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1.  INTRODUCTION 

The geographical distributions of organisms are 
shaped by factors intrinsic to individuals (e.g. life 
stage, physiological condition) and factors external to 
the organisms themselves, many of which vary in 
space and time. Temperature, precipitation, and the 

distribution of a preferred food item are all examples 
of such extrinsic factors. Infectious agents (bacteria, 
viruses, fungi, and parasites) are subject to con-
straints on their ranges imposed by extrinsic factors 
but may themselves control their target host’s dis-
tribution through behavioral changes and mortality 
(May 1983). For example, the southern pine beetle 
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Dendroctonus frontalis can dramatically alter the 
abundance of pine trees through destructive parasit-
ism but is currently prevented from expanding its 
range into suitable hosts at northern latitudes due to 
its vulnerability to cold temperatures (Ungerer et al. 
1999). Knowledge of the relationship between this 
parasite’s distribution and temperature allows re -
searchers to predict how future shifts in climate will 
alter its distribution and thus impact pine forests cur-
rently out of range (Ungerer et al. 1999). 

In contrast to sedentary hosts such as plants, migra-
tory hosts may traverse the ecological boundaries of 
various infectious agents throughout their life cycles 
as they migrate from one distinct environment to 
another (Altizer et al. 2011). This may result in expo-
sure to a broader range of pathogens but escape from 
others (Altizer et al. 2011). Wild diadromous fishes 
migrating between varying habitats, water tempera-
tures, salinities, and fish assemblages provide excel-
lent opportunities for studying the external factors 
associated with infectious agent prevalence and 
abundance. However, few such studies have been 
conducted on an archetypal group of diadromous 
fish, Pacific salmon Oncorhynchus spp., which hold 
great ecological, cultural, and economic value through-
out their range. Although there is abundant under-
standing of the conditions that lead to outbreaks of 
infectious disease in cultured salmonid populations, 
our understanding of the factors that influence the 
distribution of infections in wild salmonids is very 
limited (Miller et al. 2014). In order to understand 
how climatic change and anthropogenic landscape 
alterations are likely to impact the pathogen–host 
relationship for wild salmon, we must determine 
which measurable factors are predictive of infection. 
Urgency is required, as many Pacific salmon popula-
tions have experienced significant declines in recent 
decades (Zimmerman et al. 2015, Dorner et al. 2018, 
Welch et al. 2021, Atlas et al. 2023) and a potential 
role of infectious agents has received relatively little 
attention (Miller et al. 2014) but may contribute to 
this decline (Bass et al. 2022, Bateman et al. 2022). 

Given its suspected importance as a survival bottle-
neck (Peterman et al. 1998, Beamish & Mahnken 
2001, Cunningham et al. 2018, Welch et al. 2021), 
early marine residence is an obvious period within 
which to target the search for factors associated with 
infectious agent prevalence and abundance in Pacific 
salmon. Our existing knowledge of infectious agent 
dynamics in Pacific salmon suggests several factors, 
intrinsic and extrinsic to hosts, that are likely to in -
fluence infectious agent distributions within salmonids 
in the marine environment. Where salmon popula-

tions vary in the age at which saltwater-ready juvenile 
fish (smolts) migrate to sea, studies have shown that 
older smolts present higher infection rates and den-
sity (infectious agent load) of some infectious agents 
(Tucker et al. 2018, Stevenson et al. 2020). A large 
proportion of salmon populations in some regions are 
hatchery-produced and can be recognized in the 
ocean due to physical marking such as fin clips (with 
the proportion marked varying with their region of 
origin). While infectious agents can be controlled at 
hatcheries, there is evidence that hatchery fish have 
reduced immune function relative to wild fish (Salo-
nius & Iwama 1993, Bicskei et al. 2014, Le Luyer et al. 
2017), generating concern that hatchery-produced 
fish are more susceptible to new infections after leav-
ing hatcheries (Naish et al. 2008). Studies comparing 
infections between hatchery and wild fish have, how-
ever, not shown consistent differences in the marine 
environment (Sandell et al. 2015, Thakur et al. 2018, 
Nekouei et al. 2019). 

In terms of extrinsic factors that are capable of regu-
lating the distribution of infected hosts, water tem-
perature must be considered, given its role in nearly 
all aspects of the salmon life cycle (Richter & Kolmes 
2005). High water temperature may leave salmon 
immune-compromised and more vulnerable to infec-
tion (Jokinen et al. 2011, Ray & Bartholomew 2013), 
modulate host behavior to increase pathogen expo-
sure (Johnson et al. 1996), shorten generation times 
for some infectious agents (Aihua & Buchmann 2001), 
and elevate mortality by elevating pathogen replica-
tion within hosts (Wagner et al. 2005, Bruneaux et al. 
2017). Salinity, sometimes raised as an infection con-
trol method in closed-system aquaculture (Dickerson 
2012), might reduce transmission of freshwater 
pathogens while enhancing that of marine pathogens 
(Gunnarsson et al. 2017a). The distance from shore 
where a salmonid is encountered could represent 
niche occupation (littoral versus pelagic), and thus 
exposure to different prey fields (Chittenden et al. 
2018), or the likelihood that a sampled fish has inter-
acted with benthic organisms, which could serve as 
reservoirs for some pathogens (Kocan 2019). Marine 
netpen aquaculture, consisting of a high density of 
hosts that are at times stressed and generally pro-
tected from predation, creates potential point sources 
of infectious agents that could infect nearby wild fish 
(Bakke & Harris 1998, Nekouei et al. 2018a, Shea et al. 
2020, Bateman et al. 2022). While many studies as -
sessing the influence of aquaculture on wild salmon 
have focused on the amplification and transmission of 
sea lice, there is some evidence suggesting an associ-
ation between proximity to aquaculture and infec-
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tions in wild fish (Wallace et al. 2008, Vendramin et al. 
2019, Mordecai et al. 2021b, Bateman et al. 2022). 

In a recent study, Bass et al. (2023) described the 
distribution of 41 infectious agents in 3 species of 
Pacific salmon along the British Columbia (BC), 
Canada, coast and identified ‘hotspots’ of particularly 
high prevalence. Here, we extend this analysis using 
the same data set and a geostatistical spatio-temporal 
modeling approach to identify intrinsic and extrinsic 
variables associated with infectious agent distribu-
tions and loads in Chinook O. tshawytscha and coho 
O. kisutch salmon. Our broad-scale coupling of infec-
tious agent data and spatio-temporal analysis reveals 
novel information on the factors associated with 
infectious agent distributions in wild Pacific salmon 
and may assist in future predictions of the impacts of 
climatic change and management on infectious agent 
distributions in salmonid populations. 

2.  MATERIALS AND METHODS 

2.1.  Methods overview 

To explore associations between intrinsic and ex -
trinsic factors and infectious agents, we used an 11 yr 
data set of Chinook and coho salmon collected during 
early marine life along the BC coast that were assayed 
for 59 infectious agents (ultimately, 40 agents were 
detected) using high-throughput, quantitative poly -
merase chain reaction (HT-qPCR). Components of 
this data set have been used in several other recent 
publications (Thakur et al. 2018, Nekouei et al. 2018b, 
Bass et al. 2023, Wang et al. 2023). Intrinsic factors 
investigated in this study included age at ocean entry 
(for Chinook) and hatchery versus wild origin (as 
determined by adipose fin clip). Extrinsic factors 
included sea surface temperature (SST) deviation, sea 
surface salinity (SSS), distance to nearest active aqua-
culture facility, and distance to nearest shoreline. We 
used geostatistical models fit to data on each in -
fectious agent individually to estimate associations 
between each factor and both probability of infection 
and load. We then used coefficient estimates from the 
geostatistical models in meta-analyses to test hypo-
theses related to each intrinsic and extrinsic factor. 

2.2.  Juvenile Chinook salmon sampling 

Chinook (n = 5719) and coho (n = 2059) salmon 
in  their first year of ocean residence were collected 
in  collaboration with several Fisheries and Oceans 

Canada (DFO) research programs (Beamish et al. 
2000, Trudel et al. 2009, House et al. 2011) from 2008 
to 2018 (scientific fishing permit MECTS no. 2014-
502-00249 issued to Pacific Region DFO staff by the 
Government of Canada, DFO, Regional Director 
Fisheries Management). Methods used to capture 
salmon included mid-water trawl (Chinook, n = 4308; 
coho, n = 1869), purse seine (Chinook, n = 458; Coho, 
n = 87), and beach seine (Chinook, n = 953; coho, n = 
103). Samples were collected as far north as Fredrick 
Sound, Alaska (56° N) and as far south as the mid-
Puget Sound, Washington (47.5° N; Fig. 1). Fish were 
either dead upon landing or euthanized in buffered 
MS-222. A tissue sample was taken from the opercu-
lum and preserved in 95% ethanol to determine the 
population of origin for each fish, a process known as 
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. In the field, tissue samples including gill, 
brain, liver, head kidney, and heart (later to be pooled 
following homogenization) were placed in individual 
tubes of RNAlater (Qiagen) for 24 h at 4°C and then 
frozen at –80°C. Given that Columbia River origin 
Chinook and coho salmon have been shown to pres-
ent strikingly different infectious agent profiles 
relative to other populations we sampled (Wang 2018, 
Bass et al. 2023), are highly migratory relative to other 
populations in our study (Trudel et al. 2009), and are 
marine resident for several weeks to months prior to 
entering our study area, we removed Columbia River 
salmon from analyses below. After removing Colum-
bia River salmon and fish that were not successfully 
identified to a population by GSI, our utilized sample 
size was 4786 Chinook and 1487 coho. 

2.3.  Molecular methods 

Mixed tissue samples (all organs pooled per individ-
ual following homogenization) were screened for the 
presence of 59 infectious agent taxa (Table 1, Table S1 
in the Supplement at www.int-res.com/articles/
suppl/m736p107_supp.pdf), using HT-qPCR on the 
Fluidigm Biomark Dynamic ArrayTM microfluidics 
platform (Fluidigm) at the Pacific Biological Station, 
Nanaimo, BC, Canada. This platform has been analyti-
cally validated for quantitative infectious agent profil-
ing in salmon tissue (Miller et al. 2016) and applied to 
multiple studies of Pacific salmon (Di Cicco et al. 2017, 
Miller et al. 2017, Thakur et al. 2018). Infectious agent 
taxa were chosen based on knowledge of their pres-
ence in Canada or evidence of their association with 
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diseases worldwide (Miller et al. 2014, 2016). Assays 
utilizing TaqMan probes (Table 1, Table S1) were de-
signed to target both RNA and DNA. Not all of the 
same assays were used over the course of the qPCR 
runs (107 dynamic arrays run over 4 yr), as some new 
assays were developed (Mordecai et al. 2019, 2021a) 
and others were removed after no positive detections 
across previous studies. Detailed molecular methods 
are provided in Text S1 in the Supplement. 

2.4.  Statistical analyses 

To quantify associations between intrinsic and ex -
trinsic variables and infectious agent prevalence and 
load, we fit spatio-temporal generalized additive 
mixed-effect models (GAMMs) with Gaussian Markov 
random fields (hereafter ‘sdmTMB models’) using 
the R package ‘sdmTMB’ (S. Anderson et al. preprint 
doi:10.1101/2022.03.24.485545). These geo statistical 

models estimate fixed effects via maximum marginal 
likelihood and integrate over spatio-temporal random 
effects with the Laplace approximation via Template 
Model Builder (Kristensen et al. 2016). The data used 
in these models and example code are available upon 
request. For this analysis, we restricted the study area 
to the waters surrounding Vancouver Island since our 
highest density sampling occurred in this area 
(Fig. 1B,C). 

For each host species and each infectious agent, we 
modeled infection presence–absence in a salmon 
sampled at a point in space s and time t (ys,t) as a func-
tion of mean μs,t and a logit link: 

                                 ys,t ~ Bernoulli(μs,t)                            (1) 

          μs,t = logit–1(αt + Xs,tb + ƒ(Ds,t + γc[s,t] + es,t)       (2) 

                               γc ~ Normal(0,σγ2)                             (3) 

                               et ~ MVNormal(0,Σe)                          (4) 
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The parameter αt represents means for each year t, Xs,t 
represents a model matrix of predictors that are multi-
plied by a vector of fixed-effect coefficients β, ƒ(Ds,t) 
represents a penalized smoother for day-of-year (D) 
with a basis dimension of 5, γc represents a random 
intercept for conservation unit (CU; as defined by 
DFO 2009 and determined by GSI) c that is drawn 
from a normal distribution with variance σγ2, and es,t 
represents spatio-temporal random effects drawn 
from a multivariate normal distribution with covari-

ance matrix Σe constrained by a Matérn covariance 
function. We fit load models with a similar model 
structure, where Ls,t represents copies of RNA or DNA 
per PCR reaction well (values > 0) at point s and time 
t, and σ2 represents the observation error variance, 
log(Ls,t) ~ Normal(μs,t,σ2), and with μs,t modeled as 
above but with an identity link. 

We selected variables for inclusion in the sdmTMB 
models based on associated hypotheses that were 
tested in the subsequent meta-analysis (Table 2). We 
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Scientific name                                                          Taxonomic group            Chinook                          Coho 
                                                                                                                                      % Assayed        % Positive       % Assayed     % Positive 
 
Renibacterium salmoninarum                               Actinobacteria                         100                      1.3                     100                   1.1 
Candidatus Branchiomonas cysticola                Betaproteobacteria                  98                      79.2                   100                  96.5 
Flavobacterium psychrophilum                             Flavobacteriia                           98                       8.0                      99                    2.0 
Tenacibaculum maritimum                                     Flavobacteriia                           64                       6.9                      98                    9.3 
Candidatus Piscichlamydia salmonis                 Chlamydiae                              100                      0.5                      96                    0.7 
Candidatus Syngnamydia salmonis                    Chlamydiae                               98                      23.6                     99                   16.9 
Aeromonas salmonicida                                          Gammaproteobacteria          100                       0                      100                   0.1 
Piscirickettsia salmonis                                           Gammaproteobacteria           99                       1.2                     100                   0.3 
Rickettsia-like organism                                        Bacteria                                      100                      5.0                     100                   0.9 
Aliivibrio salmonicida                                             Bacteria                                      100                       0                      100                   0.9 
Dermocystidium salmonis                                      Mesomycetozoean                 100                    < 0.1                  100                   0.1 
Ichthyophonus spp.                                                  Mesomycetozoean                  99                      15.8                     99                   10.2 
Sphaerothecum destruens                                      Mesomycetozoean                 100                      1.3                     100                   4.0 
Facilispora margolisi                                               Microsporidian                         98                       7.2                      98                    6.8 
Loma spp.                                                                    Microsporidian                         99                      23.1                     99                   45.2 
Paranucleospora theridion                                     Microsporidian                         97                      65.1                     97                   75.4 
 (syn. Desmozoon lepeophtherii)                          
Ceratonova shasta                                                    Myxozoan                                  99                      21.4                   100                   7.0 
Kudoa thyrsites                                                          Myxozoan                                  99                       6.1                     100                   3.0 
Myxobolus arcticus                                                  Myxozoan                                  99                      33.9                     99                   13.7 
Myxobolus insidious                                                Myxozoan                                 100                      0.1                     100                   2.7 
Parvicapsula kabatai                                               Myxozoan                                  99                       9.8                     100                   7.4 
Parvicapsula minibicornis                                      Myxozoan                                  97                      33.5                     97                   40.3 
Parvicapsula pseudobranchicola                          Myxozoan                                  97                      50.7                     97                   60.8 
Tetracapsuloides bryosalmonae                           Myxozoan                                  99                      13.4                   100                   5.2 
Nanophyetus salmincola                                         Platyhelminthes                      100                      1.3                     100                   2.3 
Cryptobia salmositica                                              Protozoan                                  100                      0.2                     100                   1.9 
Ichthyophthirius multifiliis                                     Protozoan                                   91                      11.9                     97                    4.3 
Paramoeba perurans                                                Protozoan                                  100                      0.4                     100                   0.2 
Atlantic salmon calicivirus                                    Virus                                            64                       0.3                     100                   0.4 
Cutthroat trout virus 2                                            Virus                                            65                     < 0.1                  100                     0 
Erythrocytic necrosis virus                                    Virus                                            99                      16.2                   100                   9.5 
Infectious hematopoietic necrosis virus            Virus                                           100                      0.1                     100                     0 
Pacific salmon nidovirus                                        Virus                                            59                       6.0                     100                     0 
Pacific salmon parvovirus                                      Virus                                            95                       0.3                     100                   0.3 
Piscine orthoreovirus                                              Virus                                           100                      3.2                     100                   3.3 
Putative RNA virus 1                                               Virus                                            59                       2.0                     100                   0.7 
Salmon pescarenavirus 1                                        Virus                                            64                       5.5                     100                   0.1 
Salmon pescarenavirus 2                                        Virus                                            58                       0.4                     100                   0.3 
Viral encephalopathy and retinopathy virus    Virus                                           100                      0.1                     100                   0.1 
Viral hemorrhagic septicemia virus                    Virus                                           100                      0.7                      99                    0.7

Table 1. Prevalence estimates for infectious agents detected in Chinook and coho salmon mixed-tissue marine samples, deter-
mined using the Fluidigm Biomark HT-qRT-PCR platform (DFO Pacific Biological Station, Nanaimo, BC). Taxonomic group: 
current taxonomic assignment; % assayed: percent of the total sample for each species (Chinook, n = 4786; coho, n = 1487) for 
which each assay was run; % positive: percent of the samples run that tested positive (i.e. prevalence). Primer and probe  

sequences for all 59 infectious agent assays are available in Table S1 in the Supplement



chose variables that we expected might impact infec-
tious agent dynamics and had sufficient resolution 
across both the study area (extrinsic) and individual 
samples (intrinsic). Intrinsic variables included age at 
ocean entry based on population life history (Chi-
nook only), adipose fin clip status, and CU of origin 
(DFO 2009), which was included as a random inter-
cept as described above. We assigned Chinook salmon 
to either subyearling (rearing only several months in 
freshwater) or yearling (1 yr in freshwater) life-history 
categories based on the dominant life-history strat-
egy found in their population of origin, as determined 
by GSI, assuming that a single life-history pattern is 
dominant in each population (Teel et al. 2014). Al -
though the subyearling life-history strategy in coho 
salmon may contribute substantially to adult returns 
in some populations (Jones et al. 2021), the importance 
of this role is not well documented across the many 
populations represented in our study. Thus, we as -
sumed that the coho we sampled were yearling 
migrants and we did not include age in coho models. 
We acknowledge that not every hatchery fish is 
marked and that some percentage of the non-marked 
fish were hatchery-produced. Adipose fin clip rate 
data from the Regional Mark Processing Center 
(https://www.rmpc.org) indicate that marking of 

hatchery fish was much higher in the USA (75–90%) 
compared to BC (12–15%). 

Fin-clip rates in our samples were sometimes much 
higher or lower than expected for BC. Therefore, we 
chose to refer to fish as ‘clipped’ and ‘un clipped’. The 
low marking rate has the potential to confound the 
‘hatchery origin’ component of the an alysis, and thus 
our inference regarding this factor is likely conservative. 

Extrinsic variables we considered included SST, 
SSS, distance to nearest shoreline, and distance from 
active aquaculture. For both SST and SSS, we used 
monthly outputs from a high-resolution regional ocean 
circulation model of the BC continental margin (Peña 
et al. 2019). The model is an implementation of the 
Regional Ocean Modeling System (Haidvogel et al. 
2008), a free-surface, primitive-equation model that 
uses a terrain-following vertical coordinate. The 
model domain extends from south of the Columbia 
River in northern Oregon (~46° N) to the Alaska Pan-
handle (~55° N) and about 400 km in the offshore 
direction. The model grid has a horizontal resolution 
of 3 km and 42 non-uniform vertical levels with clus-
tering near the surface and bottom boundary layer 
(SSS and SST values herein pertain to the layer from 
the surface to a depth of 2 m). The hindcast simulation 
used in this study was forced with tides, winds from 
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Variable type    Number and name                      Hypothesis                                                                                                 Groups 
 
Intrinsic              (1) Life history                              Pathogens transmitted in freshwater have a                               Freshwater 
                                                                                       higher probability of infection in yearling relative                     Saltwater 
                                                                                       to subyearling fish, due to longer residence in  
                                                                                       freshwater 
Intrinsic              (2) Fin clip                                     Pathogens transmitted in freshwater, with complex       Freshwater–complex 
                                                                                       infection pathways (e.g. multiple obligate hosts),             Freshwater–simple 
                                                                                       have a higher probability of infection in wild relative     Saltwater–complex 
                                                                                       to hatchery produced fish, due to hatchery practices       Saltwater–simple 
                                                                                       limiting infection                                                                                              
Extrinsic             (3) Sea surface temperature     Pathogens with increased transmission at high or                          Cold 
                                                                                       low water temperatures have higher probability                            Warm 
                                                                                       of infection in corresponding conditions                                       Unknown 
Extrinsic             (4) Sea surface salinity              Pathogens primarily transmitted in saltwater have                   Freshwater 
                                                                                       a higher probability of infection in higher salinity                     Saltwater 
                                                                                       waters 
Extrinsic             (5) Distance from capture         NA                                                                                                                    NA 
                               location to nearest shore 
Extrinsic             (6) Distance to active                 Pathogens known (from literature) to have higher                          High 
                               aquaculture                                likelihood of outbreaks or occurrence at active                          Moderate 
                                                                                       finfish aquaculture facilities have higher probability                      Low 
                                                                                       of infecting wild salmon sampled nearer to active  
                                                                                       facilities 

Table 2. Intrinsic and extrinsic explanatory variables included in geostatistical models with corresponding hypotheses and  
groupings for meta-analysis. No meta-analysis was conducted for distance to nearest shore
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the European Centre for Medium-Range Weather 
Forecasts ERA5 (Hersbach et al. 2020), heat fluxes 
computed with standard bulk formulae and ERA5 
atmospheric parameters, and lateral boundary salin-
ities and temperatures from the Simple Ocean Data 
Assimilation project (Carton & Giese 2008). A de tailed 
description of the model implementation and exten-
sive model validation is given in Masson & Fine (2012) 
and Peña et al. (2019). Distance to nearest shore was 
estimated as Euclidean distance (‘as the crow flies’) 
using the ‘gdistance’ package in R (van Etten 2017). 
Shoreline data (at 40 m resolution) was from the Global 
Self-consistent, Hierarchical, High-resolution Geo -
graphy Database (GSHHG; https://www.ngdc.noaa.
gov/mgg/shorelines/). Simple linear regression indi-
cated that distance to nearest shore was positively 
correlated with water depth (r2 = 0.55) (bathymetry 
data [2 km resolution] from the University of California 
Scripps Institution of Oceanography website, http://
topex.ucsd.edu/WWW_html/mar_topo.html). 

Salmon aquaculture locations and activity (fish on-
site versus fallow) were acquired from DFO Aquacul-
ture Management (A. Paylor pers. comm.). We calcu-
lated monthly (distances to sample points dependent 
upon farm activity) seaway distance around shore-
lines (‘as the fish swims’) for a raster (1 × 1 km resol-
ution) of the study area using the ‘gdistance’ package 
(van Etten 2017) (see Fig. S1). 

In addition to intrinsic and extrinsic variables, we also 
included day-of-year as an explanatory variable 
because preliminary data visualization and previous 
research (Tucker et al. 2018) indicated that pathogen 
prevalence and load changed throughout the year in 
a consistent pattern across years for some agents. 
Given that SST is highly correlated with day-of-year, 
we converted SST to a space–time anomaly from the 
2008–2018 average temperature (raw means) for a 
given sampling location in a given month (hereafter 
SSTdev). To test for multicollinearity between ex -
planatory variables, we calculated Pearson correlation 
co efficients between all variables. The largest Pearson 
correlation coefficient for Chinook variables was 
between age at ocean entry and salinity (–0.43) and 
the largest for coho was between day of year and 
salinity (0.34). To aid with model convergence and 
parameter interpretability, we standardized explana-
tory variables by subtracting their mean and dividing 
by 2 standard deviations (Gelman 2008). 

For presence–absence sdmTMB models, we used 
the ‘make_mesh()’ function from the sdmTMB pack-
age (S. Anderson et al. preprint doi:10.1101/2022.03.
24.485545) to develop stochastic partial differential 
equation (SPDE; Lindgren et al. 2011) ‘meshes’ 

based on 200 knots or vertices using a k-means clus-
tering algorithm. For load models (which included 
fewer samples since zeros were not in cluded), we per-
mitted a minimum of 150 knots and a maximum of 200 
(maximizing knots based on sample size); therefore, 
sdmTMB models for agents with few unique sample 
sites (i.e. low prevalence agents) were not possible for 
load models. For both types of models, we imposed a 
correlation barrier such that spatial correlation was 
assumed to decay 10 times faster across land than water 
(Bakka et al. 2019), using the GSHHG shoreline data 
described above. 

For each model, we ensured that the model fit was 
consistent with convergence by checking that the 
maximum absolute log-likelihood gradient across 
fixed-effect parameters did not exceed 0.001 and that 
the Hessian matrix was invertible. Models that were 
inconsistent with convergence were omitted from the 
results. In addition, we visually assessed quantile–
quantile plots of randomized quantile residuals to 
check model distribution assumptions. 

To ensure that our inference was not dependent on 
our choice of modeling approach, we analyzed the 
data using 2 other common spatial modeling frame-
works, similar to Grüss et al. (2019). First, we fit gen-
eralized linear mixed models (GLMMs) with an auto-
covariate term (Bardos et al. 2015). Briefly, distance 
between sampling sites was used to create neighbor-
hoods of adjacent points so that similarities in the 
response variable between nearby sites could be 
used to calculate the autocovariate term (using R 
package ‘spdep’; Bivand et al. 2013), which was then 
added to a GLMM with the same model structure as 
the sdmTMB model. Second, we fit GAMMs with the 
same model structure but replaced the spatial ran-
dom effects ∈t with tensor product smooths for each 
year of the spatial coordinates with thin-plate regres-
sion spline basis functions of dimension 10 (Wood 
2003, 2017). Both GLMMs and GAMMs included a 
random intercept for CU. Note that day-of-year was 
not fit with a smoothing term in these models as it 
was in sdmTMB models. 

Given that a large number of coefficient estimates 
are generated from testing 6 explanatory variables 
against prevalence and load for 25 infectious agents, 
we only discuss individual results with 99% confi-
dence intervals (CI) that did not overlap zero. In 
order to test the hypotheses presented in Table 2, we 
used a meta-analytic approach (e.g. Worm & Myers 
2003) where different pathogen–season combina-
tions occupied the role of different studies in a typi-
cal meta-analysis. For each hypothesis related to a 
model variable, infectious agents were categorized 

113



Mar Ecol Prog Ser 736: 107–127, 2024

based on available information from the literature 
(Table 3 & Tables S2 & S3). Note that while we 
expected the ‘distance to shore’ variable to have an 
impact on the distribution of some infectious agents, 
it did not readily translate to ob vious categories of 
pathogens appropriate for hypo thesis testing. We 
used hypothesis categories in an inverse-variance 
weighted random-effects meta-analysis using the R 
package ‘meta’ (Balduzzi et al. 2019). We used a ran-
dom-effects model because we expected the assump-
tion of homogeneous effect sizes in a fixed-effects 
model would be violated. A fixed-effects meta-analy-
sis would assume that all the ‘studies’ (pathogen–sea-
son combinations) came from the same ‘population’ 
of ‘studies’, meaning that differences in effect sizes 
would only be  due to the hypothesized categories 
and obser vation error (e.g. Borenstein et al. 2010). 
The Paule-Mandel estimator was used as the method 

for estimating between-study (different pathogen 
models in this case) variance (Paule & Mandel 1982, 
Veroniki et al. 2016). We focused interpretation on 
meta-analytic means with 95% CIs that did not over-
lap zero. 

3.  RESULTS 

We used geostatistical models to test associations 
with probability of infection for 26 infectious agents 
in Chinook salmon and 24 agents in coho salmon 
(Fig. 2). Fewer models were possible for load because 
only positive detections could be included in the load 
models (12 agents for Chinook, 5 for coho; Fig. 3). 

There was strong agreement among the sdmTMB, 
GLMM, and GAMM modeling approaches (Figs. S2 
& S3), with the exception of the GAMM modeling of 
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Scientific name                                                         Type                Aquaculture  Transmission   Temperature        Transmission 
                                                                                                                                           environment      preference            complexity 
                                                                                                                          (6)                  (1), (4)                    (3)                             (2) 
 
Candidatus Branchiomonas cysticola          Bacterium              Moderate       Freshwater        Unknown           Both–simple 
Flavobacterium psychrophilum                       Bacterium                   High           Freshwater             Cold          Freshwater–simple 
Candidatus Syngnamydia salmonis             Bacterium              Moderate         Saltwater          Unknown       Saltwater–simple 
Piscirickettsia salmonis                                    Bacterium                   High             Saltwater               Cold            Saltwater–simple 
Renibacterium salmoninarum                         Bacterium                   High            Freshwater            Warm               Both–simple 
Rickettsia-like organism                                  Bacterium                    Low            Freshwater            Warm               Both–simple 
Tenacibaculum maritimum                               Bacterium                   High             Saltwater              Warm           Saltwater–simple 
Ichthyophonus spp.                                    Mesomycetozoean      Moderate         Saltwater              Warm             Both–complex 
Sphaerothecum destruens                        Mesomycetozoean      Moderate         Saltwater              Warm               Both–simple 
Facilispora margolisi                                    Microsporidian         Moderate         Saltwater          Unknown     Saltwater–complex 
Loma spp.                                                         Microsporidian         Moderate         Saltwater              Warm               Both–simple 
Paranucleospora theridion                          Microsporidian              High             Saltwater              Warm         Saltwater–complex 
Ceratonova shasta                                             Myxozoan                   Low            Freshwater            Warm       Freshwater–complex 
Kudoa thyrsites                                                   Myxozoan                  High             Saltwater              Warm         Saltwater–complex 
Myxobolus arcticus                                            Myxozoan                   Low            Freshwater        Unknown   Freshwater–complex 
Parvicapsula kabatai                                         Myxozoan              Moderate         Saltwater          Unknown     Saltwater–complex 
Parvicapsula minibicornis                               Myxozoan                   Low            Freshwater            Warm       Freshwater–complex 
Parvicapsula pseudobranchicola                   Myxozoan                  High             Saltwater          Unknown     Saltwater–complex 
Tetracapsuloides bryosalmonae                     Myxozoan                   Low            Freshwater            Warm       Freshwater–complex 
Cryptobia salmositica                                        Protozoan              Moderate       Freshwater             Cold        Freshwater–complex 
Nanophyetus salmincola                             Platyhelminthes              Low            Freshwater            Warm       Freshwater–complex 
Ichthyophthirius multifiliis                               Protozoan              Moderate       Freshwater            Warm         Freshwater–simple 
Salmon pescarenavirus 1                                      Virus                   Moderate         Saltwater               Cold          Freshwater–simple 
Pacific salmon nidovirus                                       Virus                        Low            Freshwater             Cold          Freshwater–simple 
Piscine orthoreovirus                                             Virus                        High             Saltwater               Cold                Both–simple 
Erythrocytic necrosis virus                                   Virus                   Moderate         Saltwater               Cold            Saltwater–simple 
Putative RNA virus 1                                              Virus                        Low              Saltwater               Cold          Saltwater–complex

Table 3. Infectious agents from sdmTMB models with their grouping for meta-analysis (numbers in parentheses indicate the 
relevant model variable from Table 2). For transmission environment, italics indicates that transmission can occur in both en-
vironments (based on the literature) but for juvenile Chinook salmon, we expect it to be more likely to first occur in the en-
vironment listed here (based on our observations in British Columbia). Supporting literature for this table can be found in  

Tables S2 & S3 in the Supplement
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SSS. This variable has a high level of spatial autocor-
relation in the study area, and since the models 
handle spatial autocorrelation differently, this could 
explain the larger variability in estimates. Meta-
analysis results for all hypothesis tests are presented 
in Figs. S4–S13. 

3.1.  Intrinsic factors 

None of the meta-analytic means for either of the 
intrinsic variables differed significantly from zero 
(Figs. S4 & S5). For age at ocean entry, which was only 
included in Chinook models, ‘Ca. Branchiomonas 
cysticola’ and Ichthyophonus spp. were both more 
likely to occur (Fig. 2) in yearling relative to subyear-
ling Chinook, although their 99% CIs overlapped 
zero. Parvicapsula pseudobranchicola, Ichthyophthi-
rius multifiliis, and Pacific salmon nidovirus were the 
agents more likely to occur in subyearling Chinook 
relative to yearlings (Fig. 2). 

Fin clip status (adipose fin clip indicates hatchery 
origin) presented more coefficient estimates not over-
lapping zero for Chinook compared to coho salmon 
(Fig. 2). Consistent with our hypothesis, Myxobolus 
arcticus, a freshwater-transmitted parasite with a 
complex life history was more likely to be detected in 
non-clipped fish of both host species (Fig. 2). By 
contrast, however, Nanophyetus salmincola, another 
parasite with a complex freshwater life history, was 
more likely to be detected in adipose-clipped Chi-
nook. Unexpectedly, several marine-transmitted para-
sites with undocumented but presumably complex 
life histories (due to their classification as myxozoans, 
which generally infect invertebrates prior to infecting 
fish), including Parvicapsula kabatai, Kudoa thyrsites, 
and P. pseudobranchicola, were more likely to be 
detected in adipose-clipped Chinook salmon (Fig. 2). 
In addition, Piscine orthoreovirus (PRV) was more 
likely to occur in adipose-clipped coho salmon. Loads 
of ‘Candidatus Branchiomonas cysticola’ were elevated 
in adipose-clipped fish (both host species; Fig. 3). 

3.2.  Extrinsic factors 

Infectious agents known to be transmitted primarily 
in the marine environment were more likely to be 
detected in hosts at higher SSS. The meta-analytic 
mean [95%CI] coefficient estimate (Fig. 4) for the pro-
bability of infection with saltwater-transmitted agents 
was 0.37 [0.13: 0.61] and was similar for infection den-
sity (0.27 [0.00: 0.55]; Fig. S11). Associations counter 
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to expectations based on knowledge of transmission 
environments included positive associations with SSS 
for freshwater-transmitted pathogens N. salmincola, 
Flavobacterium psychrophilum, and I. multifiliis, and 
negative associations with SSS for the saltwater-trans-
mitted Erythrocytic necrosis virus (ENV) in both host 
species. 

For probability of infection models, the meta-ana-
lytic mean coefficient estimates for SSTdev for warm-
associated and cold-associated agents did not differ 
from zero. However, infection loads tended to be 
higher for warm-associated agents as SSTdev in -
creased (0.45 [0.18: 0.71]; Fig. S10). Paranucleospora 

theridion (also known as Desmozoon 
lepeoptherii), a warm-water micro-
sporidian, was positively associated 
with higher temperature deviations 
for probability of infection for both 
host species (and load for Chinook). In 
Chinook salmon, Parvicapsula minibi-
cornis, another warm-water pathogen, 
was positively associated with higher 
SSTdev for both probability of infec-
tion and load. 

Although we developed no hypo-
theses regarding the relationship 
between probability of infection and 
distance from nearest shoreline, we 
found that both P. theridion and P. 
kabatai were more likely to  occur in 
Chinook salmon collected closer to 
land. Furthermore, coefficient esti-
mates in coho salmon for  these 2 
microparasites were similar to those in 
Chinook. 

Meta-analysis indicated that the 
group of infectious agents classified 
as ‘moderately related’ to aquaculture 
(based on the literature; Table S3) 
was significantly less likely to be de -
tected  in hosts as distance from 
active aquaculture facilities increased 
(–0.29 [–0.53: –0.06]; Fig. 5) and the 
estimate was similar for infection den-
sity (–0.32 [–0.63: –0.01]; Fig. S12). 
The meta-analytic mean for the ‘highly 
related’ group was similar to the 
moderate group (–0.28 [–0.57: 0.00]) 
and the overall meta-analytic mean 
for the as sociation between probability 
of in fection and distance to active aqua-
culture was negative (–0.15 [–0.32: 
0.01]). 

3.3.  Seasonal patterns 

The inclusion of day-of-year in geostatistical 
models allowed for visualization of the probability of 
infection for each infectious agent over the course of 
the first marine year while holding other variables 
constant at their means (Fig. 6). Of the agents that dis-
played distinct shifts in prevalence throughout the 
first marine year, P. minibicornis, P. theridion, and P. 
pseudobranchicola shared similar patterns over time 
between the 2 host species (Fig. 6). 
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Fig. 4. Probability of infection was associated with sea surface salinity and salt-
water-transmitted pathogens (Table 3) were more likely to be detected as salin-
ities increased. Diamonds: mean (diamond centre) and 95% confidence inter-
vals (diamond width) for pathogens assigned to each category; horizontal 
black lines: 95% confidence intervals around coefficient estimates (squares; 
orange: Chinook; blue: coho). The size of the squares represents their relative 
contribution to the meta-analytic mean. The bottom diamond and dotted red  

vertical line represent the mean coefficient estimate across all models 
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4.  DISCUSSION 

Knowledge regarding the spatial distribution of 
infectious agents in an animal population is valuable, 
but understanding what factors are correlated with 
infectious agent detections provides a starting point 
for predicting the distribution of infections under 
future climates or anthropogenic activity scenarios or 
in regions where survey data are lacking. We found 
that multiple extrinsic and intrinsic factors were 
associated with the distribution and density of various 
infectious agents in salmonid hosts, but that SSS had 
the broadest associations with the probability of 
detecting infectious agents and infection densities, 
especially among saltwater-transmitted agents. Simi-

larly, both probability of detection and 
infection density for ‘aquaculture-
related’ agents (and, to a lesser degree, 
for infectious agents overall) were 
positively associated with proximity to 
active finfish aquaculture facilities. 

4.1.  Intrinsic factors 

4.1.1.  Age at ocean entry 

Life-history variability in salmonids 
gives rise to diversity in habitat use 
and migration behavior and thus diver-
sity in exposure to infectious agents 
(Altizer et al. 2011). Our results con-
tribute to the sparse but growing lit-
erature that indicates that juvenile 
salmonid age at ocean entry has im -
plications for infectious agent dyna -
mics and thus potential implications 
for survival (Jacobson et al. 2008, San-
dell et al. 2015, Tucker et al. 2018, Ste-
venson et al. 2020, Smith et al. 2022). 
Tucker et al. (2018) analyzed infec-
tious agent differences between Chi-
nook salmon life histories and sug-
gested that this variability was likely a 
result of differences in environmental 
and prey field exposure in the marine 
environment. Similar to Tucker et al. 
(2018), we found that Ichthyophonus 
spp. (most likely I. hoferi) was more 
likely to be detected in yearling fish, 
which is consistent with the idea of 
exposure through prey. This parasite is 
primarily trophically transmitted 

(Kocan 2019), and yearling Chinook are likely to 
adopt piscivory earlier than subyearlings (Chittenden 
et al. 2018). Candidatus Branchiomonas cysticola was 
also more likely to be present in yearling than sub-
yearling Chinook, as seen in previous studies with 
multiple salmonid age cohorts (Tucker et al. 2018, 
Stevenson et al. 2020). Although little is known 
regarding the transmission of this bacterium, it has 
been identified as an important contributor to com-
plex gill disease in Atlantic salmon (Gjessing et al. 
2021) and its load has been correlated with the ex -
pression of multiple inflammation and immune genes 
in early marine Chinook salmon (Wang et al. 2023). 

A recent analysis of a large number of Chinook 
salmon populations found that in general, yearling 
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Fig. 5. For pathogens classified with high and moderate associations to aqua-
culture based on previous publications (Table 3 & Table S3), the likelihood of 
detection decreased with increasing distance from aquaculture. See Fig. 4 for  

further details



Bass et al.: Spatial correlates of infection in salmon

life-history Chinook salmon are experiencing greater 
declines in population abundance than subyearling 
populations (Atlas et al. 2023). While negative popu-
lation trends for yearling Chinook likely stem from 
freshwater impacts such as dams, declining habitat 
suitability, and increasing temperatures (Welch et al. 
2021, Atlas et al. 2023), the depressed status of these 
populations underscores the importance of consider-
ing all potential risk factors, including infectious 
agents. We have no evidence that the 2 pathogens 
occurring at a greater frequency in yearling relative 
to subyearling Chinook in our study contribute to 
declines in yearling populations. However, some 
freshwater pathogens, including Ceratonova shasta, 
Tetracapsuloides bryosalmonae, and Ichthyophthirius 
multifiliis, are likely to cause greater impact on Chi-
nook salmon that reside longer in freshwater (year-
lings) where water temperatures increase and anthro-
pogenic activities alter hydrography (Tops et al. 2006, 
Stocking & Bartholomew 2007, Ray et al. 2012, Howell 
et al. 2019). Given predicted increases in freshwater 
temperatures, proactive monitoring of these tempera-
ture-reactive patho gens may be warranted in areas 
where yearling Chinook are threatened. 

4.1.2.  Fin clip status 

Naish et al. (2008) hypothesized that hatchery rear-
ing could produce juvenile salmon with reduced 
immune function that are susceptible to infection 
after leaving hatcheries, but no research has demon-
strated this phenomenon to date. Using part of the 

larger data set we used in this study, Thakur et al. 
(2018) and Nekouei et al. (2019) found little differ-
ence in infectious agent profiles between wild and 
hatchery origin Chinook and coho salmon. However, 
those analyses were conducted on smaller, spatially 
confined data sets compared to ours and did not 
account for the many factors we included in our more 
complex analysis, including day of year and popula-
tion of origin. 

We hypothesized that freshwater-transmitted infec-
tious agents with complex life histories would be 
more likely to occur in wild-origin (non-clipped) fish. 
While true for one microparasite fitting this descrip-
tion, Myxobolus arcticus, the hypothesis was not sup-
ported by our results. Nanophyetus salmincola, for 
example, was more likely to occur in adipose-clipped 
fish than non-marked fish in the fall-winter period, a 
finding counter to previously reported patterns 
(Jacobson et al. 2008). We might also hypothesize 
that highly contagious freshwater-transmitted infec-
tious agents with simple life cycles may spread 
quickly at the high densities of juvenile fish found at 
hatcheries, but in reality, these are often controlled 
through water treatments or vaccines (Naish et al. 
2008). However, such prophylactic measures must 
often be targeted and pathogens that are not moni-
tored at hatcheries or whose existence is little known 
are unlikely to be targeted. For example, Candidatus 
Branchiomonas cysticola, a bacterium discovered a 
decade ago (Toenshoff et al. 2012), occurred at higher 
loads in adipose-clipped Chinook and coho salmon. 

We made no predictions regarding associations be -
tween fin clip status and seawater-transmitted infec-
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Fig. 6. For several infectious agents, the probability of detection was similar between Chinook (orange line) and coho (blue 
line) salmon over time during the first marine year. Plots display probability of detection (shaded ribbon: 95% confidence inter-
val) predicted using the day-of-year term from geostatistical models while holding all other explanatory variables constant at  

their average value
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tious agents. PRV was more likely to occur in adipose-
clipped coho salmon. While primarily considered a 
marine-transmitted virus, freshwater transmission of 
PRV occurred at Atlantic salmon hatcheries in BC 
until practices were changed to reduce vertical trans-
mission (Mordecai et al. 2021b, Polinski et al. 2023). 
Although we have seen little indication of high preva-
lence of PRV at Pacific salmon enhancement hatch-
eries in BC (samples from 2019–2021; Polinski et al. 
2023), Purcell et al. (2018) observed relatively high 
prevalence in coho salmon collected in freshwater 
along the Washington Coast, Puget Sound, and Col-
umbia River, although precise locations (and thus 
hatchery versus wild origin) were not described. High 
prevalence of PRV in Columbia River origin fish along 
the west coast of Vancouver Island was also observed 
in a recent study (Bass et al. 2023). Continued moni-
toring of PRV in hatcheries is advised as a risk of ver-
tical transmission may exist and this virus has been 
demonstrated to cause disease (Wessel et al. 2020, Di 
Cicco et al. 2018), was negatively associated with sur-
vival and condition in Pacific salmon (Bass et al. 
2022), and has been associated with pathology in 
juvenile Chinook salmon (Wang et al. 2023). 

Unexpectedly, several marine-transmitted para-
sites with complex life cycles (all myxozoans) were 
more likely to occur in adipose-clipped than non-
clipped Chinook salmon: Parvicapsula pseudobran-
chicola, Kudoa thyrsites, and Parvicapsula kabatai. 
Potentially, hatchery-reared Chinook raised to a 
larger size prior to release move away from shore ear-
lier than sympatric wild fish (Chittenden et al. 2018), 
resulting in earlier exposure to marine pathogens. 
Alternatively, some aspect(s) of hatchery rearing 
results in an immune system less capable of resisting 
marine parasites (Consuegra & Garcia de Leaniz 
2008). Two of those parasites, P. kabatai and P. pseu-
dobranchicola, occurred at a significantly higher rate 
in sockeye salmon preyed on by rhinoceros auklets 
(Miller et al. 2014). Hatchery-produced salmonids 
often have lower lifetime fitness than their wild 
counterparts (Araki et al. 2008, Christie et al. 2014). 
Although identifying the life-history stage at which 
this reduction occurs is difficult (Araki et al. 2008), 
some evidence points to early marine rearing (Beam-
ish et al. 2012, Chittenden et al. 2018). Our finding of 
elevated prevalence of some infectious agents in adi-
pose-clipped fish, despite the limitation of low mark-
ing rates — which should make observing such a find-
ing less likely — underlines the necessity for more 
studies comparing infectious agents and disease 
occurrence between wild and hatchery populations, 
especially in the early marine period. 

4.2.  Extrinsic factors 

4.2.1.  Sea surface salinity 

SSS was the extrinsic factor associated with the 
spatial distribution of the most infectious agents. 
As we hypothesized, the probability of infection 
with seawater-transmitted infectious agents, and 
the infection density, were positively associated 
with SSS. Furthermore, correlations for a given 
agent were often similar between host species. 
How ever, several significant associations were con -
trary to our expectations based on the literature. 
For instance, I. multifiliis was positively associated 
with SSS for both host species, even though in -
creasing salinity is a demonstrated method for con-
trolling this protozoan in freshwater aquaculture 
(Dickerson 2012). N. salmincola, a freshwater-trans-
mitted infectious agent, showed a strong positive 
association with SSS. This might be due to hatchery 
Puget Sound (the primary stocks positive for this 
infection in our study) fish already infected with 
the parasite rapidly moving into more offshore 
locations (Chittenden et al. 2018) featuring higher 
SSS. The probability of infection with ENV, a ma -
rine pathogen, was negatively correlated with SSS. 
This virus is known to cause outbreaks in herring in 
confined inlets and bays (Hershberger et al. 2009), 
environments that may present lower SSS due to 
nearby freshwater sources. 

Salinity in nearshore BC is primarily controlled by 
freshwater input, winds, and tidal mixing (LeBlond 
et al. 1994). As climate change increases the melting 
rate of glaciers and the volume and frequency of 
rain events, SSS will generally decrease throughout 
the study area (Foreman et al. 2018). In winter 
months, however, SSS along the west coast of Van-
couver Island and in the Strait of Georgia is pre-
dicted to increase by approximately 1 ppt over the 
next 70 yr (Foreman et al. 2018). Furthermore, SSS 
may increase slightly in some nearshore locations 
(Peña et al. 2018). If our results are indicative of a 
causal relationship, these increases could lead to an 
associated increase in the prevalence of most salt-
water-transmitted infectious agents in the study 
region. SSS in our models was scaled by 2 standard 
deviations (which is around 8 ppt) suggesting that a 
1 ppt increase may result in relatively minor in -
creases in the prevalence of seawater-transmitted 
agents. However, the results from Foreman et al. 
(2018) are long-term averages and do not represent 
maxima and minima in SSS that may occur on 
shorter timescales. 
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4.2.2.  Sea surface temperature 

As a wealth of research has shown, temperature is 
a  ‘master factor’ that regulates all aspects of the 
salmonid life cycle (Brett 1970), including infectious 
agent transmission and virulence (Miller et al. 2014). 
Contrary to our hypothesis, we did not find that the 
majority of agents known to favor warmer conditions 
were more likely to occur at higher SST deviations. 
However, infectious agents expected to prefer warmer 
water occurred at higher infection densities in hosts 
collected at higher SST deviations. We suspect that 
our results for SSTdev are conservative due to the 
limitation that we could not consider SST data on its 
original scale because SST was confounded by day-
of-year. Thus, we chose to parameterize SST as devi-
ations from local average temperatures, which leaves 
us several steps removed from the biological relation-
ship between temperature and pathogen dynamics. 
As a hypothetical example, a 2°C temperature devi-
ation could be assigned to a 13°C temperature read-
ing taken from a typically cold ocean region, whereas 
in a region regularly experiencing warmer tempera-
tures, a 2°C deviation could represent an 18°C 
measurement — a temperature with potentially greater 
implications for pathogen transmission dynamics and 
host physiology. 

Long-term SST data sets indicate that over the last 
6–8 decades, the Strait of Georgia has experienced 
increases in SST (Amos et al. 2015, Iwabuchi & Gosse-
lin 2019), with a July–August average SST increase of 
0.67°C over the last 8 decades (Iwabuchi & Gosselin 
2019). If our results, in which model estimates corre-
spond to a 1.6°C (2 SD) increase in SSTdev, are repre-
sentative of historical relationships between patho -
gens and temperature, the frequency of infections and 
infection densities of some pathogens in early marine 
salmon may have increased over that time period. Cli-
mate change projections along the BC shelf under the 
Intergovernmental Panel on Climate Change (IPCC) 
future climate scenario (RCP 8.5) project a substantial 
future warming of SST, with an average increase of 
1.2–3.0°C for the 2041–2071 period (Peña & Fine 
2024). In the Strait of Georgia, 2–3°C increases in SST 
might occur throughout the year, partially as a result 
of urbanization and increasingly warmer Fraser River 
discharge (Amos et al. 2015), whereas the greatest in-
creases for the west coast of Vancouver Island are pro-
jected to occur in the summer and fall (Peña & Fine 
2024). In light of projected SST increases, our results 
suggest that the probability of infection and infection 
density for several infectious agents may increase 
considerably. Furthermore, elevated SST will persist 

for longer periods, potentially limiting seasonal es-
cape from pathogens (Harvell et al. 2002), such as oc-
curs for Paranucleo spora theridion, the prevalence of 
which declines when temperatures decline in the fall 
(Nylund et al. 2011). Indeed, in our study, the proba-
bility of infection and infection density for P. theridion 
were positively associated with temperature deviation 
and showed a seasonal peak in prevalence (in both 
host species) during the summer months. P. theridion 
is a parasite previously linked to complex gill disease 
and poor body condition in farmed Atlantic salmon 
(Gunnarsson et al. 2017b, Gjerde et al. 2019, Boerlage 
et al. 2020). Future elevated water temperatures may 
permit elevated prevalence and infection density of P. 
theridion and other infectious agents that are regu-
lated by water temperature, such as P. minibicornis, 
further into the colder months. 

4.2.3.  Distance from nearest shore 

While we did not test hypotheses specifically 
related to this metric, distance from nearest shoreline 
might be correlated with ontological shifts in feeding 
behavior, proximity to freshwater pathogen sources, 
and proximity to benthos. We suspected that this 
explanatory variable, which was easily estimated via 
GIS, might account for substantial variability due to 
its many possible correlates. 

Infectious agents with CIs not overlapping zero 
were all negatively associated with distance from 
shore, indicating that they were more likely to occur 
closer to shore than further away. Two of these in Chi-
nook salmon, Flavobacterium psychrophilum and I. 
multifiliis, are freshwater-transmitted and were also 
more likely to occur in subyearling fish—2 factors 
that might explain why they were more likely to occur 
in hosts closer to shore, given that freshwater enters 
the marine environment at shorelines and subyearling 
fish spend more time closer to shore than yearling fish 
(Teel et al. 2015). No such obvious explanations arise 
for why other agents were more likely to occur closer 
to shore. 

4.2.4.  Distance to nearest active aquaculture 

Globally, there is substantial concern regarding the 
transmission of infectious agents from salmon aqua-
culture to wild salmon (Bakke & Harris 1998, Krkošek 
et al. 2011, Behringer et al. 2020), and recent studies 
from BC have underscored this risk (Shea et al. 2020, 
Mordecai et al. 2021b, Bateman et al. 2022). Our meta-
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analyses indicated that the groups of infectious agents 
that we determined from the literature to have moder-
ate or high associations with active marine netpen fa-
cilities were more likely to be found in Chinook and 
coho salmon and found at higher infection densities, 
as the distance between the sample site and the near-
est active finfish aquaculture facility decreased. 

PRV (strain 1a) has been associated with pathology 
in Chinook salmon (Di Cicco et al. 2018, Wang et al. 
2023), but Pacific salmon challenge trials have re -
vealed mild physiological impacts and no elevated 
mortality in PRV-infected groups (Garver et al. 2016, 
Purcell et al. 2020). In our study, PRV had a higher 
likelihood of infection in both host species closer to 
aquaculture. This result was previously demonstrated 
for Chinook salmon by Mordecai et al. (2021b) using 
samples from the same database that we used, al -
though in this case, we applied a more complex 
model accounting for additional sources of variation. 
In addition, we found a similar result for coho salmon. 
These results add to the evidence that PRV 1a, which 
becomes nearly ubiquitous in the farm production 
cycle of Atlantic salmon in BC netpens (Mordecai et 
al. 2021b, Polinski et al. 2022) and has been negatively 
associated with population-level survival and individ-
ual body condition (Bass et al. 2022, Turcotte et al. 
2023), is likely transmitted from BC aquaculture facil-
ities to 2 species of wild salmonids. Recently, Bass et 
al. (2023) and Turcotte et al. (2023) found that the 
detection of PRV in marine-collected Chinook salmon 
was elevated at locations of high aquaculture density, 
evidence consistent with this hypothesis. Although 
we do not suggest that aquaculture is the exclusive 
source of PRV in the marine environment, it might act 
as an important reservoir for the virus. 

Several recent works using molecular techniques, 
including this study, have added to a growing body of 
correlative evidence suggesting that netpen aquacul-
ture may increase the exposure of wild Pacific salmon 
to infectious agents (Shea et al. 2020, Mordecai et al. 
2021b, Bateman et al. 2022). Future studies using 
more targeted sampling, perhaps by microtrolling 
(Duguid & Juanes 2017), or experimental manipula-
tions such as strategically positioned sentinel fish 
(Bjørn et al. 2011), could further identify infectious 
agents that pose increased exposure risk at closer 
proximity to aquaculture. 

4.3.  Study limitations 

A primary assumption of our geostatistical analysis 
was that infectious agent profiles at the capture loca-

tion can be linked to spatial extrinsic variables. If 
fish are highly mobile, extrinsic variables tied to lo -
cation in a geostatistical analysis may be less mean-
ingful. 

However, of all the Pacific salmon species, Chinook 
might be the most suitable for such a study since 
many stocks tend to remain within 100–200 km of 
their natal river outlet until their second year at sea 
(Trudel et al. 2009). Coho show more variation in their 
early ocean residence between stocks than Chinook, 
but southern BC populations mostly remain around 
Vancouver Island until their first fall at sea (Beacham 
et al. 2016). The amount of time from when a fish is 
first exposed to an infectious agent to when that 
agent becomes detectable via PCR may vary be -
tween agents (Polinski et al. 2021). In addition, some 
pathogens, such as Tenacibaculum maritimum, may 
cause rapid mortality following infections (Frisch 
et  al. 2018, K. Kumanan et al. preprint doi:10.1101/
2024.03.06.583827) while others, like PRV, could cause 
more chronic, long-lasting infections (Purcell et al. 
2020). Finally, although we did sample 5 different tis-
sues from each fish, some infectious agents show 
tropism to tissues that we did not sample and thus 
may be underestimated (e.g. K. thyrsites in muscle 
and C. shasta in gut). All of these factors, in isolation 
and combined, can impact our ability to identify cor-
relations between extrinsic variables and infectious 
agent presence and load. 

4.4.  Conclusions 

Our study represents the first attempt to identify 
intrinsic and extrinsic factors associated with the dis-
tribution of dozens of infectious agents in marine-
resident Pacific salmon. Although causality cannot be 
inferred from an observational study such as ours, the 
findings herein may serve as starting points for 
future, more focused investigations. Field studies of 
infectious agents in wild Pacific salmon that both 
integrate ecology and feature experimental manipu-
lations capable of determining causality are ex -
tremely difficult to conduct. Until such studies are 
completed, one must consider the cumulative weight 
of correlative evidence when interpreting results 
such as ours. Consistent results between host species, 
hypotheses tested via meta-analysis, and parallels 
between our findings and those from the literature are 
all pieces of evidence supporting the validity of our 
findings, which provide many novel observations 
regarding the ecology of infectious agents found in 
Pacific salmon. 
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Pacific salmon have evolved to leave their natal 
rivers for the ocean to maximize growth and, ulti-
mately, reproductive success. However, as demon-
strated here and in previous studies, entering the 
marine environment exposes salmon to a vast assem-
blage of infectious agents, including pathogens that 
have been associated with population-level survival, 
such as PRV and T. maritimum (Bass et al. 2022). Our 
study indicated that the probability of infection with 
these and other pathogens was associated with one or 
more intrinsic (age at ocean entry and hatchery ver-
sus wild origin) and/or extrinsic (SSS, SSTdev, and 
distance from active aquaculture) variables. The 
majority of these factors will not remain stable over 
the coming decades and thus we must anticipate 
associated changes in pathogen infection dynamics 
and strive to better understand pathogens that may 
increase in prevalence and density. For example, the 
presence of P. theridion was positively correlated 
with both SSTdev and SSS (echoing observations 
from Norway; Gunnarsson et al. 2017a) in both host 
species, and therefore, all else being equal, projected 
increases in these extrinsic factors could increase 
prevalence and load of this microsporidian in BC 
salmon. Meanwhile, we know little about how P. 
theridion impacts Pacific salmon species. Unlike 
SSTdev and SSS, netpen aquaculture and hatchery 
operations are factors investigated in this study that 
are directly within management control. Therefore, 
we strongly encourage future research on how fish 
culture practices, and other anthropogenic activities 
with the potential to increase pathogen transmission, 
may be managed to reduce the transmission of infec-
tious agents to wild salmon populations, particularly 
those that are of conservation concern. 
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