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ABSTRACT

Atlantic salmon (Sa/mo salar) populations have experienced severe declines across their range,
prompting the use of hatchery-based supplementation strategies to support recovery efforts. To
inform conservation practices, this thesis evaluates the post-release performance of two
supplementation strategies used in Nova Scotia: traditional hatchery smolt releases and smolt-to-
adult supplementation (SAS). Using acoustic telemetry, Chapter 1 compared hatchery-reared and
wild smolts in the LaHave River with acoustic telemetry, revealing lower survival among hatchery
smolts driven largely by predation in lake habitats during outmigration. Hatchery smolts had
slower migration speeds in upstream reaches compared to wild smolts, but comparable river exit
timing and early marine migration routes. Chapter 2 assessed the survival, behaviour, and
migration patterns of SAS and wild adult salmon in Cape Breton rivers using acoustic telemetry.
SAS adults exhibited significantly lower freshwater survival, higher acceleration levels, atypical
river movements, premature river exit, and altered marine migration routes, with captivity duration
influencing both survival and potential spawning behaviour. Collectively, these findings
demonstrate that captivity imposes behavioural and likely physiological changes that reduce
fitness in the wild, with different post-release challenges arising across life stages and
supplementation programs. Effective supplementation will require life-stage-specific strategies,
including optimizing smolt releases below known predation hot-spots, reducing captivity duration
for SAS adults, and modifying SAS release practices (such as gradually decreasing feeding pre-
release to replicate the fasting state of wild returning adult salmon and staggering releases across
known spawning grounds). Without improvements to post-release performance, supplementation

programs may likely fail to achieve their intended conservation goals.
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CHAPTER 1: GENERAL INTRODUCTION

1.1. BACKGROUND

Freshwater biodiveristy is declining at a faster rate than any other vertebrate group globally, with
anadromous fishes, species that migrate between freshwater and marine habitats, experiencing
particularly steep losses (Reid et al., 2018; Walsh et al., 2011; WWF, 2022). Observed decreases
in anadromous populations are attributed to the challenges of surviving anthropogenic threats
across multiple, distinct environments throughout their life history such as barriers to migration,
habitat degradation, pollution, commercial harvest, and changing ocean conditions (Lehnert et al.,
2019; NASCO, 2019; Vollset et al., 2022). Anadromous fishes must navigate these threats during
migrations that are often energetically costly and tightly timed with environmental cues (Foldvik
et al., 2024; Lennox et al., 2018). Salmonids, a well-known group of anadromous fishes, are
vulnerable to population decreases from compounding anthropogenic threats due to their long-
distance migrations and dependence on high-quality freshwater and marine habitats (Limburg &
Waldman, 2009; Russell et al., 2012). Across the northern hemisphere, many salmonid populations
have experienced dramatic declines in recent decades, raising concern for populations already
experiencing low marine survival and limited freshwater productivity (Friedland et al., 2000;

Limburg & Waldman, 2009; Thorstad et al., 2021).

Atlantic salmon (Salmo salar) inhabit the North Atlantic Ocean ranging from North
America to Russia and have an intricate life history with broad spatial coverage due to their
anadromy (Thorstad et al., 2011). Atlantic salmon begin life in freshwater where juveniles
typically rear for one to five years before migrating to sea as smolts (Chaput et al., 1998). Atlantic
salmon smolts from the Canadian Maritime provinces migrate north to the Labrador Sea and the
western coast of Greenland to forage and grow before migrating back to their natal rivers as mature
adults for spawning after one winter at sea (i.e. one sea winter or 1SW) or multiple winters at sea
(i.e. multi-sea winter or MSW), depending on the population (Chaput & Benoit, 2012; Dadswell
et al., 2010; Rikardsen & Dempson, 2011). Atlantic salmon play an important ecological role in
both freshwater and marine ecosystems, contributing to nutrient cycling and supporting
biodiversity (Reimchen, 2018; Willson & Halupka, 1995). As indicators of ecosystem health,
Atlantic salmon are often the focus of conservation efforts and freshwater habitat restoration

(Pander & Geist, 2010; Soulsby et al., 2001; Vehanen et al., 2010a). For example, the presence



and abundance of juvenile salmon are used to assess habitat quality, as they require clean, cold,
well-oxygenated water and complex stream structure to thrive (Soulsby et al., 2001). Declines in
juvenile densities can signal ecological degradation, such as increased sedimentation or altered
flow regimes. Similarly, Pander & Geist (2010) demonstrated that restoring river connectivity and
spawning habitats led to measurable increases in Atlantic salmon recruitment, highlighting their
value as a bioindicator species. Atlantic salmon have societal and economic importance,
supporting commercial, recreational, and cultural fisheries across the North Atlantic (Butler et al.,

2009; EUMOFA, 2019; Pokki et al., 2018).

Throughout their range, Atlantic salmon populations have been decreasing in number, with
43% of global populations designated as At Risk or Endangered by the International Union for
Conservation of Nature and regional assessments conducted by organizations such as the North
Atlantic Salmon Conservation Organization (NASCO) (Adams et al., 2022; Chaput et al., 2019;
Dadswell et al., 2021; Mills et al., 2013; NASCO, 2018, 2019). Returns of 1SW adult salmon have
decreased by 40%, while returns of MSW adult salmon decreased by 81% between 1971 and 2010
in NASCO’s North American Commission area with record low abundances of returning adults
continuing to be recorded across the North Atlantic (Chaput, 2012; ICES, 2025). The complexity
of this life cycle exposes Atlantic salmon to a wide array of threats across both freshwater and
marine environments, contributing to the decreases observed in many populations (Limburg &
Waldman, 2009; Russell et al., 2012). Juvenile Atlantic salmon face localized threats such as
pollution, habitat degradation (riparian zone loss, substrate composition, river channelization),
human-made barriers, invasive species, acid rain, and warming water temperatures (Buddendorf
etal., 2019; Forseth et al., 2017; ICES, 2020; Smialek et al., 2021; Waldman & Quinn, 2022; Watt,
1987). The freshwater juvenile stage of a salmon’s life-history is largely recognized as a survival
bottleneck, where only 2% survive to smolt and enter the sea (Chaput et al., 1998; Cunjak &
Therrien, 1998). For the juveniles that survive and successfully reach the marine environment,
migrating to distant feeding grounds introduces a new suite of threats. Across much of the Atlantic
salmon’s range, increasingly fewer adults have survived to complete the spawning migration and
reproduce during the last three decades (ICES, 2020). Elevated mortality during the marine phase
is believed to be driven by deteriorating ocean conditions linked to climate change, including
warming sea surface temperatures, shifting ocean currents, and reduced prey availability (e.g.,

zooplankton and forage fish) (Adams et al., 2022; Chaput et al., 2019; Dadswell et al., 2021; Mills



et al., 2013). Understanding the drivers of marine mortality remains a critical research priority,
particularly given that many populations continue to decline despite the moratorium on
commercial fisheries (in place since 2000) and tight restrictions on recreational angling since the
1980s (DFO & MNRF, 2009; Levy & Gibson, 2014). The scale and persistence of Atlantic salmon
declines have raised considerable concern, driving extensive conservation efforts globally (Lennox

etal., 2021; Webb et al., 2007;).

Supplementation programs, where animals are reared in artificial conditions and released
into the wild, have been used for centuries primarily to augment harvests and recreational fisheries
(Young, 2017). More recently, these programs have been adopted for conservation purposes to
support declining wild populations (Snyder et al., 1996). Naish et al., (2007) broadly defined
supplementation as the intentional release of captively-reared animals to increase population
abundance. For over 150 years, hatcheries (a type of supplementation program) have been a
common management practice for salmonid populations whether the end goal is for economical,
recreational, or conservational reasons (Maynard & Trial, 2014). Typically, wild adult salmon are
captured for broodstock and their offspring are reared in captivity before the young are released
back into rivers at a chosen juvenile stage (egg, fry, parr, or smolt) to increase recruitment (Fraser,
2016). Hatcheries offer a controlled environment with shelter, consistent feeding, and protection
from predators, leading to much higher survival rates during early life stages compared to the wild,
where egg-to-smolt survival often falls below 2% (Chaput et al., 1998; Cunjak & Therrien, 1998;
Jonsson & Fleming, 1993; Reisenbichler et al., 2004). Thus, the underlying rationale of hatcheries
is to offset high juvenile mortality in the wild by releasing greater numbers of young fish, with the

goal of increasing population productivity.

Despite the proposed advantages of hatcheries, extensive research shows that captivity can
alter fish behavior and physiology, lowering survival and reproductive success after release leading
to potential ecological and genetic consequences (Araki et al., 2008; Fleming & Gross, 1993;
Fleming & Petersson, 2001; Fraser, 2008; Jonsson, 1997). Captive rearing deprives juvenile
salmon of wild natural experiences such as foraging, predator avoidance, and environmental
variability, which are critical for survival in the wild (Jonsson, 1997). As a result, captive
conditions may select for traits that are beneficial to survival in hatcheries but maladaptive in the
wild environment leading to phenotypic divergence between hatchery and wild salmon. Released

hatchery fish often exhibit lower survival (Araki et al., 2008; Jonsson et al., 2003), reduced



reproductive success (Fleming et al., 1996; Christie et al., 2014), elevated stress indicators
(Bordeleau et al., 2018; Cogliati et al., 2019), and impaired migratory navigation (Larsson et al.,
2012; Nilsen et al., 2023) in comparison to wild fish. Additionally, hatchery-origin juveniles often
miss key environmental imprinting cues necessary for homing, leading to higher stray rates and
reduced genetic contributions to wild populations (Jonsson et al., 2003; Quinn, 1993; Westley et
al., 2013). If the goal of supplementation is to reduce juvenile mortality, increase recruitment, and
ultimately enhance population productivity, then releasing fish that are behaviourally and
genetically unsuited for the wild undercuts that objective (Carr et al., 2004). For supplementation
to be effective, captive-reared fish must closely resemble their wild counterparts in behaviour,
morphology, and physiology (Brown & Day, 2002; Salvanes & Braithwaite, 2006). To improve
post-release outcomes, interventions such as predator exposure, environmental enrichment, and
gradual acclimation to wild conditions have been proposed (Brown & Day, 2002). Nevertheless,
conservation hatchery programs face widespread criticism due to their limited success in reversing
population declines (Araki et al., 2008; Fraser, 2008). A recent review of 19 salmon stocking
studies found only two reported success in producing self-sustaining wild populations (Lennox et
al., 2023). This highlights ongoing concerns about the effectiveness of hatchery supplementation
as a long-term conservation strategy (Almodovar et al., 2020; Christie et al., 2012; Young, 2017).

Growing recognition that traditional hatchery programs may fail to support wild salmon
conservation has led to the proposal of alternative approaches, including smolt-to-adult
supplementation (hereafter SAS). In hopes of circumventing record-low adult returns of Atlantic
salmon across the North Atlantic and the risks of early-life rearing in traditional hatcheries, some
conservation programs have implemented the SAS approach. Unlike traditional hatcheries that
rear salmon from eggs to smolts (or to some juvenile life stage), SAS involves capturing wild
smolts (aged two to four years) during their downstream migration to the sea, raising them in
captivity until they reach sexual maturity (typically one to two years duration), and then releasing
them back into their natal rivers as adults (DFO, 2018). The goal of SAS is for these returning
adults to survive and successfully spawn, increasing population numbers in the short term by
bypassing the high mortality typically experienced during the marine phase. Thus, the SAS
approach may be particularly valuable for populations in rivers with low marine return rates,
because it ensures that at least some smolts reach adulthood to spawn (DFO, 2018). A key objective

of SAS is to also retain genetic diversity by preserving natural selection during the juvenile stage.



Because smolts are collected from the wild, they are exposed to natural environmental cues that
may mitigate some of the captivity-induced deficiencies commonly observed in traditional
hatchery-reared fish (Araki et al., 2008; Jonsson, 1997; Naish et al., 2007). The SAS program
limits captivity to one or two years during adulthood, and released individuals are allowed to mate
and spawn naturally, avoiding the artificial mating practices typical of conventional hatchery
programs (Fraser, 2016). Stark et al. (2014) evaluated habitat selection, courtship, and spawn
timing in SAS-reared Chinook salmon (Oncorhynchus tshawytscha) and Atlantic salmon. They
found that SAS-reared and wild salmon displayed similar habitat selection and spawning
behaviours, although some differences in spawn timing were observed. Additionally, successful
spawning of SAS-reared salmon was confirmed via evaluation of egg and fry production (Stark et
al., 2014). Dempson et al. (1999) captured outmigrating wild smolts from Conne River,
Newfoundland, reared them in sea-cages to 1SW adults, and released them 7 km from the river
mouth in another example of a SAS program. Radio-telemetry comparisons with wild salmon
demonstrated that 80% of SAS salmon were able to home back to the natal Conne River system
and were able to navigate and distribute through the watershed similar to the wild salmon
(Dempson et al., 1999). Taken together, these findings suggest that SAS programs may hold
promise as a conservation strategy, however, their long-term success likely depends on whether
captivity-related effects can be minimized to ensure that released adults survive and spawn,

contributing to population recovery.

While several studies have examined aspects of SAS salmon performance post-release, the
potential ecological and genetic consequences of this method remain poorly understood. Fisheries
and Oceans Canada (DFO) has acknowledged that the use of SAS may pose risks to wild salmon
populations and identified several areas that require investigation to understand its potential role
in salmon recovery (DFO, 2018). One concern is how holding salmon in captivity during the period
when they would normally undergo ocean migration may weaken natural selection at this life
stage, potentially reducing their adaptation to marine environments. As a result, SAS-reared adult
salmon could diverge from wild populations in important phenotypic traits, including growth, body
size, predator avoidance, boldness, foraging ability, migratory timing, and fecundity (Fraser,
2016). Additionally, time spent in captivity has been linked to potential epigenetic changes that
may negatively affect reproductive success and offspring fitness (Araki et al., 2008; Fraser, 2016;

Milot et al., 2013). Because the success of SAS programs relies on released adults surviving,



reproducing, and behaving like wild salmon, it is essential to determine whether SAS salmon retain

the behavioural traits required to contribute to wild populations.

To address the largely unknown behavioural uncertainties of post-release hatchery fish,
movement ecology offers a valuable framework for assessing how supplementation affects
individual performance in the wild. Movement ecology is the study of how and why animals move
through space and time, shaped by their internal state, environmental conditions, navigation
mechanisms, and physical capacity for movement (Nathan et al., 2008). This framework has
growing relevance in aquatic conservation, as movement in fishes is essential for critical
behaviours such as foraging, predator avoidance, habitat selection, migration, and reproduction,
activities that can reveal fitness-limiting constraints in altered or managed environments (Cooke
et al., 2022; Hays et al., 2019). For anadromous, long-distance migrants like Atlantic salmon,
atypical movement patterns may compromise survival and reproductive success, making it
essential to understand how supplementation programs may alter natural movement behaviours
through the effects of artificial environments. Tools like acoustic telemetry and accelerometer
transmitters are increasingly being used to study movement in conservation contexts, offering
high-resolution data on activity, energy use, and migratory decision-making (Lennox et al., 2023;
Matley et al., 2023). These technologies are especially relevant for assessing the performance of
hatchery salmon in the wild, where divergence from expected movement patterns can indicate
maladaptive outcomes of captivity and ineffective conservation strategy. By integrating movement
ecology into supplementation research, conservation programs can evaluate whether captively-
reared individuals behave similarly to their wild counterparts, and help determine whether current

practices promote or impair the ecological success of released fish.

Canada supports a substantial portion of global Atlantic salmon populations, second only
to Norway in the number of salmon rivers. Between 1970 and 2000, estimates report a reduction
of Atlantic salmon for at least 75% for Canadian populations (WWF, 2001). While commercial
salmon fisheries have been closed since the late 20th century and recreational fisheries are tightly
regulated, many populations continue to decline (DFO & MNRF, 2009). Beginning in the 1860s,
hatchery facilities were used in eastern Canada to augment production of salmon whether for
commercial or recreational use (Naish et al., 2007). Within Canada, the maritime province of Nova
Scotia is known historically to support salmon populations in 147 rivers (DFO & MNRF, 2008).

These populations are divided into four major designatable units (DU’s) including the endangered



inner Bay of Fundy, endangered Southern Uplands, endangered Eastern Cape Breton, and the
Gaspé-Southern Gulf of St. Lawrence of special concern (COSEWIC, 2010). Historically, many
rivers in these regions were stocked (DFO, 1997, 1998). Currently, the province of Nova Scotia
owns and manages two hatcheries which traditionally rear and stock Atlantic salmon for five rivers

to largely support the province’s recreational sport fishery.

1.2. OBJECTIVES

This thesis focuses on rivers within two regions in Nova Scotia: the LaHave River in the
endangered Southern Uplands DU and the Clyburn Brook in the Cape Breton Highlands
endangered Eastern Cape Breton DU. The LaHave River has been monitored since 1970,
documenting a steady decline in Atlantic salmon despite decades of hatchery intervention (DFO,
2010; Gibson & Hubley, 2011). Across the last three generations, adult returns have dropped by
83% and juvenile densities have declined up to 87% in the LaHave River (DFO, 2024). The
hatchery program has released over three million juveniles into the river since the 1970s, yet
returns of hatchery-origin adults have been negligible, with no confirmed returns after the last
major stocking event in 2005 (Bowlby, 2013). These outcomes highlight the limited effectiveness
of traditional hatchery recovery strategies for restoring self-sustaining populations in the LaHave
River. The Clyburn Brook has been monmitored by Parks Canada for 35 years and has similary
observed a steep 95% decline in adult spawners (Levy & Gibson, 2014).

The LaHave River and Clyburn Brook represent two valuable case studies for
understanding Atlantic salmon recovery efforts in Nova Scotia. Wild and hatchery smolts in the
LaHave River were acoustically tracked in 2021, with the goal of identifying factors contributing
to low hatchery smolt survival and evaluating the potential influence of hatchery origin on
outmigration success. In response to the near extirpation of the Clyburn Brook salmon population,
Cape Breton Highlands National Park began a SAS program as part of a broader Parks Canada
recovery initiative. Together, these population recovery efforts provide a unique opportunity to
further assess the efficacy of different supplementation programs that target different Atlantic

salmon regions, and life stages, in Nova Scotia.

This thesis investigates how captivity during different life stages influences the survival,

behaviour, and migration of Atlantic salmon. Focusing on two supplementation programs, the



release of traditional hatchery-reared smolts in the LaHave River and implementation of a smolt-
to-adult supplementation (SAS) program in the Clyburn Brook, this work evaluates whether the
intended conservation benefits of these interventions are realized in the wild. Using acoustic
telemetry, we tracked the movement of both wild and hatchery-origin salmon across freshwater
and marine environments. This study provides important insights into the effects of captivity on
post-release movement behaviour, and the broader implications for Atlantic salmon recovery

efforts in critically endangered populations.



CHAPTER 2: TRACKING BEHAVIOURAL DIFFERENCES
AND PREDATION RISK BETWEEN HATCHERY AND WILD
ATLANTIC SALMON SMOLTS DURING RIVER EXIT AND
EARLY MARINE MIGRATION IN A NOVA SCOTIA RIVER

2.1 ABSTRACT

Significant declines in Atlantic salmon (Salmo salar) populations across their range have prompted
widespread use of hatchery supplementation programs to increase population abundance.
However, concerns persist regarding the effectiveness of these programs, which remains uncertain
due to limited understanding of how hatchery-reared smolts perform post-release in natural river
systems compared to their wild counterparts. Here, this study compared the survival, predation
risk, migration speed, river exit timing, and early ocean migration patterns of hatchery-reared and
wild Atlantic salmon smolts in the LaHave River, Nova Scotia. Using acoustic telemetry, we
tracked the movements of 100 smolts (50 hatchery origin, 50 wild origin) during their freshwater
downstream migration and into the ocean. Hatchery smolts exhibited significantly lower survival
during river outmigration, with predation being a large driver of this greater mortality. Migration
speeds were significantly slower for hatchery smolts compared to wild smolts in upper river and
lake habitats, although timing of river exit and early ocean migration routes were comparable. Both
hatchery and wild smolts followed the expected marine migration path headed east along the
southern coast of Nova Scotia. Taken together, these results suggest that hatchery smolts face
heightened predation risk and potentially reduced swimming performance compared to wild
smolts, likely due to inadequate antipredator conditioning and captive rearing conditions, but retain
similar river exit timing and marine migration decisions. Improving future hatchery practices
should include conditioning smolts to recognize local predator cues, releasing them downstream
of high predation areas, and providing structurally enriched rearing environments to enhance post-
release survival and increase the number of smolts that successfully reach the ocean. Incorporating
these strategies could help address the specific post-release challenges identified in this study,
potentially increasing return rates of stocked salmon and contributing to the recovery of Atlantic

salmon populations in Nova Scotia and beyond.



2.2 INTRODUCTION

Steep declines in Atlantic salmon (Salmo salar) populations have been documented across much
of their native range over the past several decades (Fraser, 2016; ICES, 2020; Pardo et al., 2021).
Although climate-driven changes in the marine ecosystem are a major factor in declining adult
salmon returns (Dadswell et al., 2022; Thorstad et al., 2021), freshwater habitats are also a large
driver of these declines (Gillis et al., 2023; Todd et al., 2011). Warmer water temperatures (Gillis
et al., 2023), habitat loss, acidification, migration barriers (Forseth et al., 2017; ICES, 2020;
Thorstad et al., 2021), and the spread of invasive species (Bean, 2020; Kennedy et al., 2018) are
all documented threats for Atlantic salmon during their freshwater life stages. Within Atlantic
Canada, several salmon populations have experienced severe declines, particularly those in the
Nova Scotia Southern Uplands Designatable Unit (NSSU DU) of Nova Scotia (DFO, 2024). In
2010, populations in the NSSU DU were assessed as Endangered by the Committee on the Status
of Endangered Wildlife in Canada (COSEWIC, 2010).

In response to declining populations, hatchery programs have been used as a management
tool to restore freshwater fish populations, including salmon (IUCN, 2024; Leber et al., 2005;
McMillan, 2023). Hatcheries typically capture wild adult salmon as broodstock, spawn the adults
in captivity, then rear their offspring in captivity until releasing the juveniles back into the river
(at some juvenile stage: egg, fry, parr, or smolt) to increase recruitment (Fraser, 2016; Lennox et
al., 2021). Hatcheries have played a large role in salmonid management for over 150 years, serving
economical (commercial fisheries support), recreational (stocking for more angling opportunities),
and conservation purposes (population recovery and supplementation; Bordeleau et al., 2018;
Maynard & Trial, 2014). In theory, hatcheries aim to reduce juvenile mortality and boost
population productivity. In the wild, fewer than 2% of salmon typically survive from egg to smolt
(Chaput et al., 1998; Cunjak & Therrien, 1998). By providing a controlled environment with a
reliable feeding regime and predator protection, hatcheries greatly improve early survival rates

allowing more juveniles to be released than would naturally occur.

Despite hatcheries intended benefits, it is well-documented that captive conditions deprive
fish of natural experiences and environmental cues such as foraging and learned predator-
avoidance which are critical for survival in the wild. As a result, hatchery-reared fish often exhibit

altered behaviour and physiology compared to their wild counterparts, thus resulting in reduced



post-release performance (Araki et al., 2008; Fleming & Gross, 1993; Fleming & Petersson, 2001;
Fraser, 2008; Jonsson, 1997). Extensive research has found that hatchery smolts display less
effective foraging abilities and antipredator behaviour, which can contribute to higher mortality
during outmigration (Jarvi & Uglem, 1993; Sabal et al., 2020; Vilhunen, 2006). Additionally,
hatchery-reared salmon often exhibit higher mortality (Araki et al., 2008; Jonsson et al., 2003),
limited reproductive success (Christie et al., 2014; Fleming et al., 2996), heightened stress
(Cogliati et al., 2019), and impaired navigation and migration abilities (Larsson et al., 2012; Nilsen
et al., 2023; Thorstad et al., 2011) compared to wild salmon. Observed differences between
hatchery and wild salmon likely derives from captive conditions selecting for phenotypes that are
behaviourally and genetically better suited for life in captivity than for life in the wild (Carr et al.,
2004). These outcomes raise concerns about the effectiveness of hatchery programs, especially if
released individuals are not behaviourally and physiologically similar to the wild population and
thus not suited to survive and reproduce in the natural environment (Brown & Day, 2002; Carr et
al., 2004; Salvanes & Braithwaite, 2006). Lennox et al. (2023) conducted a review of 19
supplementation studies and found only two programs reported success in increasing fish numbers
and creating a self-sustaining population. Efforts such as predator conditioning, environmental
enrichment, and life-skills training have been proposed as management solutions, yet the long-
term success of these interventions remains uncertain. As a result, many conservation hatchery
programs continue to face criticism for their limited success in reversing population declines
(Araki et al., 2008; Fraser, 2008). It is clear that there are many serious questions about the efficacy
of hatchery stocking programs, particularly when used as a long-term recovery strategy

(Almoddvar et al., 2020; Christie et al., 2012; Young et al., 2017).

The Atlantic salmon population within the LaHave River, NSSU DU has been monitored
continuously since 1970, providing valuable long-term data that reveal drastic decreases in
abundance (DFO, 2010; Hubley & Gibson, 2011). Despite decades of monitoring and extensive
hatchery stocking, the population continues to decline. Over the last three generations, adult
returns have decreased by 83%, while juvenile densities of all life stages have dropped by 73—-87%
(DFO, 2024). Since the 1970s, millions of hatchery-reared juveniles have been introduced into the
system in an effort to bolster recruitment (DFO, 2024). However, despite sustained stocking
efforts, smolt-to-adult return rates have remained below 1% since 2013, and no hatchery-origin

adults returned following the last major stocking event in 2005 (Bowlby et al., 2013).



Compounding the challenges faced by smolts in this system, invasive aquatic predators such as
smallmouth bass (Micropterus dolomieu) and chain pickerel (Esox niger) have been identified as
predators of salmon smolts within the LaHave River (Feener, 2017). Given that predation is a
major potential source of freshwater mortality during outmigration, these invasive species may
represent an important selective pressure on smolt survival (Mensinger et al., 2025).
Understanding whether invasive species disproportionately affect hatchery versus wild smolts is
therefore essential to evaluating the effectiveness of ongoing supplementation efforts in this
system. Yet, there is limited understanding of how hatchery-reared fish perform after release,

particularly in terms of river survival and predation risk during outmigration.

This study examines how survival, predation, river movement, river exit, and ocean
migration differ between wild and hatchery-reared Atlantic salmon smolts during their seaward
outmigration in the LaHave River, Nova Scotia. We hypothesized that hatchery-reared smolts
would experience lower survival rates, higher predation risk, exhibit inefficient outmigration,
including slower swimming speeds and delayed river exit, and deviate from the typical oceanic
migration pathways compared to their wild counterparts. Differences between hatchery and wild
smolts may arise from carryover effects of captivity, such as elevated stress or the lack of exposure
to natural riverine conditions and environmental cues during early development. Using acoustic
transmitters equipped with temperature and predation sensors, we tracked the downstream
migration of wild and hatchery-reared smolts through the LaHave River, estuary, and into the
Atlantic Ocean. Our findings offer key insights into the challenges faced by hatchery-reared smolts
upon release into the wild, and will inform future supplementation programs that intend to restore

salmon populations.

2.3 METHODS

2.3.1 STUDY SITE

Atlantic salmon smolts were tagged on the LaHave River, which is located on the southern shore
of Nova Scotia within the NSSU DU (Figure 1). The headwaters originate in Annapolis County
and flow 97 km before draining into the Atlantic Ocean, with a total drainage area of 1670 km?
(Gray et al., 1989). The LaHave River Atlantic salmon population has been monitored since 1970,

via electrofishing, mark-recapture studies, and fish ladder observations (Bowlby et al., 2013). The



majority of monitoring has taken place upstream of Morgan Falls, a hydroelectric power station
located 45 km from the river mouth and equipped with a fish ladder. Fifty-one percent of the river’s
accessible habitat lies above Morgan Falls (DFO, 2024). Wentzells Lake, located 36 km upstream
from the river mouth and 10 km downstream of Morgan Falls, is the only lake in the LaHave River
system that smolts would have encountered during their migration (Figure 1). The lake is

approximately 2 km long and 1 km wide, with shoreline housing and recreational boating activity.

In 2021, the LaHave River reported 176 individual adult salmon returns, comprising 157
who spent one year at sea (1SW) and 19 who spent at least two years at sea (MSW). Adult salmon
returns counted at Morgan Falls and sampled juvenile densities have declined drastically in the
last three generations (Bowlby et al., 2013). Population modeling has revealed a high probability
of the LaHave River population becoming extirpated in the next 50 years if there are no changes

in current survival rates (DFO, 2024).

Although stocking on LaHave River may have begun in the 1800’s, the hatchery releases
have been monitored since the 1970s. The releases of captive-reared juveniles have occurred above
and below Morgan Falls from 1970s to 2005, with a break in the stocking until 2016. One of the
most recent releases occurred in 2020, when over 270,000 fry, several hundred smolts, and 93
adults of native broodstock origin were released into LaHave River (DFO, 2024). Over these
decades over 3.2 million hatchery juveniles largely from LaHave River broodstock (some other
local NSSU DU river broodstock were used) were released in spring, however return rates for ISW
and MSW salmon peaked in the 1980’s at 1.7% and has been falling since with only 0.5% returning
in the 2000s (Bowlby et al., 2013), suggesting little success of population recovery.

2.3.2 RECEIVER DEPLOYMENT

Salmon were tracked using acoustic receivers deployed strategically throughout the LaHave
River system (Figure 1). A total of 18 Innovasea VR2W-69kHz receivers (Innovasea, Bedford,
Nova Scotia, Canada) were deployed throughout the freshwater, estuary, and bay of the LaHave
River in April 2021 to track the outmigration of tagged smolts (Figure 1). The receivers were

removed and data downloaded by July 2021.

Detection data from marine receiver arrays were sourced via the Ocean Tracking

Network (OTN), which compiles acoustic telemetry data from coordinated deployments across



the Northwest Atlantic. Each array represents a spatially defined cluster of passive acoustic
receivers positioned throughout the ocean to detect tagged animals as they travel through these

monitored regions.
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Figure 1. Map of the LaHave River acoustic receiver deployment locations for April - June 2021,
other than the three outer bay receivers that remained until the end of July. The inset map with the
red box indicates the location of the LaHave River in Nova Scotia, Canada. Important river
locations such as Morgan Falls, Wentzell’s Lake, the head of tide, inner bay exit receiver, and the
outer bay array are labelled. Red points indicate receiver locations and the green point indicates
the release site at Morgan Falls.



2.3.3 EXPERIMENTAL DESIGN

Study species

Salmon of both wild origin from LaHave River, and hatchery raised were used in this study.
Salmon of hatchery origin were offspring from adult LaHave River broodstock salmon spawned
in the fall of 2018 and reared at the Coldbrook Biodiversity Facility, Nova Scotia. Once the
hatchery juveniles reached the smolt stage in the spring of 2021, they were transported to Morgan
Falls in aerated tanks and placed in a circular holding tank supplied with water from the LaHave
River. Smolts were fed every three days before tagging. Wild-origin smolts were captured at
Morgan Falls power station fish trap, which was checked three times a week. Captured wild smolts
were held in individual flow-through crates with water coming from the LaHave River and were
separated by day of capture. The term “wild-origin” smolts is used to acknowledge that, although
the fish were captured in the wild, the river has been subject to prolonged stocking, and the

population may therefore not represent a wholly unstocked lineage.
Tagging procedure

A total of 100 smolts, 50 wild, and 50 hatchery, were tagged at a 1:1 ratio each day of tagging at
the Morgan Falls power station (Table 1). Tagging occurred the spring of 2021 with Innovasea 69
KHz V7DT acoustic predation tags (7mm X 22mm, 1.7g in air, R64k protocol, 27 days of battery;
Table 1). The V7DT tags provide a direct measurement of predation wherein the predator's
stomach acids digest the tag’s polymer, triggering a timer used to determine when the predation
event occurred. Tags were also equipped with a temperature sensor with a range from 0-40°C to
provide further information on what type of predator digested the smolts. As endotherms, birds
(with body temperatures around 40°C) and mammals (ranging from 36°C to 39.5°C) maintain
significantly higher and more distinguishable body temperatures, compared to aquatic ectothermic

predators, whose body temperatures closely match the surrounding water.

Surgical tools and tags were disinfected in Betadine and rinsed in saline solution before
each surgery. Smolts were anaesthetized in an aerated bucket with Tricane Methanesulfonate
(TMS) until loss of equilibrium. Weight and fork length were taken before the fish was placed
ventral side up on a moist sponge where gills were constantly irrigated with a maintenance dose
of TMS. A small incision was then made on the mid-ventral line and the sterile acoustic transmitter

placed intraperitoneally. The incision was closed with 2 interrupted sutures. The smolts were



immediately placed in a recovery holding tank until they regained equilibrium and swimming
capacity. Once recovered, they were transferred to a flow-through crate, where all tagged smolts
were held for a minimum of five hours before being released in the LaHave River later that same

day.

2.3.4 DATA ANALYSIS AND MODELING

Data were processed using Rstudio 4.4.2 (R Core Team, 2024) and summary packages specific for
acoustic telemetry including actel (Flavio & Baktoft, 2021) and glatos (Holbrook et al., 2024).
Raw acoustic detection data were processed using the actel package function migration (Flavio &
Baktoft, 2021). False detections were filtered by removing detections where apparent smolt
movement speeds between receivers exceeded 3 m/s, which is a conservative threshold reflecting
biologically plausible swim speeds (Remen et al., 2016), given the low flow rate of LaHave River

(~1.01 m/s; COSEWIC, 2010).
Survival & Predation

To determine whether hatchery rearing affected survival, we used a Cormack-Jolly-Seber (CJS)
model (Cormack, 1964; Jolly, 1965; Seber, 1965) using the RMark package (Laake, 2013). The
CJS model is commonly used in mark-recapture studies to estimate the two key parameters of
apparent survival (¢), the probability that a fish is alive and remains in the study area between
detections, and detection probability (p), the probability a fish is detected if it is alive. The model
uses a maximum likelihood method, meaning it determines the survival and detection values that
best explain the observed data. Each fish’s detection history was represented as a binary matrix,
indicating presence (1) or absence (0) at each receiver location over time. Given the downstream,
unidirectional migration of smolts, each survival interval corresponded to the section between two
adjacent receiver arrays. We built candidate models using detection history as the response
variable and included predictor variables expected to influence survival and detection, including
fish origin (hatchery or wild), receiver location (array), release date, and fish weight. These models
assume a binomial distribution for the detection histories. Model performance was evaluated using
Akaike’s Information Criterion corrected for small sample sizes (AICc), with the best-supported

models having the lowest AICc values and highest model weights.



The CJS model addresses overall survival differences, but we expected that predation may
be a large factor driving differences in survival between smolts of hatchery and wild origin. To
assess the influence of origin on the risk of predation, we used a Cox proportional hazards model
with time to predation event (in days since release) as the response variable via the coxph ()
function from the survival package (Therneau, 2024). Hazard (risk) of predation was modelled
over time while including the explanatory variables origin (hatchery vs wild), weight, and release

day as predictor variables.
River Movement & Exit

For all movement analyses, we used the final detection at a site to indicate when a fish departed
(e.g., began migrating) and the first detection to indicate arrival, corresponding to downstream
movements. A smolt’s river movement during outmigration is assumed to be largely unidirectional
towards the ocean, with some potential reverse movement at the head of tide for saltwater
acclimation (Kocik et al., 2009; Halfyard et al., 2012). Based on this assumption, we calculated
individual migration speed through four river sections (i.e., upper river, lake, lower river, bay)
using the time elapsed between first detections at successive river sections. To standardize for
smolt size, migration speed was expressed in body lengths per second (bl/s). For each fish,
detections were arranged chronologically, and migration speed (m/s) was calculated by dividing
the distance between detections (meters) by the time elapsed between detections (seconds).
Migration speed in m/s was then divided by the individual’s body length (in meters) to yield body
lengths per second (bl/s). To compare outmigration of hatchery and wild smolts, a generalized
linear mixed-effects model (GLMM) with a gamma distribution and log link was used, with
migration speed (bl/s) as the response variable. Fixed effects included river section, origin, weight,
release day, and the interaction between river section and origin. Fish ID was included as a random
effect to account for repeated measures of migration speed across river sections for individual

smolts.

River exit timing was assessed by extracting detection histories using detection_events
summarizing functions from the glatos package (Holbrook et al., 2024). River entry was
considered the date on which they were released into the river. River exit was defined as the date
of final detection at the inner bay receiver, which reflects the last confirmed presence in the

estuarine section of the river system. Exit dates were converted to Julian day. The duration of river



residence for each individual was calculated as the difference in days between their river

entry/release and exit date.

Marine detection data from ocean arrays were obtained through OTN. To assess early
marine migration, only detections occurring after river exit were retained, and 100% minimum
convex polygons (MCPs) were generated around all ocean detections for hatchery and wild smolts.

These MCPs illustrate the overall spatial extent of marine habitat use by each origin group.

2.4 RESULTS

A total of 100 Atlantic salmon smolts (50 hatchery, 50 wild) were tagged and released over a
period of six days between April 29 and May 9, 2021, in the LaHave River (Table 1). On each
day, equal numbers of wild and hatchery were released. Of those released, 98 individuals were
subsequently detected. Two smolts (1 hatchery, 1 wild) were never detected and thus excluded
from analyses. Amongst the 98 smolts, the glatos package aggregated 218,736 raw detections into
8,364 movements events, from April 29 to June 13, 2021. Events were defined as either a change
in receiver location or a gap of more than one day between detections on the same receiver.

Table 1. Number of smolts tagged and released on the LaHave River by release day, origin,
means, and standard deviation for fork length and weight (range in parentheses).

Release Day  Origin  n

Length (cm)

Weight (g)

Mean SD Range

Mean SD Range

Hatchery 6 21.5+1.9(19-24.5) 95.3 £23.6 (63.8-128)
April 29 2021

Wild 6 199+ 1.0 (18.6-21.2) 75.0 £ 13.0 (58.7-93)
Hatchery 8 21.8+1.5(18.9-23.9) 101 +£17.3 (72.8-133)

May 12021
Wild 8 22.0+2.2(22.0-26.5) 104 +£35.2 (73.7-174)
Hatchery 11 21.1+2.3(17.4-24) 90.4 +26.1 (55.4-123)

May 3 2021
Wild 11 20.1+1.5(17.9-22.8) 77.8 £ 18.1 (51.3-108)




Release Day Origin n Length (cm) Weight (g)

Mean SD Range Mean SD Range
Hatchery 11  21.7+£2.2(17.6-24.8) 95.3 +£30.9 (47-150)
May 5 2021
Wild 11 20.7+2.6(15.6-24.4) 87.8 £27.0 (42.5-129)
Hatchery 8 21.0+£1.2(19.3-22.4) 89.9 £ 14.9 (65.4-108)
May 7 2021
Wild 8 19.4+1.4(17.4-21.3) 74.1 £20.1 (49.1-111)
Hatchery 6 21.7+1.0(20.7-23.2) 92.9+12.0 (80.3-112)
May 9 2021
Wild 6 21.6 £ 0.9 (20-22.7) 99.1 +£10.2 (92-120)
Hatchery 50  21.4+1.8(17.4-24.8) 03.8 +£22.8 (47.0-149.7)
Total
Wild 50  20.6+2.0(15.6-26.5) 85.8 +25.1 (42.5-174.2)

2.4.1 SURVIVAL AND PREDATION

Among 98 smolts detected, 29% (n=28) died within the monitoring period. There were large
disparities in mortality between the hatchery and wild smolts, with 40% (20 of 50) of hatchery
smolts dying after release compared to 16% (8 of 50) of wild smolts. Hatchery smolts had a 61.2%
estimated cumulative survival and wild smolts had a 85.7% estimated cumulative survival during
outmigration. The largest differences in survival estimates between hatchery and wild smolts was
in the upper reaches of the river to the end of the lake. An estimated 32.4% of hatchery smolts died
before reaching the lower reaches of the river during outmigration compared to an estimated
mortality 5.9% of wild smolts (Figure 2). The rest of the river had comparable survival estimates
between wild and hatchery fish, demonstrating that upper LaHave river including Wentzells Lake

was an area that drives survival differences between hatchery and wild smolts (Figure 2).

Among hatchery smolts, 20 died in-river, with 17 (85%) of these mortalities identified as

a predation event based on triggered digestion sensors. In contrast, eight wild smolts died, with



four (50%) of these deaths determined as predation. All predation events occurred within the first
22 km downstream of the release site at Morgan Falls, with 11 events (52%) taking place in
Wentzells Lake and an additional four occurring just upstream of the lake's entrance (Figure 3).
The Cox proportional hazards model revealed that origin was a significant predictor of predation
risk, with wild smolts found to be 81% less likely to be predated than hatchery smolts (p=0.003).

Neither weight nor release date were significant predictors.

Seven smolts (three hatchery, four wild) were last detected within the river without a
triggered digestion sensor. Given their last known locations and the absence of further detections,
these cases could also have been attributable to predation, specifically avian predation. The
receivers in the array (excluding the bay receivers) had high detection efficiencies, ranging from
83.8% to 100%, which minimizes the likelithood that these were false absences due to missed

detections.
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Figure 2. Estimated cumulative survival by river section for hatchery and wild Atlantic salmon
smolts in the LaHave River, NS based on a Cormack Jolly Seber survival model. Error bars
represent cumulative survival standard error.
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Figure 3. Map of predation events of hatchery and wild Atlantic salmon smolts on the LaHave
River with size of point representing the number of salmon predated at the location and the colour
representing the origin of Atlantic salmon smolts (hatchery or wild).

2.4.2 RIVER MOVEMENT AND EXIT

Migration speed varied significantly across river sections (GLMM, AIC=475.6). Both hatchery
and wild smolts moved substantially faster in the lake (estimate=2.12 + 0.19 SE, p < 0.001) an