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Abstract

Pacific salmon landings have declined in British Columbia driven by stressors including climate change, habitat destruction,
and infectious disease. Salmon aquaculture may hinder recovery by amplifying salmon pathogens in the environment. The
Broughton Archipelago hosted intensive aquaculture production until several Indigenous-led initiatives resulted in the re-
moval of most farms. Now, only three farms remain in Clio Channel, an area of overlapping territorial claims by Mamalilikulla
First Nation (MFN) and Tlowitsis First Nation. In collaboration with MFN, we evaluated whether eDNA from Atlantic salmon
and several common salmon infectious agents (IAs) were elevated in tidal water flowing from Clio Channel into Knight Inlet.
We found significantly greater concentrations of Atlantic salmon, but not IA eDNA, in Clio Channel compared to Knight Inlet,
and detected Atlantic salmon eDNA up to 5.2 km from the nearest source farm. Our research highlights that some eDNA has
potential to disperse from salmon aquaculture in Clio Channel into Knight Inlet. We highlight the complexities of managing

salmon health in shared territories with different approaches to salmon farming.
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1. Introduction

The region northeast of Vancouver Island, British Columbia
(BC), Canada, known as the Broughton Archipelago, includes
traditional and unceded territories of Kwakwaka'wakw Peo-
ples. The Kwakwaka’wakw know themselves as, “Salmon Peo-
ple” due to the significant role of Pacific salmon in their
cultures, economies, and subsistence (Mustonen et al. 2021).
However, commercial landings of Pacific salmon have de-
clined in coastal BC since the early 1990s (Price et al. 2017;
Connors et al. 2024), threatening food security, economic op-
portunities, and critical relationships between coastal First
Nations and salmon (Nesbitt and Moore 2016; Carothers et al.
2021; Reid et al. 2022). Pacific salmon declines are driven by
a combination of stressors, including climate change, habi-
tat destruction, overfishing, and infectious disease (Noakes
et al. 2000; Miller et al. 2014; Connors et al. 2020; Wilson et
al. 2023). One of the multitude of threats to Pacific salmon re-
covery is salmon aquaculture, which poses risks as a source of
environmental pollution, escaped domesticated salmon that
may compete or interbreed with wild salmon, and salmon
parasites (Government of Canada 2012). Indeed, in a recent
series of semi-structured interviews, 48 Elders from 18 First
Nations communities with territories across salmon-bearing
rivers (the Fraser, Skeena, and Nass Rivers) identified salmon

aquaculture as the greatest threat to wild salmon (Reid et al.
2022).

Atlantic salmon aquaculture in open-net pens in the coastal
waters of the Broughton Archipelago began in 1989 (Morton
2021). Soon after, local fishers began to notice the increased
presence of parasitic sea lice on wild juvenile salmon in the
region (Morton and Williams 2003; Bocking 2012; Morton
2021), prompting decades of research on the transmission
of parasites and pathogens between domesticated and wild
salmon (including bacteria, viruses, myxozoans, microsporid-
ians, and others; hereafter, referred to collectively as Infec-
tious Agents (IA); KrkoSek et al. 2007; Peacock et al. 2013).In a
multiyear monitoring program, 34 species of IAs were identi-
fied in samples of farmed salmon (Bateman et al. 2021), most
of which have also been documented infecting wild salmon
(Krkosek et al. 2024). Of these, agents such as Paranucleospora
theridion and Tenacibaculum maritimum were highly prevalent
in Atlantic salmon samples, and the latter, as well as Candida-
tus Sygnamydia salmonis, and Piscine orthoreovirus showed
elevated prevalence in dead or dying fish (Bateman et al.
2021). In addition, IA environmental DNA (eDNA) has been
shown to be between 2.7 and 4.3 times more likely to be
detected near salmon farms in the Broughton Archipelago
than at reference sites (Shea et al. 2020; Bass et al. 2024). Ele-
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Fig. 1. Map of study area, sampling sites and active Atlantic salmon farms. Service credits: Esri Canada, Esri, TomTom, Garmin,
SafeGraph, METI/USGS, EPA, USDA, NRCan, Parks Canada. Coordinate system: WGS 1984 Web Mercator.
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vated pathogen densities associated with aquaculture are not
only limited to the environments adjacent to farms. In the
Broughton Archipelago, theoretical particle tracking models
and empirical data place dispersal potential between >10 km
for viruses and 30 km for sea lice, respectively (Krkosek et
al. 2005; Foreman et al. 2015). Further, Atlantic salmon eDNA
can be detected 1.6-3.2 km from Atlantic salmon farms (Shea
et al. 2022), illustrating the ability of genetic material to dis-
perse in the environment. To date, there is a scarcity of empir-
ical data on the dispersal potential for microscopic IAs in the
marine environment. However, there is potential for eDNA
and molecular methods to bridge this gap.

Salmon aquaculture has been a contentious environmen-
tal issue in coastal British Columbia, with environmental ad-
vocates and “Namgis, Mamalilikulla, and Musgamagw Dza-
wada’enuxw Peoples protesting the industries” operation in
their territories (Bocking 2012; Morton 2021). In 2018, the
BC provincial government agreed not to renew the salmon
farming tenures in the territories of the “Namgis, Kwikwa-
sut’inuxw Haxwa”mis, and Mamalilikulla First Nations with-
out the Nations’ consent (BC Government 2018). In 2019,
those three First Nations formed agreements with the salmon
farming companies operating in their territories to jointly
oversee the monitoring and management of the farms, and to
make decisions about the continuation of the industry oper-
ation in their territories (the Broughton Aquaculture Transi-
tion Initiative; Godwin et al. 2022; BC Government 2023). Ul-
timately, as of 2023, the farms in “Namgis, Kwikwasut’ inuxw
Haxwa”mis, and Mamalilikulla First Nations’ territories were
removed following the expiration of their licenses. However,
coastal First Nations’ support of the salmon farming indus-
try is variable (Schreiber 2006), and in the southern por-
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tion of the Broughton Archipelago, three salmon farms re-
main in operation in collaboration with the Tlowitsis First
Nation, in an area of overlapping territorial claims between
the Tlowitsis and the Mamalilikulla First Nations. This re-
gion of ongoing aquaculture production exemplifies the com-
plicated nature of overlapping claims to jurisdiction (in-
cluding by both Indigenous and non-Indigenous authorities)
and Indigenous sovereignty when management approaches
differ.

The area of continued salmon aquaculture is adjacent,
and tidally connected with Knight Inlet, where the Ma-
malillikulla First Nation (MEN) has the sole territorial claim.
Knight Inlet is a large freshwater-fed fjord, and significant
corridor for juvenile pink and chum salmon migrating out
of Glendale River—the greatest source of pink salmon in
the region (KrkoSek et al. 2005; Beamish et al. 2011). In
addition to salmon, Knight Inlet supports rich biodiversity
and cultural values, and in 2021, the MFN declared the
Gwaxdlala/Nalaxdlala (Lull Bay/Hoeya Sound) area of Knight
Inlet as a marine refuge and Indigenous Protected and Con-
served Area (Mamalilikulla First Nation IPCA). The proxim-
ity to active salmon aquaculture prompted representatives of
MEFN to ask whether IAs arising from aquaculture can spread
into Knight Inlet. To respond to this question, in partner-
ship with the MEN, we ask whether the likelihood of de-
tecting eDNA for Atlantic salmon and various IAs differs in
the mouth of Clio Channel (overlapping Tlowitsis and Ma-
malilikulla territory) and Knight Inlet (Mamalilikulla terri-
tory; Fig. 1). We hypothesize that if salmon farms in Clio
Channel are a source of IAs in the environment, we will see
elevated IA eDNA concentrations at the mouth of Clio Chan-
nel on the incoming tide than elsewhere in Knight Inlet.
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2. Methods

2.1. Nature of collaboration with Mamalilikulla

First Nation

The senior authors of this study (MK and AB) have con-
ducted research in MEN territory and adjacent areas for over
two decades and developed relationships with MFN com-
munity leadership during that time. One component of the
Broughton Aquaculture Transition Initiative (BATI) program
involved collaborative eDNA monitoring for salmon infec-
tious agents during the decommissioning of most salmon
farms in the Broughton Archipelago. This ongoing monitor-
ing, along with the author team’s expertise in eDNA meth-
ods and collaboration through the BATI project, led an MFN
elected Councillor (Brad Puglas) to approach MK with the
project idea presented here. MFN was involved in project
conception, received regular updates throughout the study,
and reviewed a draft of the manuscript prior to submission.
Field research, laboratory analyses, statistical analyses, and
manuscript preparation were completed by the authorship
team. BP opted to have his contributions recognized in the
acknowledgement section of this manuscript instead of be-
ing listed as a co-author.

None of the parties in this collaborative project broached
the topic of generating a formal research agreement. Instead,
we proceeded through open communication and the sharing
of findings. All parties agreed that the data generated in this
project should be open-access and are available online at ht
tps://github.com/JaimeGrimm/clio.

2.2. Study area

We collected data for this research in lower Knight in-
let, within Mamalilikulla territory, northeast of Vancouver Is-
land, British Columbia (Fig. 1). As of summer 2024, there were
three salmon farm tenures in Clio Channel, where both Tlow-
itsis and Mamalilikulla First Nations claim jurisdiction. At the
time of sampling, two of the tenure sites were stocked with
Atlantic salmon, and the third was inactive. The prevailing
current in Knight Inlet is towards the open ocean (westward;
Foreman et al. 2015), and during the flood tide, the dominant
current flows out of Clio Channel and into Knight Inlet (B.
Proctor, pers. comm. and verified on site).

2.3. Sample collection and filtration

We collected and simultaneously filtered 24 seawater sam-
ples at the mouth of Clio Channel (n = 12) and elsewhere
in Knight Inlet (n = 12) on 8 and 9 June 2024 (Fig. 1). We did
not collect samples immediately adjacent to the salmon farm
tenures in Clio Channel to ensure that sampling occurred
only within the territorial claim of MEN. Each day, we began
sampling during slack tide and continued through flood tide,
when the dominant current was flushing out of Clio Chan-
nel into Knight Inlet (Fig. 1). We collected most samples by
alternating between the two areas; however, strong winds
typically begin funneling down Knight Inlet in the mid-late
afternoon and create wave conditions that make sampling
challenging. As a result, we prioritized sampling in Knight
Inlet early in the day. At each sampling location, we mea-
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sured seawater temperature and salinity at a depth of 2 m
using a Yellow Springs Instruments multi-parameter probe
(YSI), and collected information about turbidity using a Sec-
chi disk (which provides a standardised way of recording wa-
ter clarity; Holmes 1970).

Fifteen litre seawater samples were pumped from 2 m
depth and simultaneously filtered through a manifold of
three hollow-core membrane filters (RKS Labs; Bass et al.
2024; Deeg et al. 2025) operating in parallel, each process-
ing 5 L through a variable 0.1-0.45 um pore size mesh filter
(full filtration protocol available in Supplementary Materials
1). In addition to seawater samples, we filtered 5 L of dis-
tilled water at the beginning and end of each sampling day
to serve as field controls. Start-of-day controls were collected
after sterilizing the filtration apparatus (see Supplementary
Materials 1), while end-of-day controls were collected before
sterilizing the apparatus to help quantify DNA carryover be-
tween samples. Following filtration, all filters were charged
with RNAlater (ThermoFisher Scientific catalog #AM7021) to
preserve nucleic acids, stored at ambient temperatures for
the first 24 h after collection, and then stored at —20 °C until
DNA extraction in the laboratory.

2.4. Target species and eDNA extraction and

quantification

We assessed the concentration of Atlantic salmon, and the
1As Tenacibaculum maritimum, Tenacibaculum finnmarkense, Piscir-
ickettsia salmonis, Candidatus Syngnamydia salmonis, and Ery-
throcytic Necrosis Virus (ENV) between the two areas. We
selected the target species due to their prevalence in eDNA
samples in previous studies (reviewed in Krkosek et al. 2024;
Bass et al. 2024), and because of their estimated effects on the
growth, health, and survival of farmed and wild salmon (e.g.,
Nylund et al. 2015; Smadge et al. 2016; Pagowski et al. 2019;
Bateman et al. 2022; Wassmuth et al. 2024).

We extracted nucleic acids from the hollow-core mem-
brane filters using a modified protocol for the PureLink
Viral RNA/DNA mini kit (ThermoFisher Scientific catalog
#12280050; Supplementary Materials 2) and included empty
filters in the extraction process to be used as extraction
blanks. We stored nucleic acids, contained in resulting elu-
tions, at —80 °C until quantification. We used the QuantStu-
dio 3 real-time PCR system to quantify eDNA concentration of
the target species. This system relies on using species-specific
primer and probe sets (Supplementary materials 3) that tar-
get and amplify existing DNA in the filtered seawater, and for
each DNA copy, release fluorescent markers that are quanti-
fied by the PCR system. We multiplexed three assays per re-
action well (see Supplementary Materials 2 for reaction pro-
tocol), and tested each sample and assay combination in trip-
licate (N = 504 total assay/sample combinations). We repli-
cated each PCR reaction to reduce false negatives that may
arise from IAs that are rare or in low abundance. For each
target species, we created serial dilutions of known DNA con-
centration to create standard curves, which were used to con-
vert the data reported by the QuantStudio 3 system (thresh-
old cycle—the relative concentration of the target in a PCR)
into gene copy numbers in the initial sample. We manu-

Can. J. Fish. Aquat. Sci. 83: 1-14 (2026) | dx.doi.org/10.1139/cjfas-2025-0243 3



http://dx.doi.org/10.1139/cjfas-2025-0243
https://github.com/JaimeGrimm/clio

Can. J. Hsh. Aquat. >ci. Downloaded Trom cansciencepun.com by JORN CARROLL UNIVERSI 'Y on Us/11/26

‘Canadian Science Publishing

ally screened the resulting amplification curves, and those
that fell below the QuantStudio 3 Design and Analysis soft-
ware automatic threshold were set to zero. Atypical amplifi-
cation curves that exceeded the amplification threshold were
flagged and removed from further analyses (ThermoFisher
2024; see examples in Supplementary Material 3, Fig. S3.1)

2.5. Statistical analysis

To quantify differences in target species’ DNA concentra-
tions between Knight Inlet and Clio Channel, we used hur-
dle models which are useful when there is an overabun-
dance of zeros in an otherwise positive-valued dataset. Two
model components—one for modeling zero data, and one for
nonzero data—are combined to predict eDNA concentration
(Dalrymple et al. 2003). Here, we describe observed eDNA con-
centrations with Gamma hurdle models, which model the
zero data as arising from a Bernoulli distribution, using a
logit link function, and the nonzero data as arising from a
Gamma distribution, using a log link function. We completed
analyses using two modeling approaches: (1) a series of gen-
eralized linear mixed-effects models (GLMMs) fit to data for
each species individually, and (2) a hierarchical model in-
corporating target species as levels of a random effect (i.e.,
assuming that species-to-species variation in observed pat-
terns could be modelled). In both modeling approaches, we
included a unique sample identifier as a random intercept to
account for the non-independence of estimates of DNA con-
centration arising from replicated PCR assays.

For the species-specific hurdle models, we define y; as the
observed DNA concentration, }; as the hurdle probability, and
Wi, ¢ as the mean and shape parameters of the Gamma dis-
tribution, respectively.

The eDNA concentration likelihood is

Ai ifyi=0

1) P@ilui ¢, a) =
(1) i lais @, i) {(1_Ai)-fcammawi|ﬂis¢) if yi#0

where the gamma density is given by

NN /0 P [_@]
(2) Seamma Wilpi, @) = 1_7((]5) y©oexp .

The link-transformed mean and hurdle probability param-
eters are modelled with the linear equations:

(3) logit (%) = o+ oM« Xarea[i] + Usampli]
and
4) log (i) = /3(0) + :3(1) * Xareafi] T Vsampli]

where «!” and «!! represent the hurdle probability intercept
and area coefficients, () and (V) represent the mean prob-
ability intercept and area coefficients, X, €ncodes the sam-
pling area, and usamp and vsamp represent the sample-specific
random-effect intercepts.

For the hierarchical hurdle models, we use the same
Gamma hurdle to describe eDNA concentration with likeli-
hood as in (1), adding fixed-effect coefficients for the eDNA

concentration in the previous sample: a® and g®, random-
effect intercepts grouped by target species: uﬁ?,)and vgg), and
random-effect slopes with sample area, grouped by target
species: ug,) and vg,).

The hurdle and mean models are now

(5) logit (A;) = o + (a(l) + uga)[i]) * Xareali]
+a @) 4 Xprev]i] T ui(;)[i]
(6) log (i) = :3(0) + (:3(1) + Vg(ll,[)i]) * Xareali]

+B @) % Xprevi] T VS(Z)[,-] ~+ Vsamp}i]

+ Usampli]

Preliminary analyses suggested no effects of the measured
environmental variables on the target species’ eDNA con-
centrations (Supplementary material 4). Briefly, the environ-
mental variables were not strongly correlated with area (i.e.,
Knight Inlet or the mouth of Clio Channel; correlation coeffi-
cients: temperature: —0.34, Secchi depth: 0.20, salinity: 0.17),
and they did not exhibit a range of values likely to be highly
biologically relevant (temperature: 9.7-11.8 °C, Secchi depth:
2.0-3.5 m, salinity: 27.1-29.2 ppt). To avoid overparameter-
ization given our small sample size, we therefore excluded
environmental variables from our models.

The hierarchical GLMM incorporated fixed effects for area
and for the mean DNA concentration in the previous sam-
ple (calculated as the mean of estimates from all PCR repli-
cates for a given filter). This term models potential correla-
tion from one sample to the next, accounting for the poten-
tial physical carryover of DNA from previous samples in our
filtration apparatus. As the sampling gear is sterilized with
bleach at the end of each sampling day, we assume no previ-
ous DNA is present to carry over into the first site of the day,
and manually set this term to zero for the first sample in each
day (negative field controls were run to validate this assump-
tion; Fig. 1). The model includes a random intercept and slope
for area with a grouping factor of target species, both for the
hurdle and mean components of the model. The result is a
model estimating 15 parameters, described in Table 1. The
individual species GLMMs only include fixed effects for area
(both for the hurdle and mean components of the model),
estimating 7 parameters per target species, described in
Table 1.

All model fitting was done in a Bayesian framework us-
ing the brms (Bayesian regression models using Stan; Biirkner
2017) package in R (version 4.2.1; R Core Team 2022). We fit
each model using 6 chains and 4000 iterations after a warm
up period of 2000 iterations, and used weak, normally dis-
tributed, priors for all fixed effects and the default priors for
all other effects (Table 1).

3. Results

All of the species we targeted were detected in at least
one sample. Tenacibaculum maritimum and T. finnmarkense dis-
played low prevalence across collections (7.0% and 22.5%, re-
spectively; Fig. 2). The remaining targeted species were highly
prevalent across qPCR assays (58.3%-100%; Fig. 2), with posi-
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Effect level Parameter Description Prior Species models
Gamma model components
Family specific ¢ Shape parameter of the gamma distribution gamma(0.01, 0.01) Yes
Population-level o) g(1) Mean probability intercept and area coefficient normal(0, 100) Yes
Population-level Xprev Effect of the previous sample’s eDNA normal(0, 100) No
concentration on current eDNA concentration
Group-level ~ Sample Vsamp Standard deviation of the random intercept student_t (3, 0, 3.4) No
for the sample grouping factor
Group-level ~ Target Vs(;) vg,) Standard deviation of the random intercept student_t(3, 0, 3.4) No
species ' for the target species grouping factor
Group-level ~ Target cor(Intercept, Correlation between Clio Channel and Knight  1kj_corr_cholesky(1) No
SiteKnight) Inlet across target species
Bernoulli (hurdle) model components
Population-level al0) (1) Hurdle probability intercept and area Flat: no prior Yes
coefficient specified
Population-level Xprev Effect of the previous sample’s eDNA Flat: no prior No
concentration on the probability of observing specified
a zero in the current sample
Group-level ~ Sample Ugamp Standard deviation of the random intercept student_t(3, 0, 3.4) Yes, without
for the sample grouping factor grouping factor
Group-level ~ Target ui‘;,) ug,) Standard deviation of the random intercept student_t(3, 0, 3.4) No
' for the target grouping factor
Group-level ~ Target cor(hu_Intercept, Correlation structure for the random effects 1Kkj_corr_cholesky(1) No

hu_SiteKnight)

within target species grouping factor

Note: The last column indicates which parameters are included in the individual-species models.

tive detections for Cand. S. salmonis and Piscirickettsia salmonis
in every reaction.

3.1. Species-specific hurdle models

Of all of the target species, only Atlantic salmon DNA con-
centration was greater in Clio Channel than Knight Inlet
(mean: 50.1 copies per microliter of seawater vs. 0.77 copies,
respectively; Fig. 2). For all other target species, we detected
no differences between areas.

3.2. Hierarchical hurdle model

Overall, the probability of detecting DNA from the targeted
species in Clio Channel was 1.96 times (95% credible interval:
0.44-5.97) that in Knight Inlet (Fig. 3). The hurdle component
of the model (modeling the likelihood of zeros in the dataset)
predicts that on average, target species DNA is expected to be
absent from 28.6% (1.3%-84.1%) of samples in Clio Channel,
and 38.3% (2.8%-88.5%) of samples in Knight Inlet (Fig. 4). At-
lantic salmon eDNA concentration in Clio Channel was 11.2
times that in Knight Inlet (95% credible interval: 2.5-40.7; Fig.
5). The posterior estimates for all other target species were
consistent with a 1:1 ratio between the areas (Fig. 5). The
eDNA concentration of the previous sample had a negligible
effect on eDNA concentration, indicating that elevated con-
centrations in previous samples do not systematically lead to
higher concentrations in subsequent ones (Fig. 6).

3.3. Model convergence

The model diagnostic tools for the hierarchical model
and most species-specific models indicated good convergence
characteristics: R values for all fixed and random effects were

1.00, and trace plots showed good mixing, indicating that
the model converged on the same posterior distribution. The
species-specific hurdle models for T. maritimum and T. finn-
markense were less well mixed (indicated by 884 and 12 diver-
gent transitions, respectively) but had a maximum Rof 1.01,
indicating that the chains converged on reliable model esti-
mates.

3.4. Contamination

Of the 504 PCR assays on experimental samples (excluding
controls and reaction blanks), two showed atypical amplifica-
tion plots and were removed from further analyses. On the
first day of field sampling, the start-of-day control contained
trace amounts of DNA from Cand. S. salmonis and Piscirick-
ettsia salmonis, while the start-of-day control on the second
day of sampling contained T. maritimum DNA. The end-of-day
controls amplified DNA for Cand. S. salmonis, T. finnemarkense,
Piscirickettsia salmonis, and Atlantic salmon on day 1, and DNA
for Cand. S. salmonis, Piscirickettsia salmonis, T. maritimum, and
Paranucleospora theridion on day 2. Contamination likely oc-
curred during collection of the field controls from the splash-
ing of seawater onto equipment on the open boat deck. The
extraction blanks indicated lab contamination for Piscirick-
ettsia salmonis (two blanks) and Cand. S. salmonis (one blank).
One out three qPCR blanks amplified Piscirickettsia salmonis,
again indicating lab contamination (Fig. 7).

4. Discussion

We endeavoured to determine whether the concentration
of Atlantic salmon and IA eDNA is greater near salmon aqua-
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Fig. 2. eDNA concentration for each target species in Clio Channel and Knight Inlet. Coloured points represent raw amplified
DNA (copies/uL) in each area; sample sizes differ as atypical amplifications were excluded from analyses (see Methods). Black
points are the mean expected eDNA concentrations estimated from generalized linear mixed-effects models and error bars are

95% credible intervals.

Atlantic salmon

Tenacibaculum maritimum

Paranucleospora theridion

125000

1204 Fa n=72

. o’ 100000 1

804 ® X % 750004

500004
404
o oo 25000 4

_

n=72 1000+ n=69

7501 °

2501 &

o - o E___:

_—t 04
Clio Knight Clio
Tenacibaculum finnmarkense
o n=72 | 1600 .

154

12004

8004

Erythrocytic necrosis virus
12509 =

eDNA concentration (copies/pL)

. n=72

10004

7501 °

5004

T T
Clio Knight

culture in Clio Channel than in Knight Inlet. Our results show
that Atlantic salmon eDNA, but not eDNA from target infec-
tious agents (T. maritimum, T. finnmarkense, Piscirickettsia salmo-
nis, Candidatus Syngnamydia salmonis, and ENV; [As) was ele-
vated in Clio Channel compared to Knight Inlet. As such, farm
amplification of IAs was not evident at the time and sampling
distance from the farms.

The detection of Atlantic salmon eDNA in Knight Inlet—
despite its lower concentration compared to Clio Channel—
provides evidence for the spatial spread of eDNA arising from
salmon farms. Atlantic salmon eDNA was present in 33%
(12/36) of PCR assays for samples collected in Knight Inlet, up
to approximately 5.2 km away from the nearest active salmon
farm. Given the absence of established Atlantic salmon pop-
ulations in coastal British Columbia (Andres 2015), the At-
lantic salmon eDNA detected in Knight Inlet almost certainly
originated from salmon aquaculture in Clio Channel, either
through the dispersal of biological material from caged fish
or from Atlantic salmon escapees that may have moved be-
yond farm boundaries. Importantly, the detection of Atlantic
salmon eDNA in Knight Inlet is not itself indicative of ecolog-
ical risk to sympatric Pacific salmon. Rather, it provides em-
pirical evidence that biological material arising from aqua-
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culture can disperse beyond licensed farm boundaries into
adjacent marine environments. While we did not detect el-
evated levels of infectious agent eDNA in Knight Inlet at
the time of sampling, the presence Atlantic salmon eDNA
5.2 km from the nearest active site demonstrates a plausi-
ble transport pathway through which aquaculture-associated
IAs could move between jurisdictions under different farm
health or stocking conditions. As such, Atlantic salmon eDNA
may serve as a useful proxy for environmental connectivity
between aquaculture operations and neighbouring waters,
with implications for assessing potential exposure risk to
wild fish populations. The dispersal of salmonid eDNA several
kilometers from its source is also consistent with previous
research, in which the 95% dispersal probability of Atlantic
salmon eDNA ranged from 1.6 km upstream and 3.2 km
downstream of the source (at a sampling depth of 2 m; Shea
et al. 2022), and was consistently detected up to 5 km from
the nearest source (Brown trout: Deutschmann et al. 2019;
Atlantic salmon: Shea et al. 2022).

Although IAs were comparably detected across marine
areas in our study, previous surveys in the Broughton
Archipelago show they are frequently more prevalent near
active salmon farms (Shea et al. 2020; Bass et al. 2024). These
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Fig. 3. Full model (mean and hurdle components) posterior distribution of the relative probability of eDNA detection in Clio
Channel compared to Knight Inlet across all species. The dotted line is the 1:1 ratio, with the bulk of the distribution to the
right representing a higher likelihood of detecting target species’ eDNA in Clio Channel than Knight Inlet. The point is the
mean and horizontal lines are the 66% and 95% credible intervals. Posterior estimates from the hierarchical generalized linear

mixed-effects model.
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studies found that ENV, Cand. S. salmonis, Piscirickettsia salmo-
nis, and Paranucleospora theridion were prevalent at both ac-
tive and inactive sites, consistent with our findings, but the
strength of the associations with aquaculture varied (Shea et
al. 2020; Bass et al. 2024). Tenacibaculum maritimum and T. finn-
markense had strong positive correlations with active versus
inactive sites, with T. maritimum showing year-to-year varia-
tion in prevalence. This variability highlights the episodic
nature of IA prevalence in both wild and domesticated fish
populations (Bakke and Harris 1998; Reno 1998; Lafferty and
Harvell 2013). Unlike the previous surveys that span multi-
ple seasons and years, our study took place over a short time
period, providing only a “snap-shot” into potential eDNA dis-
persal from farms. It is therefore possible that we found no
significant IA and aquaculture correlations because there was
no active disease outbreak occurring at the time of sampling.
It is also possible that IA eDNA arising from farms may have
decayed down to background concentrations at the sampling
locations.

The dispersal and fate, and therefore the detection of eDNA
in the environment, also depends on a number of environ-

mental and physiological factors. While we did not find a sig-
nificant effect of environmental variables in our study—likely
due in part to the relatively low variation in the conditions
we measured—both the transport of eDNA (e.g., through cur-
rents) and the persistence of eDNA in the environment are
affected by temperature, UV, pH, and microbial activity in-
fluencing degradation rates (Strickler et al. 2015; Lance et al.
2017; Kagzi et al. 2022). Further, different forms of eDNA (i.e.,
intracellular DNA encompassed in cells, including microbes,
and extracellular DNA that has been shed from organismal
excretions or cell lysis; Barnes and Turner 2016; Cristescu
and Hebert 2018; Nagler et al. 2018) differ in their ability
to withstand environmental stressors and therefore differ in
their detectability in the environment. Short DNA fragments,
membrane-bound DNA, and DNA found in biofilms or ad-
sorbed to a surface persist longer and transport further than
longer fragments and free-floating DNA (Nagler et al. 2018;
Joseph et al. 2022; Kitrane et al. 2024). In our analyses, we do
not distinguish between intracellular and extracellular DNA,
nor can we quantify the amount or identity of eDNA that
represents living biomass. Therefore, we cannot determine
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Fig. 4. Hurdle posterior distributions for the probability of no eDNA detection in Knight Inlet and Clio Channel across all
species. Points are the mean and horizontal lines are the 66% and 95% credible intervals. Estimated from the hierarchical

generalized linear mixed-effects models.
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whether we detected viable or infectious IAs; however, a re-
view of IA eDNA indicates that most detections likely repre-
sent viable agents, due to the relative rarity of IA DNA in the
environment and the rapid degradation of extracellular DNA
(Bass et al. 2023). In addition, a review of fish viruses found
that most remain viable outside a host for days or weeks
(Oidtmann et al. 2018).

We observed low-level contamination or false positive de-
tections in our control samples for most of the target species
in this study (Fig. 7). Contamination is an inherent challenge
in field studies where it is difficult to maintain sterile con-
ditions (e.g., Bass et al. 2024). Anticipating this risk, we de-
signed our field sampling to alternate between sites (e.g., Clio
Channel and Knight Inlet) to minimize the potential for con-
tamination to confound comparisons between regions. Sta-
tistically, we evaluated the likelihood of contamination be-
tween samples by testing for autocorrelation in the sequence
that samples were collected (i.e., whether the concentration
of eDNA in a sample was correlated with the concentration in
the previous sample), and found no significant effect. This re-
sult indicates that contamination was unlikely to have influ-
enced the comparisons between Knight Inlet and Clio Chan-
nel.

4.1. Governance challenges and the need for

place-based data

Managing fisheries and marine disease is challenging, par-
ticularly in systems where overlapping governance claims
and divergent values among stakeholders and rights-holders
create persistent tensions. These tensions can lead to con-
flict both within and between user groups (e.g., small-scale
vs. industrial fishers in Southeast Asia; Pomeroy et al. 2007)
and across governance levels (e.g., First Nations and federal
agencies in Canada; Harper et al. 2018). These challenges are
further exacerbated by the migratory life history of salmon
and the lack of physical barriers for IA dispersal in the envi-
ronment, which facilitate the movement of both fish and IAs
across jurisdictions—including between First Nations’ terri-
tories and settler governance regimes. Here, we demonstrate
the potential for eDNA arising from salmon farms to dis-
perse into neighbouring First Nations’ territories, underscor-
ing the challenges of managing potential impacts to wild
salmon that transcend political boundaries. While central-
ized governance (e.g., Fisheries and Oceans Canada) may offer
some coordination, more collaborative, regionally grounded
approaches that empower rights-holders—particularly First
Nations—are likely to be more effective in reducing con-
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Fig. 5. Ninety-five percent credible distributions on the ratio of expected eDNA concentration in Clio Channel versus Knight
Inlet for each target species (Clio Channel as the numerator). We plot 95% ClIs to ease visualization as some species have long
tails that extend to a ratio of >4000:1. The maximum estimated ratio of Atlantic salmon eDNA is 782.6:1. Dotted line is the 1:1

ratio.
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flict and supporting sustainable management (Pomeroy et al.
2007; Murray and Gubbins 2016; Krkosek 2017; Samsing et
al. 2017).

Effective, collaborative management depends on rights-
holders and user groups having timely access to reliable
data to inform decision-making. In British Columbia, salmon
farms are required to monitor and report sea lice levels on
farmed fish, and to implement mitigation measures—such as
fallowing or parasiticide treatments—when lice exceed regu-
latory thresholds (e.g., 2.8 motile Lepeophtheirus salmonis per
fish in 2025; Government of Canada 2024). While these sea
lice data are shared publicly, they may be underreported, lim-
iting their reliability (Godwin et al. 2021). In contrast, there is
no requirement for aquaculture operators to regularly mon-
itor or report on the presence of other IAs unless they re-
sult in a mortality event (e.g., fish losses of 1% of the stock
within a 24 h period or 2.5% of the stock within a 5 day
period; Government of Canada 2024). Even then, reporting
can be delayed: data on mortality events and their probable
causes may not be made publicly available until months af-
ter the event. For instance, as of 3 May 2025, the most recent
update to the public mortality database was from 11 Febru-

D Cand. S. salmonis D P. salmonis D T. finnmarkense

ary 2025 (Fisheries and Oceans Canada n.d.). Further, IAs aris-
ing from salmon farms and impacting wild fish may go un-
noticed or unreported if they do not result in farmed fish
morbidity. These gaps in monitoring, coupled with delays in
data availability, undermine the ability of First Nations rights-
holders to make informed, timely decisions that protect wild
fish populations and uphold their governance responsibili-
ties, and reflect a broader challenge for First Nations’ reliance
on industry- or federally generated monitoring data to inform
decisions about aquaculture impacts within their territories.

Environmental DNA is an emerging tool that may facilitate
community-led monitoring and limit reliance on external
data. eDNA sample collection does not require access to aqua-
culture facilities, can be conducted on-site using portable fil-
tration Kkits, and is relatively low cost compared to many con-
ventional field sampling approaches. With appropriate train-
ing (e.g., provided by researchers like those on our authorship
team), eDNA sampling could be added to existing monitor-
ing initiatives implemented by community fisheries techni-
cians or Guardian programs, and processed in partnerships
with academic or independent laboratories. Community-led
eDNA monitoring programs could generate locally relevant
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Fig. 6. Conditional response of expected eDNA concentration to the eDNA concentration in the previous sample, from the
hierarchical generalized linear mixed-effects models. The expected eDNA concentration is evaluated at all values of the previ-
ous eDNA concentration while holding all other model predictors (area, sample ID, and target species), fixed at their mean or

reference level. Shaded regions are the 95% credible intervals.
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data on timelines aligned with harvesting periods, migra-
tion events, or observed environmental changes. Such ap-
proaches would support more timely place-based decision-
making and reduce reliance on delayed or externally gener-
ated reporting. These partnerships would enhance existing
monitoring programs by generating otherwise inaccessible
data on IA prevalence, diversity, and spatial patterns, with
implications for ecosystem and organismal health, and may
also support First Nations in exercising Indigenous research
sovereignty.

Locally motivated research is increasingly recognized for
providing valuable insights for resource management and
bridging the gap between knowledge generation and action
(Cooke et al. 2021). Our study offers one such example, with
implications for governance over wild salmon—a resource
shared among Indigenous and settler Peoples. We show that

Atlantic salmon eDNA arising from salmon farms can dis-
perse greater than 5 km away from the source, into Ma-
malilikulla territory. Although infectious agent eDNA was
not elevated at the time of sampling, the detection of farm-
origin host eDNA within territorial waters indicates a phys-
ical pathway through which aquaculture-associated biologi-
cal material may move across jurisdictional boundaries. Our
study provides only a snapshot of IA distributions in the en-
vironment during one time point, and a longitudinal study
would provide additional insights into how IA distributions
change seasonally, and with changes in salmon farm stock
size, farmed salmon age class, and health status. In addition,
a more detailed spatial sampling design may elucidate the
relative dispersal potential for IAs into neighbouring territo-
ries, and the relative contributions of wild and domesticated
hosts to the IA community.
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Fig. 7. Contamination in field and lab controls (coloured points) relative to the distribution of eDNA concentration in seawater

samples (grey points).
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