survival (i.e., random intercept and slope). We treated IAPi, our key predictor of interest, as a beta
random variable to account for sampling error in observations: N+

i and N−
i are the number of positive

and negative, respectively, screening results for salmon from stock i. Adding 1 to both values implies
that this beta prior for IAPi is effectively an update of a flat Bð1,1Þ conjugate beta prior, with N+

i as the
number of binomial successes and ðN+

i + N−
i Þ as the number of trials that provide information about

IAPi (Bolker 2008). The PDO is a variable representative of large-scale ocean temperature regimes
that is often correlated with salmon marine survival (Rupp et al. 2012; Dale et al. 2017; Gosselin et al.
2018). The PDO was standardized by centering and dividing by two standard deviations (Gelman
2008). We assumed a random slope for PDO, varying by stock, because PDO could have very
different implications for a stock with marine rearing in a relatively cold location (e.g., West Coast
Vancouver Island) compared with another rearing in a warm location (e.g., Strait of Georgia). We
assumed a random slope for infectious agent prevalence, varying by stock, because immune-system
evolution and variation in resistance to certain pathogens is a known feature of local adaptation in
salmonids (Ching 1984; Dionne et al. 2007; Wellband and Heath 2013). Note that for Chinook
salmon we did not distinguish between ocean and stream life history types, but most CWT–CU
matches with adequate sample size (≥10 fish) were dominated by ocean type populations
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(i.e., migrated to sea in their first year of life), except Atnarko, Nicola, Kitsumkalum, and
Stillaguamish (Fig. 1; Supplementary Material 1, Table S2 (all stock acronyms and full names can
be found here)). For Coho, we assumed that all juvenile fish spent one year in freshwater prior to their
first marine year. A random intercept for stock was included to account for among stock variation in
survival (Zimmerman et al. 2015; Ruff et al. 2017) and a random intercept for ocean entry year was
included to account for interannual variation in ocean conditions not represented by other model
terms.

Pathogen associated mass deviation
Parameters describing body condition, such as Fulton’s K (Heincke 1908; Bacon et al. 2009) and
residuals from length–weight relationships (Miller et al. 2013; Daly and Brodeur 2015; Dale et al.
2017) are sometimes used as a proxy for survival or physiological condition and examined for
correlations with environmental variables or even infections (Sandell et al. 2015). Such metrics can
be representative of an individual’s health or condition at the time of capture and have been correlated
with adult returns (Miller et al. 2013), swimming ability (Wilson et al. 2021b), and predator selectivity
(Tucker et al. 2016). We used “mass deviation” in this study with the intent of representing physio-
logical impacts on a time scale relevant to the measured pathogen loads, while cohort survival spans
the entire life cycle. To identify pathogens that were associated with mass deviations, we investigated
the relationship between pathogen load (number of copies of pathogen RNA/DNA per normalized
sample) and individual mass after accounting for the effect of overall length on mass. Our approach
assumes that having a mass below average for a given fork length (negative mass deviation) represents
suboptimal condition. It is important to note that body condition measures are not necessarily
correlated with cohort survival—the relationship to survival can be confounded by unrelated
ecological factors (Dale et al. 2017). Associations between infectious agent load and mass deviation
were estimated as:

logðMiÞ = β0,jðiÞ + β1 logðFLiÞ + β2,jðiÞIALzi + β3,jðiÞSSTi + γyðiÞ + εi (2)

β0,j ∼N ðβ̇0, σ2β0Þ
β1,j ∼N ðβ̇1, σ2β1Þ
β2,j ∼N ðβ̇2, σ2β2Þ
β3,j ∼N ðβ̇3, σ2β3Þ
γy ∼N ð0, σ2γÞ
εi ∼N ð0, σ2εÞ

Where Mi is mass for observation (fish)i, FLi is fork length, IALi is infectious agent load raised to the
power z (estimated by the model), SSTi is the sea surface temperature anomaly at the capture location,
γy(i) is a random effect representing among year variation in mass, and the subscript j represents joint
adaptive zone (JAZ; DFO 2009). The power transform for IAL not only allows for the IAL effect to
take a nonlinear form, as would a log transformation, but also allows the shape of the transformation
to be informed by the data. SST (1 km, monthly resolution) was acquired from the NASA Multi-scale
Ultra-high Resolution Sea Surface Temperature dataset (coastwatch.pfeg.noaa.gov/erddap/griddap/
jplMURSST.html). SST was input to the model as a space–time anomaly, meaning that for each fish
sampled, the temperature at the location and month of capture was relative to the average tempera-
ture in the capture month at that location across the study years (positive SST anomaly means warmer
than average for that location). We used JAZ, which is an aggregation of CUs rearing in adjacent
freshwater and marine habitats (DFO 2009), instead of CWT stocks as the population grouping.
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This enabled utilization of a larger dataset than in the cohort survival analysis while providing a
categorization more coarse than CUs (Supplementary Material 1, Tables S5, S6). As in eq. 1, we
assumed random slopes for the pathogen and SST variables, varying by population grouping (JAZ).
Random effects for JAZ and OEY influencing the intercept were also included. In initial model fits
we included a term for age at ocean entry (Chinook only, ocean versus stream type life history) but
inclusion did not explain any additional variation in mass deviations and so we chose to omit the term
for consistency between species.

For both the survival and mass deviation dependent variables, we also fit models for composite
infection predictor variables intended to represent the combined effects of multiple infections
(i.e., coinfections, Kotob et al. 2017). For each fish, we tallied all infectious agent taxa detected (“total
pathogen taxa”). We also calculated relative infectious agent burden (RIB), where the infection load
(copies RNA/DNA) for a given pathogen in a fish is divided by the maximum load for that pathogen
in the population, and then these proportions are summed across all pathogens (Bass et al. 2019).
Both cohort survival and mass deviation models were run for both composite variables, and models
were identical as described above except that the composite variables took the place of IAP (cohort
survival models) and IAL (mass deviation models). For cohort survival models, both total pathogen
taxa and RIB were averaged estimates for a given observation. No power transform was applied to
these coinfection variables in the mass deviation models.

Model fitting and inference
We fit the models in eqs. 1 and 2 in a Bayesian estimation framework via Markov Chain Monte Carlo
(MCMC) sampling in JAGS (Plummer 2003) through R version 3.6.2 (R Core Team 2019) with the
“rjags” and “postpack” packages (Plummer 2019; Staton 2020). Data and example code are publicly
available through Dryad (doi.org/10.5061/dryad.9kd51c5hf). Our aim was to use minimally informa-
tive priors: we used sufficiently wide uniform distributions (bounded by 0 and 2) on all standard
deviation parameters (i.e., for residuals and random effects) as well as for the exponent z
and highly diffuse normal distributions (mean zero with variance of 1 × 106) for coefficients.
MCMC sampling was conducted with the same criteria for all models: three sampling chains,
10 000 burn-in samples per chain, and 50 000 post burn-in samples per chain. To assess model
convergence, we visualized trace plots and checked that R̂was less than 1.1. If R̂ exceeded 1.1, models
were run again without the random slope on the SST variable (R̂only exceeded 1.1 in mass deviation
models). If model criteria were still not met for a given host species, season, and pathogen combina-
tion, that model was removed from the results.

Because we fit eight models for each pathogen (2 host species × 2 seasons × 2 model types), resulting
in 22 sets of eight model results (19 pathogens, SST subsampled from all pathogen models and
combined, and two coinfection variables), we would expect some relationships to arise based on
chance alone (i.e., false positives or Type I errors). Therefore, while we report on the pathogens with
the strongest associations with survival and mass deviations in each host–season–model combination,
we chose to primarily focus our interpretation on pathogens with the most consistently negative
associations across models. To enable comparing results across models for a given pathogen, we
calculated the posterior probability (PP) that each model coefficient of interest was below zero
(i.e., probabilistic expression of the evidence for a negative association with survival or condition).
Although we were primarily interested in negative associations (PP closer to 1) between survival
and pathogen prevalence, positive associations (PP closer to 0) are also possible.

PDO was included in every cohort survival model and SST anomaly was included in every mass
deviation model, but in both cases we desired an overall mean for these predictors for the sake of
comparison with coefficients and posterior distributions of pathogens. Therefore, we randomly
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sampled the posterior distributions for PDO/SST anomaly from each pathogen model 5000 times and
combined these samples to create species–season–model PDO/SST anomaly posterior
distributions (Supplementary Material 1, Figures S3, S4).

To compare the ability of pathogens to explain variability relative to that of PDO/SST and the model
random effects, we quantified the partial R2 for each model term (fixed and random effects) as
described in Ives (2019). A partial R2 allows estimation of how much variance a given model term
accounts for:

R2
partial = 1 −

σ̂2e

σ̂2e:r
(3)

where σ̂2e is the residual variance from the full model (e.g., eq. 1) and σ̂2e:r is the variance from the
reduced model (the full model without the variable for which we would like to know the partial R2).
Note that negative partial R2 values can occur, especially in the case of small datasets when the
variance explained by a predictor is low (Ives 2019; Rights and Sterba 2020).

Results
For the spring-summer period, a total of 1653 Chinook and 342 Coho salmon were considered in the
cohort survival analysis, consisting of 9 and 6 CWT stock groupings, respectively (Supplementary
Material 1, Tables S3, S4). For the fall–winter period, 1865 Chinook and 425 Coho were considered,
which consisted of 12 and 6 CWT stock groupings, respectively. In total, these samples made up 62%
of the SSHI dataset for Chinook and 38% for Coho. In the mass at length analyses we considered
2463 Chinook and 725 Coho (24 and 19 JAZs, respectively; Supplementary Material 1, Tables S5,
S6) in spring–summer and 2711 Chinook and 847 Coho (25 and 21 JAZs, respectively) in fall–winter.
These samples accounted for 90% of the SSHI dataset for Chinook and 78% for Coho.

A total of 38 pathogen taxa were detected in Chinook and 36 were detected in Coho (Table 1).
Pathogen prevalences, specific to season and host species, can be found in Table 1. MCMC conver-
gence criteria were met for cohort survival models in at least one season for 25 infectious-agent taxa
in Chinook and 22 taxa in Coho. For mass deviation models, 29 taxa were tested in at least one season
for Chinook and 27 for Coho. There were 19 pathogen taxa with models across all eight species–
season model combinations. An example of both model types with raw data and model results is
presented in Fig. 3. Similar figures for every pathogen run in both cohort survival and mass deviation
models can be found in the Supplementary Materials 2–5.

Cohort survival
Myxobolus arcticus had the strongest negative association (as determined by PP) between a pathogen
and cohort survival in the study, in Chinook salmon in the spring–summer period (median β = –0.30
(95% credible interval = −0.53 to −0.07); PP < 0 = 0.99; Fig. 3). Candidatus Syngnamydia salmonis
was another pathogen with a strong negative association with survival for Chinook in the spring–
summer period (PP = 0.96). Piscine orthoreovirus (PRV) had the most negative association for
Chinook survival in the fall–winter (PP = 0.91). There were no pathogen coefficients for Coho salmon
with 95% credible intervals that did not overlap zero. For Coho, the most negative association in the
spring–summer was with Candidatus Branchiomonas cysticola (PP = 0.78) followed closely by
M. arcticus (PP = 0.77). In the fall–winter, the pathogen with the most negative association was
Parvicapsula pseudobranchicola (PP = 0.89). The strongest positive association between survival and
any pathogen was for Kudoa thyrsites in spring–summer Chinook salmon (PP = 0.06).
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Fig. 3. Bayesian multi-level models indicated that spring–summer prevalence of Myxobolus arcticus in Chinook salmon (A) was negatively correlated with
cohort survival (B; posterior probability (PP) β< 0 = 0.99) and there was a negative association between spring–summer load of M. arcticus in Chinook salmon
and mass deviation (C, D; PP = 0.91). Raw data (points) are presented in panels A and C and model results are presented in panels B and D (heavy black line
indicates the posterior distribution of the hyperdistribution mean). Lines in panels A and C represent 1000 random draws from the posterior distributions of
the stock-specific intercepts and slopes. Slope coefficient for panel B is relative to a 10% increase in M. arcticus prevalence and slope coefficient for panel D is
relative to a 2 standard deviation increase in load. Note that some less abundant population groupings were removed from all panels for cleaner presentation
but still contribute to slope means in panels B and D. Similar figures for every pathogen run in both cohort survival and mass deviation models can be found
in the Supplementary Materials 2–5.
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As an example of how to interpret cohort survival model results, holding all other model variables
constant, a 10% increase in M. arcticus prevalence in Chinook salmon would be associated with a
25.9% (95% credible interval = 6.7; 41.1%) decrease in cohort survival, which would equate to
a reduction in cohort survival to 0.74% (95% credible interval = 0.59; 0.93%) if we use 1% as a
hypothetical baseline survival.

Mass deviation
Ceratonova shasta had the strongest (based on PP) negative association with mass deviation in
Chinook salmon in the spring–summer, meaning as C. shasta load increased, fish were increasingly
lighter than expected based on length (median β = –0.01 [−0.03 to 0.00]; PP = 0.95). In the fall–winter
period, the strongest mass deviation association in Chinook was with Loma salmonae (β = –0.01
[−0.03 to −0.002]; PP = 0.98). For Chinook salmon, the strongest positive association with mass
deviation was for Parvicapsula pseudobranchicola in the spring–summer (PP = 0.00; Fig. 4). For
Coho salmon, the strongest negative association with mass deviation for spring–summer was with
Parvicapsula pseudobranchicola (β = –0.01 [−0.04 to −0.001]; PP = 0.96) and for fall–winter it was
with Myxobolus arcticus (PP = 0.88). The strongest positive associations in Coho were with
Facilispora margolisi (PP = 0.06) and Ceratonova shasta (PP = 0.09) in the spring–summer and
fall–winter, respectively (Figure S2).

Pathogens with consistent patterns
PRV and Tenacibaculum maritimum both had posterior probabilities for all four mass deviation
models indicating weak to strong negative associations (Figs. 4 and 5). For both pathogens, negative
associations with Chinook salmon survival were strongest in the fall–winter.Myxobolus arcticus had a
strong negative association with both survival and mass deviation in the spring–summer for Chinook
salmon (Figs. 3 and 5).

Coinfection variables
The total number of pathogen taxa for spring–summer Chinook had the most negative association in
the study (PP = 1.00; Fig. 5), and this composite variable was also the most negatively associated for
fall–winter Coho (PP = 0.94). Furthermore, total pathogen taxa was negatively associated with Coho
mass deviation in the spring–summer (PP = 0.94). RIB was negatively associated with survival for
Coho salmon in the fall–winter (PP = 0.91; Fig. 5). Fall–winter was also the season where RIB was
negatively associated with mass deviation for Coho (PP = 0.90).

PDO and sea surface temperature
Associations with PDO and SST anomalies, which were included in every model run, were consistent
across pathogens for a given model group (Supplementary Material 1, Figures S3, S4). PDO was neg-
atively associated with survival for Coho in both seasons but not for Chinook salmon (PP from ran-
domly sampling (n = 5000 each) posterior distributions from all models: Chinook spring–
summer = 0.54, fall–winter = 0.60; Coho spring–summer = 0.96, fall-winter = 0.93; Fig. 4;
Supplementary Material 1, S3). SST anomalies were positively associated with mass deviation for
three out of four models, with the strongest association for fall–winter Chinook salmon (PP = 0.02) fol-
lowed by spring–summer Coho salmon (PP = 0.09; Fig. 4; Supplementary Material 1, S4).

Variance explained by model components
In models for both Chinook and Coho salmon, the random effect of stock generally accounted for the
greatest proportion of variance in cohort survival. The variance accounted for by pathogen prevalence
was greater than the variance accounted for by PDO, except for fall–winter Chinook where it was
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similar (Fig. 6). Negative partial R2 values for PDO and OEY in the spring–summer (Fig. 6) were
likely a result of small sample sizes (Chinook = 23, Coho = 15) and little variance explained by these
variables for some model sets (Ives 2019; Rights and Sterba 2020).
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Discussion
Depressed early marine survival has been hypothesized to be the primary driver of declines in Coho
and Chinook salmon abundance across much of their southern range. At the same time there has
been a growing appreciation for the potential for infectious agents to cause mass mortality events
across marine taxa. However, little research has addressed the potential role infectious agents may
play in reducing early marine survival in salmon. With a unique dataset describing infection loads
for dozens of pathogens in thousands of Chinook and Coho salmon over a decade, we analyzed
relationships between pathogen prevalence and cohort survival, as well as pathogen load and fish
condition, to carry out the most comprehensive analysis to date on the influence of infectious agents
on salmon survival. Our models yielded results similar to previous studies of salmon marine
mortality, including substantial population-based variation in survival, associations between PDO
and survival for Coho, and associations between SST and body condition for Chinook (Miller et al.
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Fig. 5. Heatmap of posterior probabilities (PP) of an association being negative for each model run, vertically
organized in descending order by the average PP (row average, without accounting for the number of models
run). Column titles include species (CH = Chinook, CO = Coho), season (SpSu = spring–summer, FaWi = fall–
winter), and model type (surv = cohort survival, md = mass deviation). Boldface row names indicate composite
pathogen variables and PDO/SST. Cells with NA represent models that did not converge or could not be run
due to insufficient data.
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2013; Zimmerman et al. 2015; Dale et al. 2017; Ruff et al. 2017). In addition to these previously known
factors, we identified Tenacibaculum maritimum and PRV as pathogens consistently negatively
associated with mass deviation. These two pathogens, as well as Myxobolus arcticus, showed negative
associations with survival for Chinook salmon and corresponding negative associations for mass
deviation in the same seasons. These findings, among others specific to one season or host species,
provide a starting point for more focused investigations of the population-level impacts of infectious
agents on salmon survival.

While our study marks an important step forward in investigating the potential role of infectious
agents in salmon survival on a population scale, the complexities of both infectious agent dynamics
and salmon survival estimates in some cases hinder clear interpretation of our results. For example,
we focused on negative associations between pathogen metrics and survival or condition, but how
should we interpret positive associations? (e.g., P. pseudobranchicola load positively associated with
mass deviation in spring–summer Chinook; Fig. 5). For some pathogens, positive associations could
indicate that a pathogen is transmitted trophically (Losee et al. 2014) or, alternatively, that high
prevalence (or presence at all) of some pathogens within a population is only tolerated in years when
environmental conditions are agreeable. In another example of the complexity of our results, a patho-
gen in our analysis might have demonstrated a strong negative association in a host species in a single
season and otherwise appeared unimportant (e.g., Ca. S. salmonis was strongly negatively associated
with only spring–summer Chinook survival). Such a pathogen, despite having a strong association
in only one of eight models, could have important population-level impacts. However, our analytical
approach was more likely to prioritize pathogens with multiple negative associations. Finally, our
approach is incapable of addressing the potential for susceptibility to pathogens to vary among
populations (Ching 1984; Dionne et al. 2009). While we allowed associations to vary by population

spring−summer fall−winter

CWT OEY PDO pathogen CWT OEY PDO pathogen

0.0

0.4

0.8
species

Chinook

Coho

model variable assessed

pa
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Fig. 6. The random effect of stock (CWT) generally accounted for the greatest portion of model variance but
pathogen prevalence (pathogen) also appeared important (OEY = ocean entry year, PDO = Pacific decadal oscil-
lation). Partial R2 (Ives 2019) was estimated by comparing residual variance between the full model and a reduced
model with the variable of interest (x axis) removed. Estimates were averaged across all pathogens (error bars indi-
cate 95% confidence interval around the mean).
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(i.e., random slope for CWT stock), any difference between populations is shrunk to the global
average and would not be accurately represented in our final estimates. While our approach can
identify some pathogens for future investigations, region- or stock-specific impacts from some patho-
gens we assayed were not identified. We do not attempt to solve these complexities here, but we raise
them to remind the reader of the exploratory nature of this study and that our analysis and
interpretation may not detect some important pathogen–host associations.

Infectious agents associated with poor survival and condition
The prevalence of the marine bacterium, Tenacibaculum maritimum, in fall–winter Chinook salmon
was negatively associated with survival. Furthermore, all mass deviation models for this pathogen
indicated that higher loads were associated with lower-than-expected mass at length. This is consis-
tent with the observation that Atlantic salmon, Salmo salar, experiencing Tenacibaculosis on
British Columbia fish farms tend to have reduced feeding rates (Nowlan et al. 2020). Some strains
of T. maritimum have been shown to be highly virulent, resulting in high mortality rates of Atlantic
salmon shortly after exposure (Frisch et al. 2018). Accordingly, this bacterium is responsible for
significant losses from British Columbia Atlantic salmon farms, sometimes despite prophylactic
measures (Nowlan et al. 2020). Bateman et al. (2021a) found that out of dozens of pathogens detected
in Atlantic salmon in a longitudinal study conducted on four farm cohorts in British Columbia,
prevalence and load of T. maritimum were consistently elevated in dead and dying fish. Another
recent study suggested that Fraser River sockeye salmon encountered elevated T. maritimum infection
risk and associated mortality when migrating past netpen aquaculture in the spring–summer period
(Bateman et al. 2021b). A recent DFO review (DFO 2020) suggested that this bacterium is of little risk
to sockeye salmon, primarily because it is not commonly detected in this species. However, our
results, paired with global observations of the pathogenicity of T. maritimum and the recently demon-
strated risk to sockeye salmon (Bateman et al. 2021b), suggest more information regarding the
potential impacts on wild Pacific salmon is needed. Furthermore, because of a reported positive
correlation between T. maritimum prevalence and water temperature (Downes et al. 2018), this
bacterium may become a greater issue for wild salmon growth and survival in the study region as
water temperatures rise (Peña et al. 2018) and antibiotic resistance evolves (Avendaño-Herrera et al.
2008; Nowlan et al. 2020).

Within British Columbia, there has been considerable debate about the risk PRV poses to native
salmonids. Of all the pathogens we considered, PRV had the most consistently negative associations
between pathogen load and mass deviation. In addition, the fall–winter prevalence of this virus was
negatively associated with survival for Chinook salmon. The lineage of the virus found in British
Columbia (PRV-1a), introduced from the Atlantic Ocean (Siah et al. 2020; Mordecai et al. 2021b),
is considered to be less virulent in Atlantic salmon than the lineage (PRV-1b) which is commonly
associated with mortality in Atlantic salmon on farms in Norway (Kongtorp et al. 2006; Wessel et al.
2020). The disease associated with PRV-1a in Atlantic salmon is characterised by inflammation in the
heart, whereas in Chinook salmon the rupture of blood cells results in “jaundice/anemia” (Di Cicco
et al. 2018), a pathology consistent with all PRV-related diseases in Pacific salmon (Takano et al.
2016; Cartagena et al. 2018; Vendramin et al. 2019). Based on a lack of significant mortality in
challenge studies of Pacific salmon using local PRV-1a isolates, it was concluded that PRV in coastal
British Columbia is of low virulence to Pacific salmon (Garver et al. 2016; Purcell et al. 2020). In the
wild, however, diverse stressors (temperature, starvation, smoltification) can drive the manifestation
of disease and sublethal impacts of infection (decreased foraging ability, altered behaviour). These
impacts might not be endpoints in a challenge study but can still reduce overall survival, especially
in the presence of predators. There is mounting evidence associating PRV-1a with disease in
Chinook salmon, including localisation of the virus to early jaundice/anemia lesions in farmed and
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wild-sampled juvenile Chinook, association of infection with a molecular signal indicative of viral
disease, and correlations between viral load and hemoglobin concentration (negative) and post-
exercise recovery time (positive) (Miller et al. 2017; Di Cicco et al. 2018; Wang 2018; Polinski et al.
2021). Our results, further contribute to this body of evidence and underscore the need for a greater
understanding of the pathogenicity of PRV-1a for wild Pacific salmonids. This is of heightened
concern considering PRV-1a is ubiquitous on Atlantic salmon farms in British Columbia (DFO
2019), and there is both genomic and epidemiological evidence for continual transmission between
farmed and wild salmon, particularly in the fall–winter period (Mordecai et al. 2021b).

We found that Myxobolus arcticus, a freshwater-transmitted myxozoan, was negatively associated
with cohort survival and mass deviations in spring–summer Chinook salmon. Most of the literature
concerning Myxobolus arcticus focuses on Sockeye salmon, which is the Pacific salmon species
expected to be most exposed to this pathogen due to its lake-rearing freshwater life stage (Kent et al.
1993; Moles and Jensen 1999). Moles and Heifetz (1998) provided strong evidence that M. arcticus
infections decrease the swimming ability of sockeye smolts but suggested that this impact did not
influence marine survival since survival did not vary between stocks proportionally to M. arcticus
prevalence. Aside from use of the pathogen as a population marker (Urawa and Nagasawa 1989),
we found little mention in the literature of M. arcticus infections in Chinook or Coho salmon. We
suggest that further swim challenge studies of multiple species of infected salmon should be
conducted to expand the work of Moles and Heifetz (1998) and determine whether the sub-lethal
effect of infection with this parasite could result in a reduced ability to evade predators or reduced
feeding efficiency. Furthermore, a better understanding of the degree of the inter-annual variation
of this pathogen and the factors affecting it is also necessary, as variation in prevalence could
represent variation in freshwater rearing conditions that could themselves impact mortality
(i.e., carry-over effects).

The pathogen with the second strongest negative association with survival (after M. arcticus) for
Chinook salmon, Ca. S. salmonis, was first discovered in gill epitheliocysts found on salmon in
Norway in 2006 (Nylund et al. 2015) and was first detected in British Columbia salmon around
2010 (Miller et al. 2014). There is very little literature describing the ecology or pathology of this
bacterium. In a longitudinal study of pathogen dynamics on Atlantic salmon farms in British
Columbia, Bateman et al. (2021a) found elevated prevalence of Ca. S. salmonis in dead and dying
fish. As with many other understudied pathogens in British Columbia, more focused research on
Ca. S. salmonis would help to better assess if it poses a threat for wild fish.

Coinfection variables
In this study, we primarily tested for pathogen associations with survival one pathogen at a time, but
clearly this does not reflect reality, where multiple infections (common in marine resident salmon,
Tucker et al. 2018) can have synergistic, antagonistic, or neutral effects on fish health (Roon et al.
2015; Kotob et al. 2017). As a first step towards addressing this complexity, we included two
composite variables to represent coinfection. RIB was negatively associated with survival and mass
deviation for Coho salmon in the fall–winter. Total number of pathogen taxa was strongly negatively
associated with survival for Chinook salmon in the spring–summer and Coho survival in the fall–
winter, as well as spring–summer Coho mass deviation. Why the two coinfection variables differed
in their associations with the two host species is unknown. In their longitudinal study, Bateman et al.
(2021a) found that RIB was elevated in farmed Atlantic salmon dying early in their marine residence.
Tucker et al. (2018) found that among Fraser River origin Chinook salmon, total pathogen taxa
(3.7 on average) increased through marine entrance and into the fall but declined over the winter.
The total number of pathogen taxa has been previously associated with elevated predation of sockeye
salmon by seabirds in the marine environment (Miller et al. 2014), and a metric similar to RIB has
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been associated with elevated predation of sockeye smolts by bull trout, Salvelinus confluentus, in
freshwater (Furey et al. 2021). Inter-annual variation in coinfection variables has been observed pre-
viously (Nekouei et al. 2018) and could reflect freshwater or marine extrinsic factors that promote
stress and thus facilitate coinfections (Oakgrove et al. 2014). While researchers tend to focus on one
pathogen at a time, the impacts of some pathogens may only be realized in the presence of others
(i.e., coinfection).

PDO and sea surface temperature
PDO was strongly negatively associated with Coho survival in both seasons, whereas the associations
were neutral for Chinook. There was often a positive association between SST anomaly and mass
deviation. In other words, fish were underweight in colder years when survival tended to be higher
(at least for Coho). Higher survival in colder years could represent the impact of SST on ecological
factors (e.g., predator and prey abundance), while the mass deviation results might demonstrate the
impact of SST on individual physiology (more rapid growth at warmer temperatures). A negative
correlation between PDO and Coho salmon survival has been observed previously (Rupp et al.
2012; Losee et al. 2014), and some studies have shown Chinook mass at length to be greater in warmer
years (Miller et al. 2013; Dale et al. 2017). The importance of water temperature throughout the
salmonid life cycle is well known, and its influence on survival is likely to increase in the face of rising
freshwater and ocean temperatures. Particularly germane to our discussion is the relationship between
temperature and infection, wherein elevated temperatures may act as a catalyst for infection. High
water temperature may leave salmon immuno-compromised and more vulnerable to infection
(Jokinen et al. 2011; Ray and Bartholomew 2013), modulate host behaviour to increase pathogen
exposure (Johnson et al. 1996), and shorten generation times for some infectious agents (Aihua and
Buchmann 2001). For many pathogens, temperature will govern the distribution, intensity, and
impact of infections (Miller et al. 2014). Because of limitations imposed by the size of our datset,
our models did not consider the interaction between temperature and infection, but future studies
that do so may better characterize pathogen-survival relationships.

Variance explained by model components
We found that among-population variation and inter-annual effects (random effects in our models)
explained a large amount of the cohort survival model variance, a finding consistent with previous
studies of variability in marine survival on different ocean scales (Zimmerman et al. 2015; Ruff et al.
2017). In addition to accounting for its potentially confounding effects on survival and growth,
a primary motivation for including PDO in our cohort survival models was to be able to directly relate
the strength of relationships with infectious agents to a well-known correlate of marine survival and
growth. We found that the relative importance of pathogen prevalence and PDO varied between
species and seasons, with pathogen prevalence generally accounting for a greater amount of variance
than PDO. Given that pathogens may account for variability greater than, or in some contexts similar
to PDO, we suggest that infectious disease processes should receive more consideration in efforts to
identify factors that influence salmon freshwater and marine survival.

Study limitations
The most important limitation in this study was that although the pathogen dataset we used was
unusually large in scope and size, the actual sample size by level considered in the analyses (i.e., the
combination of season, ocean entry year, and stock) was relatively small (Chinook spring–summer
n = 23, fall–winter n = 57; Coho spring–summer n = 15, fall–winter = 21). Some prevalence estimates
were based on as few as 10 individuals from a particular stock (Supplementary Material 1,
Tables S3, S4), and accuracy in prevalence estimates is known to decrease as sample size decreases
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(Jovani and Tella 2006). The uncertainty in estimates of pathogen prevalence due to these small sam-
ple sizes, which we did attempt to address in the structure of our survival models, reduces our power
to detect true relationships if they existed. A more extensive dataset, or one directing intensive,
targeted sampling at fewer populations with robust survival data, would lead to more refined esti-
mates of prevalence-survival correlations. Nevertheless, our dataset and analyses provided a unique
opportunity to consider the role of infectious agents in the early marine survival of Pacific salmon.

Because we used CWT data, the most appropriate survival dataset for our analysis, our survival data
were based solely on hatchery-released fish. Previous analyses have shown that pathogen profiles of
hatchery and wild Chinook and Coho salmon are similar in the marine environment (Thakur et al.
2018; Nekouei et al. 2019). However, mounting evidence suggests a higher incidence of mortality
for hatchery salmon relative to wild salmon during early marine residence (Beamish et al. 2012;
Chittenden et al. 2018; Chasco et al. 2021). Although there is a theoretical basis for reduced immuno-
competence in hatchery fish (Naish et al. 2008), we know of no empirical evidence of reduced
resistance in hatchery fish relative to wild fish to any of the pathogens in our study. Future studies
would benefit from including cohort survival data for wild populations (e.g., spawn-recruit data)
and testing whether the response to infection may differ between hatchery and wild-origin fish.

Our infectious agent prevalence and load estimates were based on nucleic acids detected in pooled
tissues, because this enabled us to detect the widest possible array of agents. Analyzing multiple tissues
(e.g., heart, gill, spleen, etc.) separately for thousands of samples would have exceeded the capacity of
our current project. However, some agents may be restricted to one or two of these tissues, and hence
dilution with 4–5 additional tissues may result in an underestimation of load and, in rarer cases, of
prevalence. Additionally, some agents that primarily infect the digestive tract, which was not biopsied
for our tissue pool (e.g., I. hoferi C. shasta) could be underrepresented in our data.

Almost all studies that seek to identify predictors of salmon cohort survival, including this study, are
correlative. Therefore, it is always possible that other unmeasured and unknown factors could be
causally related to mortality, whereas the predictor we use (i.e., pathogen prevalence) could simply
serve as a marker that coincides with the causal factor. Such a phenomenon was demonstrated by
Losee et al. (2014), who found that certain parasite communities in Chinook salmon were correlated
with the abundance of returning adults, but concluded that the true causal factor was prey availability,
which was correlated with trophically transmitted parasites. Likewise, in our study it is possible that
the prevalence of a pathogen is correlated with other factors impacting cohort survival, such as fresh-
water flow level and temperature (Ogut et al. 2005; Maceda-Veiga et al. 2009; Karvonen et al. 2010).
In reality, the ecological determinants and correlates of many of the pathogens in our study are
unknown and understudied. The most direct solution to this potential issue of collinearity between
pathogen prevalence and unknown factors is experimental manipulation of infection paired with
mark–recapture, as researchers have done by applying a sea lice prophylactic to tagged Atlantic
salmon (Vollset et al. 2018). For example, if a vaccine similar to that tested by Wessel et al. (2018)
proved efficacious in reducing PRV infection and (or) potentially associated disease in Pacific salmon,
it could be administered to CWT hatchery salmon so that survival could be compared between
treatment groups.

Conclusion
The goal of our study was to explore the relationship between a broad range of infectious agents and
the survival and growth of free-ranging (hatchery and wild) Pacific salmon, thereby helping to
identify those agents that are most likely to result in population-level impacts to Pacific salmon.
Several of the pathogens we identified that were negatively associated with survival have not been
extensively studied in the context of Pacific salmon (e.g., T. maritimum, Ca. S. salmonis), or have
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not been well-studied in Chinook and Coho (M. arcticus) or salmon in the marine environment
(M. arcticus). The virulence of another agent we identified as being highly correlated with survival
and condition is vigorously debated (PRV). If we had relied on assessments only of agents known to
pose a high risk of mortality in culture or laboratory settings, like R. salmoninarum, Aeromonas sal-
monicida, Piscirickettsia salmonis, Vibrio anguillarum, and Viral hemorrhagic septicemia virus, we
may have concluded that pathogens are an unlikely source of mortality in wild salmon. The types of
pathogens that have the greatest population level impacts in wild salmon may not be those that cause
acute disease and mortality in high-density culture environments, but rather those that are moder-
ately virulent or more chronic in nature and capable of impacting behaviour and performance, lead-
ing to indirect mortality.

Future studies of the potential population-level impacts to wild salmonids from infectious agents we
have identified here could focus on experimental tests of pathogenicity and virulence. While
controlled laboratory challenge studies are considered the gold standard for demonstrating pathogen
impacts and are therefore recommended, field studies with experimental manipulations (i.e., vaccina-
tions or other treatments; Vollset et al. 2018) where possible may provide insights that are most
representative of impacts on wild salmonids. When field studies with experimental manipulations
are not possible, measurement of sub-lethal effects (e.g., swimming ability, predator evasion, changes
in growth or appetite) should be included in laboratory challenge studies. We also encourage further
study of the distributions of the pathogens we identified, as well as attempts to determine environ-
mental or anthropogenic factors associated with these distributions.
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