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Abstract

Atlantic salmon (Salmo salar) populations are declining across much of their range,
prompting the use of supplementation strategies, such as smolt-to-adult supplemen-
tation (SAS), to enhance adult returns. However, little is known about how captivity
while maturing to adulthood influences post-release survival, behaviour and migration
of salmonids. This study evaluated SAS as a conservation approach by using acoustic
telemetry to assess survival, freshwater movement, river exit timing, acceleration
activity and marine migration of SAS salmon released into Clyburn Brook, Cape
Breton Highlands National Park, Canada. Wild adult salmon from the nearby Chéti-
camp River were also tagged to provide a regional comparison for overwintering and
marine movements of SAS salmon, but differences in spawning state at tagging and
population specific life-history traits (e.g., spawn timing, marine distribution) limited
direct behavioural comparisons. SAS salmon had 53% freshwater mortality and exhib-
ited elevated acceleration activity, frequent high-energy bursts, lack of upriver move-
ment and premature river exit. Notably, SAS salmon held in captivity for 2 years had
higher survival than those held for 1 year, but they exhibited little upstream move-
ment, raising concerns of whether any spawning activity occurred. In contrast, SAS
salmon held for 1 year had higher mortality, but more moved upstream toward pre-
sumed spawning areas prior to final detection, suggesting potential spawning oppor-
tunities. Wild Chéticamp River salmon had a large marine distribution route through
the Gulf of St. Lawrence and north to Labrador, whereas SAS salmon were detected
regionally in the Atlantic Ocean off Cape Breton, including St. Ann's Bank Marine
Protected Area and Sable Island. Contrasting marine distributions likely reflect intrin-
sic population differences rather than effects of SAS rearing alone. Our findings high-

light the complex effects of adult captivity on post-release survival and movement in
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1 | INTRODUCTION

During recent decades, Atlantic salmon (Salmo salar) populations have
experienced historically low abundances due to various threats,
including overexploitation, habitat alteration/loss, climate change and
changing marine conditions (Lehnert et al., 2019; NASCO, 2019). The
marine smolt-to-adult stage is a major life-history bottleneck in Atlan-
tic salmon (Elliot et al., 2026; Thorstad et al., 2012), but record-low
adult returns in the past two decades suggests that marine mortality
has intensified (ICES, 2022; Thorstad et al., 2021). Adams et al. (2022)
argued that the costs of anadromy for Atlantic salmon (i.e., energetic
demands, time investment, navigational risks and mortality) have esca-
lated in recent decades due to mounting anthropogenic pressures. As
environmental conditions continue to change rapidly, these com-
pounded costs will further threaten salmon populations.

To help counter these losses, the use of supplementation pro-
grammes, such as hatcheries (i.e. artificial breeding and rearing), has
been increasingly used as a conservation strategy (Fraser, 2016;
Snyder et al., 1996; WWF, 2022). The process central to traditional
supplementation involves the capture of wild adult salmon, artifi-
cially breeding them and releasing their captively reared offspring
back into the river at some early life history stage (e.g., eggs, fry,
parr, smolt) (Fraser, 2016). Hatcheries have played a key role in sal-
monid management for over 150 years, serving economical
(e.g., supporting commercial fisheries and aquaculture industries),
recreational (e.g., enhancing angling opportunities through stocked
river systems) and conservational purposes (e.g., rebuilding endan-
gered populations; Bordeleau et al., 2018; Maynard & Trial, 2014,
McMillan et al., 2023). However, these programmes require careful
consideration because of the potential ecological and genetic risks
that they pose. Uncertainties exist about the efficacy of hatcheries
and the negative consequences that supplementation can have on
wild populations. It is now well-documented that the environmental
conditions animals experience during captivity may quickly lead to
the selection of domesticated traits that negatively affect behaviour,
physiology and thus fitness when released into the wild (Araki
et al., 2008; Fleming & Petersson, 2001; Jonsson, 1997; Milot
et al., 2013). The effects of domestication on hatchery-reared fish
upon release into the wild include increased mortality (Jonsson
et al., 2003), reduced reproductive success (Christie et al.,, 2012,
2014), inefficient freshwater movement (Jonsson et al., 1991; Nilsen
et al, 2023) and altered marine migration routes (Kallio-Nyberg
et al.,, 2011; Thorstad et al., 2004). In theory, the goal of hatcheries

Atlantic salmon, and underscore the need for further research to refine SAS manage-

ment approaches, including consideration of captivity duration, feeding strategies and

acoustic telemetry, Atlantic salmon, captivity, movement ecology, smolt-to-adult

is to reduce juvenile mortality, but a potential consequence is the
releasing of salmon that may be more behaviourally and genetically
suited for captive conditions and are thus less likely to survive and
reproduce in the wild, undermining conservation goals (Araki
et al., 2008; Carr et al., 2004; Milot et al., 2013).

A lesser employed supplementation strategy is smolt-to-adult
supplementation (SAS), which has been proposed as a potentially bet-
ter approach to salmon population recovery (DFO, 2018;
Fraser, 2016). Unlike traditional hatchery programmes, which release
salmon into the river at a juvenile stage before ocean migration, the
SAS method extends the period of captivity to bypass the risky, high-
mortality marine phase (Fraser, 2016). The SAS approach requires
capturing wild smolts during their downstream migration, rearing
them in captivity until sexual maturity (i.e., 1-2 years), and then
releasing them back into their natal river to spawn naturally
(DFO, 2018; Stark et al., 2014). Marine survival of smolts is one of the
major bottlenecks for Atlantic salmon, with typically fewer than 5%
returning as adults in recent decades across the North Atlantic
(Dadswell et al., 2022; Nieland et al., 2015). By rearing fish in captivity
from pre-smolt to adult, SAS substantially increases survival by elimi-
nating the energetically costly and risky marine migration. In addition
to improving smolt-to-adult survival, SAS aims to: (1) maintain genetic
integrity by avoiding captive rearing during early life stages (because
juveniles grow up within their natal rivers from egg-to-smolt and thus
undergo natural selection and imprinting processes); (2) ensure a
known number of adults return to spawn, unlike traditional hatcheries
that rely on released juveniles to survive and return from marine
migration; and (3) allow natural mate choice because SAS adults are
released in time for spawning, rather than using breeding programmes
typical of hatchery practices (Fraser, 2016; Young et al., 2017). Stark
et al. (2014) evaluated behaviours such as habitat selection, courting,
and spawn timing in SAS-reared Chinook salmon (Oncorhynchus tsha-
wytscha) and Atlantic salmon. The results suggested that habitat selec-
tion and spawning behaviour were similar between SAS-reared and
wild salmon, but there were differences in spawn timing. Egg and fry
production were also assessed and indicated successful spawning of
the SAS-reared salmon (Stark et al., 2014). However, there remains lit-
tle information on the post-release survival and behaviour of SAS
Atlantic salmon, making it difficult to assess the efficacy of SAS as a
conservation strategy.

Parks Canada has monitored adult Atlantic salmon returns to
Clyburn Brook in Cape Breton Highlands National Park since 1985,
with Levy and Gibson (2014) reporting a 95% decline in adult
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FIGURE 1 Map showing the broader Atlantic Canada region with a zoomed-in inset of Cape Breton Island, Nova Scotia, highlighting the two

river systems included in this study: Clyburn Brook [smolt-to-adult supplementation (SAS) salmon] and Chéticamp River (wild salmon). Black

dashed lines represent the two rivers' watershed boundaries.

spawners over the first three decades of monitoring. In response,
Parks Canada initiated a SAS program, creating an opportunity to
assess the post-release behaviour of SAS salmon and evaluate their
potential contribution to population recovery efforts. This study
aimed to address this knowledge gap by evaluating the survival,
acceleration activity, freshwater movement, river exit timing and
marine migration of adult SAS Atlantic salmon using acoustic teleme-
try. No wild salmon from the Clyburn Brook could be included as a
control group in this study. Alternatively, wild adult salmon from the
nearby Chéticamp River were tagged to provide a regional context
for overwintering behaviour and marine migration patterns. How-
ever, differences in spawning state at tagging and population-
specific life-history traits mean these data serve only as a contextual
reference rather than a statistical basis for direct behavioural com-
parison. Within the SAS group, some individuals spent 1 year in cap-
tivity (SAS1), whereas others spent 2 years in captivity (SAS2). Based
on studies showing that prolonged captivity can negatively influence
survival and reproductive success (Jonsson et al., 2003; Milot
et al., 2013; O'Sullivan et al., 2020; Thériault et al., 2011), we
hypothesized that SAS1 salmon would outperform SAS2 salmon fol-
lowing release by exhibiting greater survival, upstream river move-
ment and migration patterns consistent with expected Atlantic
salmon behaviour decisions. These findings will provide insight into
how the captivity of maturing Atlantic salmon may influence post-

release survival, behaviour and migration.

2 | METHODS

21 | Studysite

Atlantic salmon were tagged from two rivers in the Cape Breton High-
lands National Park (CBHNP), Nova Scotia: Clyburn Brook and Chéti-
camp River (Figure 1). Covering 950 km?, the CBHNP extends to
500 m above sea level and is a part of the Appalachian Mountain
range. This montane environment produces rivers with steep gradi-
ents and fast currents (O'Reilly et al., 2013). Overall, the Atlantic
salmon populations in the CBHNP are not well documented, with sig-

nificant gaps in our understanding of population ecologies.

2.2 | Clyburn Brook SAS salmon

Clyburn Brook is located on the eastern shore of Cape Breton Island
in the former Eastern Cape Breton Designatable unit (ECB DU,
Figure 1). The headwaters begin in the highlands and run 19.4 km
before draining straight into the Atlantic Ocean, with the entirety of
the river within the CBHNP boundary. The Clyburn brook salmon
population is a mix of multi-sea-winter salmon (MSW, spends more
than 1 year in the marine environment before returning to the natal
river for spawning) and one sea-winter salmon (1SW, spent 1 year in

the marine environment before returning to the natal river for
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spawning) and is considered a late running river with some fish not

entering to spawn until November (Grey, 1984).

2.3 | Wild Salmon reference population

Due to the critically low number of wild adult Atlantic salmon return-
ing to Clyburn Brook, it was not feasible to include them as our wild
comparison in this study because acoustic tagging would have posed
an unacceptable risk to the population [estimated in swim through
surveys to be fewer than 15 spawners each year (1SW & MSW
included)] between 2001 and 2016; Parks Canada (2017). As a result,
while all SAS fish in this study originated from Clyburn Brook, wild fish
used for regional contextual reference were sourced from the nearby
Chéticamp River (described below) because this system still supports
a wild population large enough to allow limited tagging without nega-
tively impacting conservation efforts. Additionally, microsatellite base-
line analyses grouped rivers within the Gaspé-Southern Gulf of
St. Lawrence Designatable Unit (GSGSL DU; Figure 1) and the ECB
DU into the same genetic reporting unit (Bradbury et al., 2015). Chéti-
camp River salmon were not intended to serve as a direct comparator
for SAS salmon, but rather to provide a regional, ecological context
for interpreting broad patterns in movement behaviour and migration
timing. Accordingly, inferences regarding differences between SAS
and wild salmon were interpreted cautiously, given the inherent
demographic, environmental and population-specific differences

between river systems.

24 | Chéticamp River wild Salmon

Chéticamp River is located on the western shore of Cape Breton
Island in the former GSGSL DU (Figure 1). The river is 35 km in length
before draining into the Gulf of St. Lawrence and is entirely within the
boundary of the CBHNP, other than the headwater source in
the highlands, Chéticamp Lake (O'Neil et al., 1997). The lake was
removed from the park boundary in the 1970's to build the Wreck
Cove Hydroelectric Project, towards which some of the lake's outflow
is diverted toward. The Chéticamp River has been monitored by Parks
Canada and the Chéticamp River Salmon Association for decades via
counting fences, river surveys, instream restoration projects, river
temperature loggers and other metrics for the conservation and
understanding of the river's Atlantic salmon population.

The Chéticamp River is the only river in the CBHNP where
recreational catch-and-release angling of Atlantic salmon is permit-
ted. There is a greater percentage of MSW adult salmon with an
early run peaking in June and July, although adults continue
returning up to and through October (Grey, 1984). In 2004, Fisher-
ies and Oceans Canada (DFO) assessment determined the total
number of adult Atlantic salmon (1SW and MSW) returning to the
Chéticamp River was 409 (95% confidence interval: 277-1270
fish), exceeding the river's conservation requirement by 110%
(Landry et al., 2005).

2.5 | Receiver deployment

Salmon were tracked using VR2W-69 kHz (15-month battery life;
Innovasea, Bedford, Nova Scotia, Canada) acoustic receivers
deployed in each river system. From October 2023 to May 2025, a
total of 13 receivers were deployed in Clyburn Brook from the
estuary mouth to 9 km upstream (Figure 2a). From November 2023
to May 2024, a total of seven receivers were deployed in the Chéti-
camp River from the estuary mouth to 9 km upstream (Figure 2b).
The last Chéticamp River estuary receiver remained in the river
until May 2025 to ensure any detections from returning fish were
recorded. For each river, receiver placement ranged from far
upstream spawning reaches down to the estuary and river mouth
to cover the full movement range of the salmon within the river.
Pools were selected based on depth to reduce the likelihood of
exposure during low water levels, while also avoiding areas of high
flow where the receiver could be displaced or swept onto shore.
Pool substrate was also considered so that, whenever possible,
receivers were positioned on larger, cobblestone substrate to pre-
vent burial by fine sediment. Despite these precautions, intense
flooding events and sedimentation resulted in the loss of two
receivers, leaving a total of 11 operational receiver units in Clyburn
Brook.

Marine detection data from ocean arrays were obtained through
the extended receiver network supported by the Ocean Tracking Net-
work (OTN), which aggregates acoustic telemetry data from collabora-
tive deployments across the Northwest Atlantic (OTN Data Policy,
2024). An array refers to a distinct spatial grouping of deployed
acoustic receivers that passively detect acoustically tagged animals as

they move through the area.

2.6 | Experimental design

2.61 | SAS rearing

Throughout May 2021 and 2022, wild Atlantic salmon smolts were
captured using fyke nets from the Clyburn Brook. Smolts were trans-
ferred 450 km (~5-h drive) to Dalhousie University Aquatron facilities
in a 500 L holding tank filled with Clyburn Brook river water. Water
quality measurements (temperature, dissolved oxygen, pH, ammonium
and nitrates) were monitored throughout the transfer process. The
smolts were evenly split between two 500 L holding tanks with artifi-
cial lighting that mimicked the natural photic period. Salmon were fed
a high-energy diet once daily to support rapid growth, with feeding
times varying day to day (Nutra RC, Skretting, St. Andrews, New
Brunswick, Canada).

The salmon remained in freshwater holding tanks, growing to
adulthood and reaching sexual maturity under consistent monitoring.
Salmon that were deemed sexually mature, based on body size and
gonadal maturity, were released back into Clyburn Brook a few weeks
prior to when spawning was thought to begin (November). However,

if a salmon was deemed to be sexually immature, it was retained at
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FIGURE 2 (a) Map of the Clyburn Brook acoustic receiver deployment locations (red points) for 2023-2025. (b) Map of the Chéticamp River
acoustic receiver deployment locations for 2023-2024, other than the last estuary receiver, which remained until 2025 to ensure any detections
from returning fish were recorded. The headwater source, Chéticamp Lake, is labelled.

TABLE 1 Summary of salmon tagged for each river, release year, sample size, origin [wild or smolt-to-adult supplementation (SAS)], SAS stage
if applicable (SAS1 = salmon spent 1 year in captivity, SAS2 = salmon spent 2 years in captivity), mean fork length (mm) with standard deviation
(+ SD) and sex (female/male/unknown).

River Wild or Mean Sex

release Sample SAS SAS length (F/M/
River date size origin stage (mm £ SD) unknown)
Clyburn Brook Oct 2023 30 SAS 15 SAS1 485 +- 28 5/6/4

15 SAS2 510 + 37 13/2/0

Oct 2024 13 SAS 13 SAS2 507 + 45 6/5/2
Chéticamp Dec 2023 17 Wild - 813 + 52 15/2/0
River

the Aquatron for a second year. Therefore, a SAS salmon spent either 2.7 | Tagging procedure

1 or 2 years in captivity (herein SAS1 and SAS2, respectively). Over
the years of 2021-2025, ~300 SAS salmon adults have been released Tagging of SAS salmon occurred in two rounds at the Aquatron facili-
back into the Clyburn Brook. ties, first in September 2023 and again in August 2024 (Table 1). In
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2023, 30 SAS salmon (SAS1 n = 15, SAS2 n = 15) were tagged with
20 69 kHz V13A acoustic accelerometers (15 mm x 44 mm, 12 g in
air, R64k protocol, 60-120 s transmit interval, 414 days of battery;
Innovasea) and 10 69 kHz MM-MR-11-28 acoustic transmitters
(12 mm x 60 mm, 10.5 g in air, R64k protocol, 60-120 s transmit
interval, 429 days of battery; Lotek, Newmarket, Ontario, Canada)
evenly split between year-groups. In 2024, 13 SAS2 salmon were
tagged with nine Innovasea accelerometers and four Lotek transmit-
ters. The Innovasea accelerometers measure acceleration in ms 2
which results in a vector quantity of acceleration along three axes:
horizontal, vertical and depth (x, y, and z). The tag calculates the root
mean square (RMS) from the contribution of acceleration from each
axis. Thus, the transmitted output is the average acceleration from
each axis over the sampling period.

SAS salmon were anaesthetized in a 300 L aerated holding tank
with Tricane Methanesulfonate (0.01gL™Y) until loss of equilibrium.
Weight, length and condition were recorded before being placed in
the operating trough where gills were constantly irrigated. A small
incision was then made on the mid-ventral line, and the sterile
transmitter was placed intraperitoneally. The transmitters were gas
sterilized with ethylene oxide, and surgical tools were disinfected
with 2% glutaraldehyde before being rinsed in saline. The incision
was closed with 40 monofilament in two to three interrupted
sutures. The fish were immediately taken to a recovery tank where
their healing success was monitored. Recovered SAS salmon were
then transported using the same methods as the transport coming
from Clyburn Brook. In 2023, fish were released 1 month after tag-
ging (19 October) because tagging could only occur later in the sea-
son, whereas in 2024, earlier tagging allowed a longer 3-month
post-tagging holding period prior to release (16 October). SAS
salmon were fed up until the day before transport and were
released into a deep pool located 2 km from the river mouth and
1 km downstream of the most well-known, downstream spawning
grounds. All tagged SAS individuals survived from tagging, through
recovery and transport, to release.

All fish handling and tagging procedures conformed to the guide-
lines established by the Canadian Committee on Animal Care,
approved by the Dalhousie University Animal Care Committee (proto-
col #1039341), and wild salmon angling was conducted under permits
issued by Parks Canada and DFO (373,082, 375,879).

2.8 | Wild salmon handling and tagging procedure

Wild kelts were angled and tagged in the Chéticamp River in
December 2023. Local volunteer anglers belonging to the Chéticamp
River Salmon Association helped catch the salmon. The salmon were
allowed to recover from the angling process stress for 10 min in a
floating lobster crate through which river water flowed freely. A total
of 17 kelts were tagged with 10 Innovasea accelerometers and seven
Lotek transmitters. The same tagging methods used for the SAS
salmon were applied, with the exception that the anaesthetic holding

tank was located on site. After tagging, the salmon were immediately

placed back in the lobster crate with free-flowing river water to

recover for at least 10 min before being released back into the river.

2.9 | Data analysis and modelling

Data were processed using RStudio 4.4.2 (R Core Team, 2024) and
acoustic telemetry summary packages of actel (Flavio &
Baktoft, 2021) and glatos (Holbrook et al., 2024). For data filtering,
detections were evaluated based on the time taken for individual fish
to move between detection points. Any detection was removed if the
implied travel speed exceeded 3.5 km/h, because average kelt migra-
tion speeds range from 0.94 to 2.1 km/h (Halttunen et al., 2009;
Remen et al., 2016; Thorstad et al., 2004). The speed threshold helped
identify and exclude false detections caused by unrealistically fast

movements.

29.1 | Survival

Fish were assigned a fate of either successfully exiting the river or
given an estimated time of death based on their last detection within
the river. In cases where a final detection occurred within the array
but was not followed by any further detections, it was assumed the
individual had died. This assumption is supported by the high detec-
tion efficiency of the receiver arrays (calculated by the RStudio pack-
age actel; Flavio & Baktoft, 2021) and the expectation that healthy
adult salmon individuals continue to move throughout the river
(Klinard & Matley, 2020). A lack of movement or absence from down-
stream receivers despite prolonged monitoring is therefore considered
a reliable indicator of in-river mortality or tag failure (Klinard &
Matley, 2020), though the latter is less likely given monitored tag
retention post-tagging and consistent detection histories before
disappearance.

Survival modelling was only performed between SAS age
stages (SAS1 and SAS2 cohorts) because all wild salmon from the
Chéticamp River survived. To assess survival differences between
SAS1 and SAS2 groups, a Cox proportional hazards model was
used, implemented via the coxph function from the survival package
(Therneau, 2024). Hazard (risk) of mortality was modelled over time
while incorporating the explanatory variables, including years spent
in captivity and sex. Length was excluded due to collinearity with
age (i.e., years spent in captivity). Given that the analysis was
focused on comparing post-release mortality of SAS in the river
rather than calendar year effects, time until death was calculated as
the number of days since the release of the salmon back into the

river after being tagged.

2.9.2 | Acceleration

The accelerometer transmitter output was used to compare the accel-

eration activity levels of salmon within the river. Raw acceleration
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values, transmitted as integers ranging from 1 to 255, were calibrated
to true acceleration values (ms~2) by multiplying by 0.01922 as per
manufacturer specifications.

To examine salmon acceleration levels during the overwintering
period, a generalized additive model (GAM) was fitted using the bam
function from the R package mgcv (Wood, 2024). The response vari-
able, acceleration, was modelled using a Gamma distribution with a
log-link function, because acceleration values are strictly positive and
right-skewed. High-resolution detections from a fish consistently
remaining near a receiver can lead to strong temporal autocorrelation;
thus, data were downsampled by retaining only the first detection per
fish per receiver within one-hour windows. Additionally, the dataset
was filtered to include only periods when acceleration data were col-
lected for both wild and SAS individuals (10 December to 15 January).
Explanatory variables included salmon origin (SAS vs. wild), hour of
the day and date (measured in Julian days). Individual fish ID was
included as a random effect to account for repeated measures. Basis
functions were applied to smoothing terms to balance model flexibility
with biological interpretability and reduce overfitting (Pedersen et al.,
2019). The basis functions for each smoothing term were initially set
high, but the final k-value was selected by gradually lowering k and
picking based on the first noticeable drop in model fit quality [via
Akaike Information Criterion (AIC)] and visual inspection. A cyclic
cubic spline (k = 5) was applied to the hour of day to model diel pat-
terns in activity while accounting for 24-h structure. A thin plate
regression spline (k = 5) was applied to date with a group-specific
smooth to allow seasonal activity patterns to vary between SAS and

wild salmon.

2.9.3 | River exit and movement

The timing of river entry and exit was extracted from individual detec-
tion histories using the detection_event function from the glatos pack-
age (Holbrook et al., 2024). Individual detections were consolidated
into distinct detection events, with an event defined as either a
change in receiver location or a lapse in detections of 7 days or more
before re-detection on the same receiver (Holbrook et al., 2024). River
exit date was determined as the final detection on the receiver most
near the river mouth. To examine differences in river exit timing
between SAS and wild salmon, a linear regression with a Gaussian dis-
tribution was fitted using the base R function Im (R Core Team, 2024).
The response variable was river exit converted into days spent in the
river by taking the difference between the river entry/release and exit
date. The explanatory variable was the origin of the SAS versus the
wild salmon. Individual fish were included as a random effect. Individ-
uals that did not exit the river were omitted from the analysis.

Marine detection data from ocean arrays were obtained through
OTN. To examine early ocean movement, detections were filtered to
include only post-river exit records and 100% minimum convex poly-
gons (MCPs) were applied around all ocean detections for SAS and
wild salmon to visualize spatial extent. These MCPs represent the

total area encompassed by each group's marine detections.
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3 | RESULTS

A total of 60 Atlantic salmon (SAS n = 43, wild n = 17) were tagged
and tracked from 2023 to 2025 from the two Cape Breton rivers of
Clyburn Brook and Chéticamp River (Table 1). A total of 2,120,164
individual detections were summarized to 803 distinct detection
events across 59 salmon; one SAS salmon was never detected once

released and was thus excluded from analysis.

3.1 | Survival

Of the 43 SAS salmon tagged in the Clyburn Brook, 53% + 7.6% SE
(23 of 43) were last detected in the river and presumed dead post-
release. Mortality differed between SAS1 and SAS2 groups: SAS1
mortality was greater at 73% + 11.4% (11/15), whereas SAS2 mortal-
ity was 43% + 9.4% (12/28). Spatially, the majority of mortalities and
last detections for both SAS1 and SAS2 were determined to be at the
release site and within 2.5 km upstream of the release site. All wild
salmon from the Chéticamp River survived and exited the
river (17/17).

The Cox proportional hazards model revealed that SAS1 salmon
experienced a substantially higher mortality risk than SAS2
salmon (hazard ratio = 16.5, p < 0.001; Figure 3). Males showed
slightly higher mortality risk, although the difference was not signifi-
cant. Unadjusted survival probabilities for SAS1 declined to 27%
+11.4% SE and 57% + 9.35% for SAS2 by the end of the study
period. Finally, mortality timing differed between groups, with SAS2
salmon exhibiting more early losses (within 30 days post-release;
n = 11), whereas most SAS1 deaths occurred later (65-95 days post-
release; December 2023-January 2024; n = 7). SAS2 salmon survived
a maximum of 2 months in the river, with the latest recorded death in

mid-December.

3.2 | Acceleration

Acceleration activity for both SAS and wild salmon overlapped primar-
ily from early December to mid-January, reflecting that wild fish were
only tagged in early December, while many SAS fish had either died
or exited the river by late January. During this period of overlap, SAS
salmon were found to have more high-speed burst outliers (6.7% of
acceleration detections) compared to wild salmon (1.5% of accelera-
tion detections; Figure 4a).

The GAM showed a highly significant effect of origin on accelera-
tion (B = —0.42, p < 0.001), with SAS salmon consistently displaying
higher acceleration than Chéticamp wild fish (SAS: 0.618 + 0.362 SD
m/s? wild: 0.338 +0.224 SD m/s?) (Figure 4b). Origin-specific
smooth terms for date revealed distinct temporal patterns with SAS
salmon exhibiting a significant increase in predicted acceleration from
approximately 0.68-0.74 m/s? throughout December (F = 13.61,
p < 0.001). In contrast, wild salmon exhibited a gradual decline from
about 0.57-0.39 m/s? during the same time period (F=8.13,
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FIGURE 3 Unadjusted survival probabilities for SAS1, SAS2 and wild Atlantic salmon. Smolt-to-adult supplementation (SAS) fish were
released post-tagging in Clyburn Brook for 16th October. The figure includes SAS salmon cohorts released in both 2023 and 2024 (see Table 1
for tagging summaries). Wild salmon originated from the nearby Chéticamp River and exhibited complete survival (1.0) throughout the monitoring
period. Survival differed significantly among SAS groups (SAS1 and SAS2; p = 0.002). Sample sizes: SAS1, n = 15; SAS2, n = 28; wild,n = 17.

p < 0.001; Figure 4b). A cyclic smoother for hour of day was also sig-
nificant for both SAS and wild salmon (F = 65.37, p < 0.001), captur-
ing a diel rhythm of increased activity around noon and reduced
acceleration at night. Finally, the random smoother for individual fish
was significant (F = 4.15, p < 0.001), indicating individual-level activity
variation. Acceleration activity was not significantly different between
SAS1 and SAS2 salmon.

3.3 | River movement

Only a subset of SAS salmon were detected upstream of the release
location (16 of 43, 38%), with the majority of movement and the most
upstream detections being reached in November for both SAS1 and
SAS2 salmon (Figure 5a,b). SAS1 salmon showed greater upstream
movement, with 87% (13/15) of individuals detected upstream of the
release site at least once, compared to 46% (13/28) of SAS2 salmon.
The majority of SAS2 salmon did not move more than 2 km upstream

from the release site, and instead tended to move downstream, with

several exiting the river shortly after release or having their final
detection downstream (i.e., mortality with no upstream movement).
Freshwater detections for both SAS1 and SAS2 declined in January,
coinciding with the timing of mortality assignments for SAS1 and river
exits for SAS2. The furthest upstream movement recorded (9 km from
the river mouth) was from three salmon (SAS1 n = 2, unknown sex;
SAS2 n = 1, female) early November (15-30 days post-release).

Wild salmon exhibited expected post-spawn behaviour, showing
little movement from where they were tagged and no upstream
movement. Post-release, most wild salmon were detected repeatedly
at a single, tidally influenced receiver location before the majority of
them exited the river, with 29% (5/17) moving between the tidal and
estuary receivers at least once.

3.4 | Riverexit

Overall, 47% = 7.6% SE (20/43) of SAS salmon exited the river.
SAS salmon released in 2023 showed a broad range in migration
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FIGURE 4 Comparison of observed and predicted acceleration (m/s2) of smolt-to-adult supplementation (SAS) and wild salmon over time in
Clyburn Brook and Chéticamp River, respectively. (a) Raw acceleration detections for individual salmon over the same time period, faceted by
group. Each point represents a single acceleration reading from an individual fish tag. (b) Generalized additive model (GAM) predictions of root
mean square (RMS) acceleration, faceted by group (SAS or wild) and coloured by hour of day). Shaded ribbons represent the standard error of the
GAM predictions.

timing, exiting the river between 21 October 2023 and to have successfully exited the river, leaving soon after release
11 February 2024 (2-114 days post-release; Figure 6). Of the between 26 October 2024 and 27 November 2024 (10-32 days
13 SAS salmon released in 2024, three individuals were observed post-release).
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exited the river with the majority (14/17, 82%) exiting within an
18-day period between 27 April and 15 May 2024 (139-157 days
post-release). However, three wild salmon exited earlier, between late
January and February 2024 (44-99 days post-release; Figure 6). The
linear regression revealed a significant effect of origin on river exit
timing, with wild salmon spending 54 days longer in the river than
SAS salmon on average (p < 0.001, SE = 14.2).

After leaving their respective rivers, 12 SAS and 14 wild Atlantic
salmon were detected on 10 marine acoustic receiver arrays between
late October 2023 and mid-July 2024. None of the 13 SAS2 individ-
uals released in 2024 was detected on any marine arrays. More SAS2
salmon (n = 9) were detected in the ocean than SAS1 salmon (n = 3).

SAS salmon were first detected earlier (October-November) than wild
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FIGURE 6 Cumulative proportion and timing of river exit for all smolt-to-adult supplementation (SAS) salmon (S) from Clyburn Brook (n = 20;
SAS1 n = 4, SAS2 n = 16), wild salmon (W) from the Chéticamp River (n = 17). Each step in the line represents an individual salmon exiting the
river, resulting in an increase in the cumulative proportion of fish that have left. SAS salmon data from 2023 and 2024 were combined to

highlight overall exit timing patterns, rather than interannual variation.

salmon (starting January). Most SAS marine detections were female
(10 of 12), similar to the wild group (12 of 14).

SAS salmon showed limited ocean movement, remaining along
the eastern shores of Cape Breton Island (Figure 7a). Notable detec-
tions included four SAS2 females at St. Anne's Bank Marine Protected
Area (SABMPA; January to March), one SAS2 female off the south-
western shore of Newfoundland, and another near Halifax, Nova Sco-
tia, on the Halifax Line. Only three SAS salmon may have entered the
Gulf of St. Lawrence, determined by a last detection at the Cabot
Strait. One SAS female showed wide-ranging movement, including
reaching Sable Island, before reappearing at the Cabot Strait gate in
June 2024 (Figure 7b). In contrast, wild salmon largely migrated north
towards the Strait of Belle Isle (SOBI; Figure 7a). Wild salmon were
first detected at Cabot Strait in January, with detections increasing in
May after the rest of the salmon exited the river. Three wild salmon
were detected at SABMPA, and many moved into the Gulf of
St. Lawrence, with detections around the Magdalen Islands and Antic-
osti Island. Detections at the SOBI receiver line were highly synchro-
nized, with 79% (11 of 14 wild salmon detected at sea) detected there
in a narrow time window, between 8 June and 23 June, 2024. After
passing the SOBI receiver line, seven wild salmon reached the coastal
waters near southern Labrador, approximately 170 km from SOBI,
between 12 June and 28 June 2024. These detections, located on the

Labrador shelf represent the most northerly movements recorded in
this study (Figure 7b).

4 | DISCUSSION

Acoustic tracking of adult SAS Atlantic salmon revealed: (1) just over
half died in-river post-release; (2) elevated acceleration levels and fre-
quent high-speed bouts of activity; (3) a lack of upriver movement;
(4) premature river exit; and (5) marine residency restricted to the
region off the Atlantic shores of Cape Breton. Importantly, the num-
ber of years spent in captivity was found to be an important factor
influencing the survival, river movement and potential spawning abil-
ity of SAS individuals. Together, these results suggest that there are
potential post-release performance consequences of captive-rearing
Atlantic salmon from smolt-to-adulthood, with implications for both
individual success and broader population recovery.

Due to critically low adult returns and the conservation status of
Atlantic salmon in Clyburn Brook, wild individuals were unavailable
for tagging in this river. To provide a regional context for overwinter-
ing behaviour and marine movements, we therefore tagged wild post-
spawning kelts from the nearby Chéticamp River. Chéticamp fish were

not intended to serve as a statistical control, they offered a qualitative
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point of reference for interpreting SAS movements and survival. Since
the wild Chéticamp salmon were tagged after spawning and originate
from a population with distinct life-history characteristics, any direct
behavioural comparisons are confounded by differences in population
traits and tagging times. To better inform conservation and manage-
ment efforts, future studies should tag wild and SAS salmon within
the same population and at the same life-history stage to obtain more
accurate and meaningful comparisons between SAS and wild salmon.

SAS salmon experienced high freshwater mortality, with over
half of the individuals released dying within 3 months. The magni-
tude of SAS mortality in this study aligns with previous work, where
Carr et al. (2004) found a similar survival rate of 50% in adult Atlan-
tic salmon that were raised from egg-to-smolt in facilities, and then
smolt-to-adult in additional freshwater or saltwater pens. Although
the salmon in that study were not wild-reared as juveniles like the
SAS salmon in this study, their findings similarly suggest substantial
mortality upon release for adult Atlantic salmon with a history of
captivity. SAS salmon experienced natural environmental condi-
tions during their egg-to-smolt stages in the wild, but their subse-
quent 1-2 years in captivity exposed them to predator-free, food-
rich and simplified environments that removed the natural selection
pressures that typically filter out individuals poorly suited to sur-
vival in the wild (Fleming, 1994). Although the exact causes of mor-
tality cannot be determined from these data, the reduced survival
of SAS salmon observed here is consistent with previous studies
showing that salmon that spend time in captivity often experience
high post-release mortality due to captivity-induced behavioural,
morphological or physiological changes (Carr et al., 2004; Christie
et al.,, 2012; Jonsson et al., 1991; Jonsson et al., 2003). SAS salmon
in this study were noticeably paler, appearing light blue with dis-
tinct dark spots, in contrast to the darker, more camouflaged wild
fish observed during snorkel surveys. This difference in colouration
may have made SAS individuals more visible to predators, contrib-
uting to the high mortality. It is also important to note that natural
repeat-spawning rates in Atlantic salmon are typically low, with
fewer than 10% of adults surviving to spawn a second time
(Fleming & Reynolds, 2004). Thus, while a ~50% survival rate for
SAS adults appears high relative to natural repeat-spawner survival,
it remains unknown whether SAS individuals actually spawned, and
it is unlikely that many would survive the subsequent marine migra-
tion required to return for another spawning event. As a result, it is
unclear whether SAS survival translates into meaningful recruit-
ment. Further research is needed to identify the specific mecha-
nisms underlying post-release mortality in SAS adults. In contrast,
all wild salmon tagged from the Chéticamp River survived and suc-
cessfully exited the river system, although this is likely due to the
fact that the wild salmon were tagged post-spawned.

s FISHBIOLOGY |

Contrary to expectations, SAS2 salmon (reared ~29 months) had
higher freshwater survival than SAS1 salmon (reared ~17 months).
These findings contradict previous studies that demonstrate the lon-
ger a fish spends in captivity, the more its phenotype diverges from
that of a wild fish and the worse its performance in a natural setting is
expected to be (Jonsson et al., 2003; Milot et al., 2013; O'Sullivan
et al., 2020; Thériault et al., 2011). Although SAS2 salmon spent an
additional year in captivity, body size was not significantly larger than
SAS1 salmon (Table 1); therefore, size is not a factor to explain why
SAS2 salmon had greater survival than SAS1 salmon. A possible expla-
nation for the higher survival of SAS2 fish may be linked to their
observed conservative movement within the river. After release, SAS2
salmon were more frequently detected holding downstream of the
release site or quickly exiting the river compared to SAS1 salmon. A
reduced exploration and greater downstream residency may have
helped SAS2 salmon conserve energy by avoiding energetically costly
movements such as upstream migration and spawning, thereby poten-
tially decreasing the likelihood of death by exhaustion. Anadromous
Atlantic salmon expend on average 59% of their total energy reserves
during upstream migration and reproduction (Jonsson, 1997), resulting
in typically less than 10% of adults becoming repeat-spawners
(Fleming & Reynolds, 2004). Thus, by avoiding upstream movement,
SAS2 salmon may have reduced their risk of exhaustion and mortality,
but this likely came at the expense of upstream spawning opportuni-
ties. In contrast, the majority of SAS1 salmon had greater upstream
movement and were often detected in areas presumed to be spawn-
ing sites, suggesting potential spawning activity. Thus, although more
SAS1 fish died, potentially from energy exhaustion related to
upstream movement and spawning, they may have at least contrib-
uted to population recruitment. Managers aiming to boost population
numbers using SAS must weigh the benefits of survival against the
likelihood of successful spawning.

SAS and wild salmon exhibited significantly different acceleration
activity values, but these differences are likely a reflection of natural
variation between river systems rather than effects of origin. Clyburn
Brook adults are known to return to the river and spawn later in the
season (late October into November), whereas Chéticamp River
salmon have an earlier summer run (beginning in June), with most
spawning completed by October. In this context, the elevated SAS
acceleration into December (Figure 4b) is consistent with SAS fish still
engaging in spawning or upstream movements in Clyburn Brook,
while wild Chéticamp river salmon exhibited minimal movement and
did not move upstream from tagging location, having already transi-
tioned into a low activity overwintering state following an earlier
spawning period. However, the consistently higher acceleration values
of SAS salmon may still reflect potential physiological carryover

effects of captivity, such as the erratic and inefficient movement often

FIGURE 7 (a) Map of individual detections in the ocean, faceted by most active months, of tagged Atlantic salmon from smolt-to-adult
supplementation (SAS; n = 12; red) and wild salmon (n = 14; blue) origin. Origin ranges are represented by 100% minimum convex polygons.
(b) Ocean movements of tagged Supplementary (SAS; n = 12; red) and wild (n = 14; blue) Atlantic salmon. Lines represent individual movement
paths between sequential detections, and points indicate detection locations.
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observed in captive Atlantic salmon (lversen et al., 1998; Jonsson
et al.,, 1991; Nilsen et al., 2023; Power & McCleave, 1980). A possible
underlying mechanism for the elevated activity observed in SAS
salmon is their captive feeding routine. Wild Atlantic salmon typically
cease feeding upon entering freshwater and rely on somatic energy
reserves accumulated during their time at sea (Hedger et al., 2022;
Kadri et al., 1995; Rubenstein et al., 2023). In contrast, SAS salmon
enter the river immediately after a period of controlled, high-nutrition
feeding designed to promote growth. This sustained feeding in captive
fish likely results in increased energy reserves, as commonly observed
in hatchery fish (Eriksson et al., 2008; Larsson et al., 2012; McDonald
et al., 1998). These greater energy stores may contribute to the
increased acceleration and high-energy burst movements observed in
SAS salmon after release. For example, in captively-reared Florida
bass (Micropterus salmoides), Garlock et al. (2014) found significantly
increased activity and, consequently, metabolic rates compared to
wild bass results, with a negative correlation between activity and sur-
vival. High activity levels recorded in SAS salmon from this study have
important implications for SAS programme management. Despite
potentially greater energy stores, fast and erratic movements increase
energy expenditure, potentially limiting spawning success and
post-spawning survival (Thorstad et al., 2008). To address this, further
research is needed to determine if gradually weaning SAS salmon off
their feed in the months before release will better mimic the fasting
state of wild salmon before freshwater entry. Larsson et al. (2012)
found that captively-reared brown trout smolts starved before
release, and therefore, carrying fewer energy reserves, had compara-
ble emigration success to the sea as wild smolts. Future research
should combine physiological data such as stress levels (e.g., cortisol)
and energy reserves with behavioural tracking using acoustic tags
equipped with accelerometers (see Birnie-Gauvin et al., 2019;
Bordeleau et al., 2018; Cooke et al., 2005) to better understand how
captivity-induced physiological changes translate into behavioural pat-
terns and survival outcomes after release.

The majority of the SAS salmon prematurely exited the river sys-
tem before February, with no clear synchrony between individuals
leaving. Although spawn run timing can vary drastically between
salmon populations, the expected downstream migration timing is
consistently understood to be mid-April to mid-May for Cape Breton
rivers (Bardonnet & Bagliniére, 2000; Bordeleau et al, 2018;
Grey, 1984). Additionally, based on communication with Parks
Canada collaborators and anecdotal local observations, wild Clyburn
Brook Atlantic salmon have historically been seen exiting the river in
April (Parks Canada, pers. comm.). Premature river exit is a common
observation in salmon that have been held in captivity for an
extended period of time before release (Bordeleau et al., 2018;
Jonsson et al., 1991; Midwood et al., 2015). Bordeleau et al. (2018)
found that hatchery-spawned kelts held in captivity for just 2 months
exited the river 66 days earlier than wild-spawned kelts and had lower
estuarine survival, with elevated cortisol levels suggesting that even
short-term captivity-induced stress can alter physiology and migration
behaviour. Additionally, Birnie-Gauvin et al. (2019) found that Atlantic
salmon and brown trout with higher cortisol levels left the river earlier

and had reduced success in reaching the ocean. Thus, the observed
premature and unsynchronized river exit of SAS salmon may be partly
explained by captivity-induced stress disrupting how they respond to
environmental cues and coordinate migration timing. Other studies
have shown that increased energetic demands resulting from captivity
and controlled feeding regimes likely contribute to the premature river
exit observed in supplemented salmon (Larsson et al., 2012; Midwood
et al, 2015). Once released, SAS salmon may have had difficulty
adapting from feeding in captivity to the variable and often scarce
food availability in the river overwinter, causing them to leave earlier
in search of suitable habitats (Halttunen et al., 2013). The stress of
handling and captivity, in addition to the change of feeding regimes
once released back into the wild river environment, are likely large
drivers of SAS salmon prematurely exiting the river. Decreasing cap-
tivity stress, and weaning SAS salmon off their high-caloric feeding
regime before release, may result in more similar river exit timing as
wild salmon. As discussed, future studies should link physiological
measurements such as cortisol, energy stores and metabolism with
behavioural tracking methods to better understand potential captivity
carryover effects and what is driving SAS movement and behaviour
post-release.

A full year of ocean detection data revealed that wild salmon fol-
lowed expected migratory routes through the Gulf of St. Lawrence
and SOBI toward known feeding areas in the Labrador Sea, consistent
with previous studies (Lilly et al., 2026; Ritter, 1997), and in contrast,
SAS individuals remained nearshore residents along the Atlantic coast,
particularly near the Cabot Strait and SABMPA. It is likely that the
marine migration differences between wild and SAS salmon reflect
intrinsic population variation rather than rearing history alone. Tagged
SAS individuals in this study represent the first tracked salmon from
the Clyburn Brook, it is not yet possible to determine whether their
movements reflect the typical oceanic movement of this population
or whether SAS fish are behaving differently. Acknowledging that
marine distribution strategies may differ naturally between these riv-
ers is important, as such differences could contribute to the contrast-
ing productivity observed between populations. For example, inner
Bay of Fundy salmon tend to remain as coastal residents with
extremely low productivity (COSEWIC, 2010; Reader et al., 2024),
whereas outer Bay of Fundy populations undertake longer marine
migrations to northern feeding grounds and exhibit comparatively
higher productivity (COSEWIC, 2010). A similar pattern could exist
between the more locally resident Clyburn Brook population and the
more wide-ranging Chéticamp River population.

Some spatial overlap was observed between SAS and wild salmon
at the Cabot Strait and SABMPA, suggesting that SAS salmon likely
retain a degree of directional orientation. Multiple salmon populations
clearly traverse this region, with SABMPA likely being an important
foraging ground, especially since wild Chéticamp River salmon were
observed migrating to SABMPA, adding hundreds of kilometres to
their migration before travelling north through SOBI. Jonsson and
Fleming (1993) found that hatchery smolts migrated to the same feed-
ing area as wild salmon. However, these observations of SAS salmon

straying from the expected North Atlantic ocean migration route are
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also consistent with observations of altered migratory behaviour in
captive-reared salmon (Bordeleau et al., 2018; Hansen et al., 1984;
Jonsson, 1997; Jonsson & Fleming, 1993). Bordeleau et al. (2018)
tracked wild and hatchery-spawned kelts that spent 2 months in cap-
tivity from two nearby Cape Breton rivers (Middle and Baddeck Riv-
ers) during their ocean migrations. Wild kelts entered the Gulf of
St. Lawrence, and many exited through the SOBI receiver line, compa-
rable to wild kelts in this study. In contrast, hatchery-spawned kelts
were not detected at SOBI and none returned to spawn again. The
adult rearing period in captivity for SAS individuals may still have dis-
rupted internal cues required for long-distance orientation and naviga-
tion, a risk identified in Fraser (2016). Because smolt-to-adult survival
is much higher using a SAS programme compared to wild salmon
(Dempson, 1999; Fraser, 2016), there could be a relaxation of selec-
tive pressures with regard to marine predation, immunity (marine
pathogens and parasite resistance) and navigation (Fraser, 2016). Han-
sen et al. (1993) proposed that captive-reared salmon retain only a
general sense of direction and lack specific homing ability without
prior adult river experience. Perhaps it is the same while leaving the
river for SAS adults; SAS adults have reduced capacity when they
leave the river to navigate their ocean migration, having lacked their
first marine phase by being raised in SAS captivity.

Overall, more research is needed to understand the mechanisms
driving post-release mortality in SAS salmon and to determine the
extent to which released adults successfully spawn in the wild. Based
on the survival patterns observed in this study, if roughly half of the
300 SAS adults released over the 5-year SAS programme survived
the freshwater phase, and only a portion of those individuals reached
potential spawning areas, the programme may have contributed on
the order of several dozen potential spawners to the Clyburn Brook.
While this represents a meaningful input for a small population, the
true contribution of these fish remains uncertain without direct evi-
dence of spawning success or a better wild Atlantic salmon

comparator.

5 | CONCLUSION

This study offers new insight into the post-release behaviour of adult
Atlantic salmon reared under a (SAS strategy). SAS salmon experi-
enced 53% freshwater mortality, elevated activity levels, limited
upstream movement, premature river exit and marine coastal resi-
dency. Although rearing effects cannot be fully separated from
population-specific traits, the survival and some behavioural patterns
observed in the SAS salmon are consistent with captivity-related
changes documented previously. Further research should determine
whether elevated acceleration values and early river exit represent
carryover effects of adult captivity. Differences in survival and move-
ment between SAS individuals that spent 1 year versus 2 years in cap-
tivity also suggest that captivity duration influences behavioural
strategies, with potential trade-offs between survival and reproduc-
tive opportunity. Integrating physiological assessments with beha-

vioural tracking will be essential for identifying the mechanisms

driving SAS outcomes and for refining supplementation approaches

aimed at supporting the recovery of endangered Atlantic salmon

populations.
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