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ABSTRACT 

Atlantic salmon (Salmo 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 & Benoît, 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 
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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 

et al., 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 
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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 

et al., 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 



 

4 

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 (Almodóvar 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. 
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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, 
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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 
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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 
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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. 
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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. 
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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 
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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 (Järvi & 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 

(Almodóvar 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). 
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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 km2 

(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 
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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 1SW 

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 
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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. 

 

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.  
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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 
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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 (Flávio & Baktoft, 2021) and glatos (Holbrook et al., 2024). 

Raw acoustic detection data were processed using the actel package function migration (Flávio & 

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 (ϕ), 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.  
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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 
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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 

 

April 29 2021 

Hatchery 6 21.5 ± 1.9 (19-24.5)  95.3 ± 23.6 (63.8-128) 

Wild 6 19.9 ± 1.0 (18.6-21.2)  75.0 ± 13.0 (58.7-93) 

 

May 1 2021 

Hatchery 8 21.8 ± 1.5 (18.9-23.9)  101 ± 17.3 (72.8-133) 

Wild 8 22.0 ± 2.2 (22.0-26.5)  104 ± 35.2 (73.7-174) 

 

May 3 2021 

Hatchery 11 21.1 ± 2.3 (17.4-24)  90.4 ± 26.1 (55.4-123) 

Wild 11 20.1 ± 1.5 (17.9-22.8)  77.8 ± 18.1 (51.3-108) 
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Release Day Origin n Length (cm)  Weight (g) 

   Mean  SD  Range  Mean  SD  Range 

 

May 5 2021 

Hatchery 11 21.7 ± 2.2 (17.6-24.8)  95.3 ± 30.9 (47-150) 

Wild 11 20.7 ± 2.6 (15.6-24.4)  87.8 ± 27.0 (42.5-129) 

 

May 7 2021 

Hatchery 8 21.0 ± 1.2 (19.3-22.4)  89.9 ± 14.9 (65.4-108) 

Wild 8 19.4 ± 1.4 (17.4-21.3)  74.1 ± 20.1 (49.1-111) 

 

May 9 2021 

Hatchery 6 21.7 ± 1.0 (20.7-23.2)  92.9 ± 12.0 (80.3-112) 

 

 

 

Total 

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)  93.8 ± 22.8 (47.0-149.7) 

 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 
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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 likelihood 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) and 

upper river (estimate=2.07 ± 0.19 SE, p < 0.001) compared to the bay, whereas speeds in the lower 

river did not differ significantly (estimate=0.02 ± 0.20 SE, p=0.92; Figure 4a). Origin alone did 

not significantly affect migration speed (estimate= –0.25 ± 0.22 SE, p=0.25), but interaction terms 

showed that wild smolts moved approximately two times faster in the upper river (estimate=0.81 

± 0.26 SE, p=0.002), the lake (estimate=0.75 ± 0.26 SE, p=0.004), and the lower river 

(estimate=0.86 ± 0.27 SE, p=0.001) compared to hatchery smolts. Release day and body weight 
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had little effect, although smolts released on May 3rd exhibited a moderate increase in speed 

(estimate=0.38 ± 0.14, p=0.009). 

Although wild smolts exhibited faster migration speeds through freshwater sections, this 

did not translate into substantially earlier overall river exit, as our analysis of exit timing showed 

both groups emigrating over a comparable period (Figure 4b). Overall, 72 of 98 smolts (30 

hatchery, 42 wild) successfully exited the river between May 12 to June 1. The majority of smolts 

exited between May 18 and May 26 with seemingly little difference between hatchery and wild 

smolts as determined by both origins largely exiting the river during the same time period (Figure 

4b). 
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Figure 4. a) Boxplots of migration speed (body lengths per second) by river section of Atlantic 

salmon smolts from hatchery and wild origin. Boxes show interquartile range, and medians. The 

black triangles indicate outliers, and points coloured by origin show the raw data. b) Cumulative 

proportion and timing of LaHave River exit for hatchery (n=30) and wild (n=42) Atlantic salmon 

smolt. Each step in the line represents an individual smolt exiting the river, resulting in an increase 

in the cumulative proportion of fish that have left. 

 

2.4.3 OCEAN DETECTIONS 

A total of 26 hatchery and 36 wild smolts were detected on five marine acoustic receiver arrays 

between May 13 to June 11 2021. Smolts from both origins were detected at similar offshore sites, 

including the LaHave Islands, Halifax Line, and off the coast of Sable Island (Figure 5).  

Hatchery and wild smolts exhibited similar offshore spatial ranges, as shown by 100% 

minimum convex polygons (Figure 5). Smolts were first detected within the LaHave islands on 

May 13 and were consistently detected there until June 1. Both hatchery (n=11) and wild (n=23) 

smolts were detected next on the Halifax line from May 21 to June 4 including the two that were 

detected on the southern reaches of the Halifax receiver line. Finally, hatchery (n=2) and wild 

smolts (n=4) were both detected approximately 50 km offshore of Sable Island. 

Two smolts (hatchery n=1, wild n=1) were detected with triggered predation sensors on 

the Halifax Line and one near (hatchery-origin) Sable Island. The temperature sensors for the two 

predated salmon on the Halifax line detected post-predation events and recorded temperatures of 

18.3℃ and 23.9℃, while the Sable Island predation event did not record any temperature data.  
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Figure 5. Map showing ocean detections of Atlantic salmon smolts tagged in the LaHave River, 

Nova Scotia, from hatchery (n=26) and wild (n=36) origins. Individual detections are represented 

by points, and 100% minimum convex polygons illustrate the spatial range of detections by origin 

group. Data span from May 13 to June 11, 2021. The inset highlights a closer view of smolt 

detections near the LaHave Islands and along the Halifax Line. 
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2.5 DISCUSSION 

This study investigated the post-release behaviour of hatchery-reared and wild Atlantic salmon 

smolts in the LaHave River, Nova Scotia, by comparing survival, predation risk, river migration 

speed, river exit timing, and early ocean migration patterns. Acoustic telemetry revealed important 

differences between the two origin groups. In comparison to wild smolts, hatchery-reared 

individuals exhibited significantly greater mortality and predation rates during outmigration, and 

slower migration speeds across most river sections. These results point to a clear life-history 

consequence of hatchery rearing, which has relevance for management  concerning the efficacy of 

current supplementation practices. Despite this, the timing of river exit (i.e. marine entry) was 

similar between the surviving hatchery and wild smolts, and both were subsequently detected in 

the same regions during the early stages of the marine migration. 

Hatchery-reared smolts experienced significantly lower survival during outmigration 

compared to wild smolts. In total, 32.4% of hatchery smolts died before even reaching the lower 

river below Wentzell’s lake. Most mortality occurred in the upper river and Wentzell’s Lake, 

sections of the river smolts first encountered after release. Aquatic predation was the main cause 

of death according to temperature sensors, accounting for 75% of observed mortality events. We 

argue that most of the remaining, unaccounted deaths were also likely due to predation, specifically 

avian predators (Evans et al., 2016; Säterberg et al., 2023; Osterback et al., 2013). In these cases, 

the tag may have been removed from the detection range resulting in the salmon not being detected 

anymore. Given our high array efficiencies (83%-100%), it is unlikely that either a surviving smolt 

or a predator carrying a tag would have gone undetected. High hatchery smolt mortality due to 

predation aligns with previous salmonid research showing that hatchery smolts experience high 

mortality due to predation (Hyvärinen & Rodewald, 2013; Jepsen et al., 2000; Kekäläinen & 

Huuskonen, 2008; Melnychuk et al., 2014). In the LaHave River system, this mortality is likely to 

be driven by invasive species. There are established populations of invasive Chain pickerel and 

Smallmouth bass in the LaHave River watershed which are species recognized as major predators 

of juvenile Atlantic salmon (Feener, 2017; DFO, 2024; Mensinger et al., 2025). A study conducted 

in Wentzell’s Lake found salmon smolts to be the most common prey item in the stomach contents 

of Chain pickerel (Feener, 2017). Smallmouth bass were also found to have ingested some salmon 

smolts (Feener, 2017). Furthermore, 85% of invasive predators that had consumed smolts were 

caught at the top of Wentzell’s Lake, the same area where most predation occurred in our study. 
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This strongly suggests that the invasive species were the primary predators and reason of death for 

smolts in our study and likely extends to the LaHave River system.  

High post-release mortality of hatchery-reared smolts in the LaHave River system appears 

to be largely driven by predation, a pattern consistent with broader salmonid research. Captively 

raised smolts are known to exhibit poorer antipredator behaviours, which contribute to high post-

release mortality due to predation (Olla et al., 1998). These antipredator behavioural deficiencies 

may include greater surface-feeding behaviour (Vincent, 1960), a reduced ability to escape 

predators (Woodward & Strange, 1987), increased movement and quicker return to foraging after 

exposure to predator alarm cues (Einum & Fleming, 2001; Jackson & Brown, 2011), or a lack of 

avoidance in the presence of predators (Johnsson et al., 1996). In natural environments, wild smolts 

are exposed to predators across their multiple juvenile years, where individuals that behave riskily 

are more likely to be selected against by predation, and survivors may learn predator avoidance 

through experience. Natural exposure contributes to density-dependent mortality, a process where 

survival rates decline as population density increases, due to intensified competition and predation 

(Gee et al., 1978; Grant & Kramer, 1990). Under these conditions, only the most fit individuals 

(i.e., those better able to detect, evade, or avoid predators) are likely to survive, shaping behaviour 

and improving the predator awareness of the surviving smolts (Falkegård et al., 2023; Laundré et 

al., 2014). In contrast, hatchery-reared smolts are raised in stable environments with low structural 

complexity, a lack of predators, and routine feedings which likely results in hatchery smolts ill-

prepared for the wild environment, including evading predation, since they do not experience 

intense natural selective pressures like their wild counterparts (Larsson et al., 2012). As a result, 

traits important for survival in the wild such as predator recognition or cautious foraging behaviour 

are not developed in the hatchery setting due to the absence of natural selective pressures. Upon 

release, their inexperience and lack of conditioning, compounded by the likely stress of captivity 

handling and the introduction into a novel habitat, may reduce their ability to detect or 

appropriately respond to predators, increasing vulnerability and reducing survival. 

Large disparities in freshwater predation between hatchery and wild smolts highlights the 

need for improved management strategies to enhance in-river smolt survival. Some studies have 

demonstrated methods for improving post-release outcomes, which could be implemented to 

decrease predation events. Vilhunen (2006) trained hatchery-reared Arctic charr (Salvelinus 

alpinus) to recognize the odour of a predator by repeated exposure. Fish that were conditioned 
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survived longer than predator-naive fish when later exposed to real predators. Similarly, salmon 

hatcheries could use predator odours, chemical cues, and visual stimuli, such as those from Chain 

pickerel and Smallmouth bass in the LaHave River, to help smolts develop anti-predator responses 

before release. Additionally, in many river systems, smolts must pass through lakes during their 

migration. While some studies have shown that smolts can traverse lakes quickly (up to 15.6 

km/day; Bourgeois & O’Connell, 1988), others report significant delays and increased predation 

in lakes because they lack navigational cues due to slower water flow, offer fewer refuges, and 

contain higher predator densities (Hansen et al., 1984; Kennedy et al., 2018; Schwinn et al., 2019). 

Hanssen et al. (2022) found that 60% of tagged Atlantic salmon smolts died in lake habitats, with 

half of these deaths due to predation. Thus, to mitigate increased predation risk, hatchery programs 

should incorporate predator cue exposure to promote the development of anti-predator behaviours, 

and release smolts downstream of known predation hotspots, such as below lakes. Implementing 

such practices may significantly improve early in-river survival and increase the number of 

hatchery-reared salmon that successfully reach the sea. 

We found  significant variation in migration speeds within individual river sections, with 

wild smolts migrating faster than hatchery smolts in the upper river, lake, and lower river. The 

observed migration rate differences in most river sections suggest that behavioural responses to 

different habitats may vary between wild and hatchery smolts, even if their overall migration rates 

are comparable, which is reflected in the similar river exit timing observed between origins. 

Pedersen et al. (2008) found that wild salmon smolts performed significantly better than hatchery 

smolts in a swim flume, swimming 30% faster. Similarly, Gale et al. (2004) reported that hatchery-

reared juvenile steelhead (Oncorhynchus mykiss) migrated more slowly than their wild 

counterparts. This indicates that reduced swimming ability, likely due to the lack of exercise and 

experience with different water flow regimes while reared in captivity, could be a driver in the 

slower migration speeds we observed in this study’s hatchery-reared smolts. Disorientation and 

limited navigational skills after release into a novel wild environment may also contribute to the 

slower migration observed in hatchery smolts, especially in lake habitat (Olla et al., 1998). 

Additionally, the slower migration speeds observed in hatchery smolts may explain the high 

predation rates they experienced in Wentzell’s Lake. Reduced swimming ability, combined with 

prolonged residence in a known predator hotspot, likely increases vulnerability to predation 

particularly when paired with likely poorer anti-predator responses. Despite these challenges, 
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previous studies have observed hatchery smolts match or even exceed wild smolts in outmigration 

speeds (Hansen et al., 1984; Urke et al., 2013). Hyvärinen & Rodewald (2013) demonstrated that 

hatchery smolts raised in enriched rearing environments (overhead cover, gravel substrate, and 

variable water flow) exhibited faster initial migration speeds than those raised in standard bare 

tanks. Future management practices could benefit from adopting such enriched rearing strategies. 

Adding structural complexity and variable flow regimes could provide physical exercise 

opportunities, improving smolt swimming performance and orientation during outmigration. 

Enhancing swimming ability could also increase survival, as smolts would be better able to avoid 

predators and move through predation hotspots like lakes more quickly. 

 Hatchery and wild smolt marine detections showed strong spatial and temporal overlap. 

Both hatchery and wild smolts followed the expected migration route, first being detected along 

the southern coast of Nova Scotia (including the Halifax Line) before moving offshore near Sable 

Island which is consistent with their anticipated path toward eastern offshore Newfoundland and 

ultimately the Labrador Sea (Bowlby et al., 2013; ESRF, 2023; Reddin & Lear, 1990). The 

comparable early marine migration between hatchery and wild smolts could indicate similar 

navigational decisions and responses to environmental cues in the marine environment, suggesting 

that captive-rearing did not affect marine migration phenotypes. Jonsson & Fleming (1993) 

previously reported that hatchery-reared smolts migrated to the same marine feeding areas as wild 

salmon, which could explain the hatchery and wild smolt detections near Sable Island, a 

biologically rich area within the Eastern Scotian Shelf Canyons known for its high species 

diversity and ecological importance (Bowlby et al., 2014). Interestingly, most smolts detected in 

the marine environment did not have their predation tags triggered, despite the high mortality rates 

typically associated with early marine migration for smolts (Lacroix & Knox, 2005; Thorstad et 

al., 2010, 2012). The lack of marine predation is especially surprising given that Sable Island is 

home to the largest breeding colony of grey seals (den Heyer & Bowen, 2018), a known predator 

of Atlantic salmon smolt (Baker et al., 2015; Lenky, 2011) that frequently forage throughout the 

Scotian Shelf, overlapping with areas where our smolts were detected (Breed et al., 2009; Nowak 

et al., 2020). Despite this overlap, only one of the six smolts detected off Sable Island had its 

predation tag triggered. While temperature sensors were included on transmitters in this study, 

several predation events were not accompanied by usable temperature data, limiting our ability to 

identify predator species involved in those specific cases. Future studies should continue to 
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incorporate temperature sensors with predation tags to distinguish between avian and piscine 

predators based on post-ingestion temperature profiles (English et al., 2024; Lennox et al., 2024). 

Identifying predator type using temperature-equipped predation tags could clarify whether 

hatchery and wild smolts face different predation pressures, as behavioural deficiencies may leave 

hatchery smolts more susceptible to certain predator types, improving understanding of survival 

outcomes in freshwater and early marine phases. 

Modifying the location of hatchery smolt releases may offer a practical strategy to improve 

early marine migration. Research has shown that smolts released closer to the river mouth exhibit 

higher marine survival compared to those released further upstream (Thorstad et al., 2012). This 

supports recommendations to release hatchery smolts lower in the river, which could help them 

avoid freshwater mortality (predation) hotspots, such as Wentzell’s Lake, and potentially enhance 

early marine survival. Although hatchery and wild smolts exhibited overlapping distributions 

during the first month of their marine migration, a limitation of this study is the lack of tracking 

data beyond this period, leaving the subsequent stages of their oceanic movements and survival 

unknown. Future studies should consider using tags with longer battery life or coded tags to track 

smolt movements beyond the Nova Scotia coast (Kennedy et al., 2023). Being able to track 

individuals for longer would help determine whether hatchery smolts successfully reach key areas 

along their marine migration such as Newfoundland’s Grand Bank or the Labrador Sea. Smolts 

could also be double-tagged with passive integrated transponder (PIT) tags or physical tags (e.g., 

Floy tags) to monitor the return rates for hatchery and wild smolts. If returning smolts could be 

recaptured and measured, or if scale samples were collected, researchers could also gain valuable 

insights into growth rates and identify successful marine feeding grounds (Jensen et al., 2012; 

Thomas et al., 2019). 

2.6 CONCLUSION 

This study demonstrates that hatchery-reared Atlantic salmon smolts exhibited significantly 

reduced survival during river outmigration than their wild counterparts, primarily due to elevated 

predation risk. Hatchery smolts also migrated more slowly through the upper river and lake 

sections, although their river exit timing and early ocean migration patterns were comparable to 

wild smolts. These findings highlight the critical need to improve hatchery practices to enhance 
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smolt survival during early outmigration, ensuring more hatchery smolts successfully transition to 

the marine environment. Based on our results, we propose several practical recommendations to 

strengthen current management strategies. First, captive rearing environments should be modified 

to better mimic natural conditions by incorporating structural complexity, substrate, and variable 

water flow, which may improve swimming performance to provide comparable migration speeds 

to wild smolts. Second, conditioning hatchery smolts to recognize predator cues before release 

(visual and chemical cues), particularly those of Chain pickerel and Smallmouth bass in the 

LaHave River, could help reduce post-release predation by promoting antipredator behaviors such 

as increased vigilance, avoidance responses, and improved escape tactics. Third, strategic release 

locations should be implemented. Releasing smolts downstream of high-risk predation habitats 

like lakes may help avoid predation hotspots and improve early survival. Finally, long-term 

tagging and monitoring efforts, such as the use of coded tags for long-term tracking and the 

monitoring of smolt returns, should be expanded to better understand marine migration success 

and determine whether hatchery smolts reach key feeding areas or return to spawn. Despite facing 

greater mortality in freshwater, hatchery smolts that survived to the ocean showed similar spatial 

and temporal migration patterns to wild smolts, highlighting that hatchery programs may support 

long-distance migration if early freshwater survival challenges are addressed. Moving forward, 

hatchery rearing and release strategies that incorporate recommended improvements are essential 

to increasing the return rates of stocked salmon and supporting the long-term recovery of declining 

wild populations. 
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CHAPTER 3: A COMPARISON OF IN-RIVER SURVIVAL, 

MOVEMENT, AND MARINE MIGRATION BETWEEN WILD 

AND SMOLT-TO-ADULT SUPPLEMENTED (SAS) ATLANTIC 

SALMON IN NOVA SCOTIA 

3.1 ABSTRACT 

Atlantic salmon (Salmo salar) populations are declining across much of their range with fewer 

adults returning from their ocean migration to spawn, prompting the use of supplementation 

strategies such as smolt-to-adult supplementation (SAS) to enhance adult returns. However, little 

is known about how captivity during adulthood affects post-release survival and behaviour. This 

study evaluated SAS as a conservation approach for endangered Atlantic salmon populations with 

high marine mortality by comparing the survival, acceleration, riverine movement, river exit, and 

ocean migration of SAS and wild adult salmon in the Cape Breton Highlands, Nova Scotia, 

Canada. Using acoustic telemetry, we tracked post-spawn wild salmon and hatchery-reared SAS 

salmon throughout the winter and into the marine environment in two rivers. SAS salmon exhibited 

significantly lower freshwater survival, greater acceleration levels and more frequent high-energy 

bursts, atypical river movements, premature river exit, and unexpected marine migration routes 

compared to wild salmon. Notably, SAS salmon held in captivity for two years had higher survival 

than those held for one year, but exhibited atypical river movement and little upstream movement 

which raises the concerns of whether any spawning activity occurred. In contrast, SAS salmon 

with shorter captivity duration had higher mortality, but their last movements and detections were 

near presumed spawning grounds, suggesting at least some reproductive activity.  Additionally, 

SAS salmon exited the river significantly earlier than wild salmon. Unlike the wild salmon that 

followed the expected ocean migration route through the Gulf of St. Lawrence and north to 

Labrador, SAS salmon were instead detected in the Atlantic Ocean off the coast of Cape Breton, 

including at St. Ann’s Bank Marine Protected Area and Sable Island. These findings highlight the 

complex effects of adult captivity and underscore the need for more nuanced management 

approaches, including the duration of captivity, feeding strategies, and improved release methods. 
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3.2 INTRODUCTION 

During recent decades, Atlantic salmon (Salmo salar) populations have experienced historically 

low abundances due to many threats including overexploitation, habitat alteration/loss, climate 

change, and changing marine conditions (Lehnert et al., 2019; NASCO, 2019). Marine survival 

has been recognized as a life-history bottleneck for Atlantic salmon with record-low adult returns 

in populations from North America and Europe (Fraser, 2016; Pardo et al., 2021; Vollset et al., 

2022). Adams et al. (2022) argued that the costs of anadromy for Atlantic salmon (i.e., energetic 

demands, time investment, navigational risks, and mortality) have increased in recent decades due 

to mounting anthropogenic pressures. Population estimates across the Atlantic salmon’s global 

range have revealed a consistent decline in the number of adult salmon returning to their natal 

rivers to spawn, thus smolt to adult mortality has increased (ICES, 2022; Thorstad et al., 2021). 

As environmental conditions continue to change rapidly, these compounded costs may further 

threaten future salmon populations. 

To help counter these population losses, the use of supplementation programs, such as 

hatcheries (i.e. artificial breeding and rearing), have been increasingly used as a conservation 

strategy for freshwater species (Fraser, 2016; Snyder et al., 1996; WWF, 2022). The process that 

generally defines traditional stocking involves capturing wild adult salmon, artifically breeding 

them, and releasing their captive-reared offspring back into the river at some juvenile stage (e.g., 

eggs, fry, parr, smolt) (Fraser, 2016). Hatcheries have played a key role in salmonid 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 endangered populations; Bordeleau et al., 2018: Maynard 

& Trial, 2014; McMillian et al., 2023). However, these programs 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 stocking can have on wild populations 

because it is now well-documented that the conditions animals experience during captivity may 

quickly lead to selection of domesticated traits that negatively affects their behaviour, physiology, 

and thus their 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), altered freshwater behaviour (Jonsson et al., 1991; Nilsen et 
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al., 2023), and differing migration routes (Kallio-Nyberg et al., 2011; Thorstad et al., 2012). In 

theory, the goal of hatcheries is to reduce juvenile mortality and increase population productivity, 

but a consequence is releasing salmon that are behaviourally and genetically suited for captive 

conditions and are therefore 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, smolt-to-adult supplementation (SAS), has 

been proposed as a more advantageous approach for salmon populations experiencing low marine 

returns, compared to traditional juvenile supplementation programs (DFO, 2018; Fraser, 2016). 

The SAS approach includes capturing wild smolts during their downstream migration, rearing 

them in captivity until they reach sexual maturity (i.e., one to two years in captivity), and then 

releasing them back into their natal river to spawn naturally (DFO, 2018; Stark et al., 2014). Unlike 

traditional hatchery programs, which release salmon into the wild at a juvenile stage before their 

ocean migration, the SAS method shifts the period of captivity to bypass the high-mortality marine 

phase (Fraser, 2016). Marine survival of smolts is one of the major bottlenecks for Atlantic salmon, 

with typically fewer than 5% returning as adults in recent decades (Dadswell et al., 2022; Nieland 

et al., 2015). By rearing fish in captivity from smolt to adult, SAS substantially increases marine 

survival by eliminating the energetically costly marine migration and any predation. In addition to 

improving marine 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 smolts 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 the ocean; and 3) allow natural mate choice, because SAS adults are released into the wild in 

time for spawning, rather than using breeding programs 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 tshawytscha) and Atlantic 

salmon. The results suggested that habitat selection and spawning behaviour was similar between 

SAS-reared and wild salmon, but there were some differences with spawn timing. Egg and fry 

production were also assessed and indicated successful spawning of the SAS-reared salmon (Stark 

et al., 2014). However, there has been no comprehensive evaluation of the efficacy of SAS 

programs for Atlantic salmon, particularly in terms of whether proposed benefits are fully realized 

once fish are released into the wild. 
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Atlantic salmon populations across Canada have experienced steep declines with five of 

the 16 extant populations assessed as Endangered (COSEWIC, 2010). Parks Canada has monitored 

adult salmon returns to Clyburn Brook in Cape Breton Highlands National Park since 1985, with 

Levy & Gibson (2014) reporting a 95% decline in adult spawners over the first three decades of 

monitoring. Monitoring has continued to the present day and continues to observe a decline in 

returning adults. In response, Parks Canada began a  SAS program which created an opportunity 

to further assess whether released SAS salmon are behaviourally similar to their wild counterparts 

and successful in population recovery efforts. This study aims to address this gap by evaluating 

differences in survival, acceleration levels, freshwater movement, river exit, and marine migration 

of adult Atlantic salmon from wild and SAS origin. Using acoustic telemetry and accelerometer 

transmitters, we tracked both groups from their time in the river through to the marine 

environment. Compared to local wild populations, we hypothesized that SAS salmon would: 1) 

experience greater overwintering mortality; 2) show increased acceleration values; 3) exhibit 

similar exploratory upstream river movements toward presumed spawning habitat; 4) exit the river 

within the same time window; and 5) follow the same expected northerly marine migration route. 

Predictions were based on previous literature of known physiological and behavioral differences 

between hatchery-reared and wild salmon and the results of the few studies on post-release SAS 

salmon (Carr et al., 2004; Dempson et al., 1999; Stark et al., 2014). Additionally, within the SAS 

salmon group, some individuals spent one-year in captivity (SAS1) vs. two-years in captivity 

(SAS2). Based on literature showing that an individual’s fitness, survival, and reproductive success 

decline the longer they spend in captivity (Jonsson et al., 2003; Milot et al., 2013; O’Sullivan et 

al., 2020; Theriault et al., 2011), we hypothesize that SAS1 salmon will outperform SAS2 salmon 

in a wild setting (i.e., exhibit higher survival rates, lower acceleration values, typical river 

movements, and migration decisions more similar to wild salmon). These findings will offer key 

insights into how captivity from smolt-to-adult influences post-release survival, behaviour, and 

migration in SAS fish, and will help assess the overall viability of SAS as a long-term conservation 

strategy for Atlantic salmon. 
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3.3 METHODS 

3.3.1 STUDY SITE 

Atlantic salmon were tagged from two rivers in the Cape Breton Highlands, Nova Scotia: Clyburn 

Brook and Chéticamp River (Figure 6). Covering 950 km2, the Cape Breton Highlands extend to 

500 meters above sea level and is a part of the Appalachian Mountain range. This montane 

environment produces rivers with steep gradients and fast currents (O’Reilly et al., 2013).  

Although the Cape Breton Highlands have been a national park since 1936, the Atlantic salmon 

populations are not well-documented with significant gaps in our understanding of their 

movement, habitat use, and survival. 

Clyburn Brook - SAS salmon 

Clyburn Brook is located on the eastern shore of Cape Breton Island in the Eastern Cape Breton 

Designatable Unit (ECB DU; Figure 6). The headwaters begin in the Highlands and run 19.4 km 

before draining straight into the Atlantic Ocean with the majority of the river within the Cape 

Breton Highlands National Park boundary. The Clyburn Brook salmon population is a mix of 

multi-sea-winter salmon (MSW, spends more than one year in marine environment before 

returning to natal river) and one sea-winter salmon (1SW, spent one year in marine environment 

before returning to natal river) and is considered a late running salmon river with some salmon not 

entering until November of their spawning year (Grey, 1984). 

Wild Salmon Reference Population 

Due to the critically low number of wild adult Atlantic salmon returning to Clyburn Brook, it was 

not feasible to include wild Clyburn Brook salmon as a wild comparison in this study because 

acoustic tagging would have posed an unacceptable risk to the population (estimated in swim 

through surveys to be ~31 spawners in 2023 (Parks Canada, pers. comm). As a result, while all 

SAS fish in this study originated from Clyburn Brook, wild fish used for reference to SAS adults 

were sourced from the nearby Chéticamp River (described below) because this system still 

supports a wild population large enough to allow limited tagging without negatively impacting 

conservation efforts.  
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Chéticamp River - Wild salmon 

Chéticamp River is located on the western shore of Cape Breton Island in the Gaspé-Southern Gulf 

of St. Lawrence Designatable Unit (GSGSL DU; Figure 6). The river is 35 km in length before 

draining into the Gulf of St. Lawrence and is entirely within the boundary of the Cape Breton 

Highlands National Park, other than the headwater source in the Highlands, Chéticamp Lake. The 

lake was removed from the Park boundary in the 1970’s to build the Wreck Cove Hydroelectric 

Project, which some of the lake’s outflow is diverted towards. 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 rivers’ Atlantic salmon population. 

The Chéticamp River has a low percentage of 1SW adult salmon with an early run peaking 

in June and July (Grey, 1984) and is the only river in the Cape Breton Highlands National Park 

where recreational catch and release angling occurs of Atlantic salmon. In 2004, Fisheries and 

Oceans Canada (DFO) assessment determined that the total number of adult Atlantic salmon (large 

and small) returning to the Chéticamp River was 409 (95% confidence interval: 277 to 1270 fish), 

meeting the rivers conservation requirement by 110% (Landry et al., 2005). For these reasons, the 

Chéticamp River was selected as a local wild reference population to SAS Atlantic salmon in the 

Clyburn Brook, as it supports a healthy salmon population. 

3.3.2 RECEIVER DEPLOYMENT 

Salmon were tracked using VR2W-69kHz (12-month battery life; Innovasea, Bedford, Nova 

Scotia, Canada) acoustic receivers deployed in each river system. From October 2023 to April 

2025, a total of 13 receivers were deployed in Clyburn Brook from the estuary mouth to 9 km 

upstream (Figure 7a). From November 2023 to May 2024, a total of seven receivers were deployed 

in the Chéticamp River from the estuary mouth to 9 km upstream. The last estuary receiver 

remained in the river until 2025 to ensure any detections from returning fish were recorded (Figure 

7b). 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. 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 
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considered so that, whenever possible, receivers were positioned on larger, cobblestone substrate 

to prevent 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 units in 

Clyburn Brook.  

Marine detection data from ocean arrays were obtained through the extended receiver 

network supported by the Ocean Tracking Network (OTN), which aggregates acoustic telemetry 

data from collaborative deployments across the Northwest Atlantic (OTN Data Policy, 2024). An 

array refers to a distinct spatial grouping of deployed acoustic receivers that passively 

detectsacoustically tagged animals as they move through the area.  

 

Figure 6. 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 (SAS 

salmon) and Chéticamp River (wild salmon). Black dashed lines represent the two rivers watershed 

boundaries.  
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Figure 7. 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. 

 

3.3.3 EXPERIMENTAL DESIGN 

Smolt-to-Adult Supplementation (SAS) rearing 

Throughout the month of May in 2021 and 2022, wild Atlantic salmon smolts were captured using 

fyke nets from the Clyburn Brook. Smolts were transferred 450 km (~5-hour 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 
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holding tanks with artificial 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 that year. However, if a 

salmon was deemed to be sexually immature, it was retained at  the Aquatron for a second year. 

Therefore a SAS salmon spent either one or two years in captivity (herein SAS1 and SAS2, 

respectively).  

Tagging procedure 

Tagging of SAS salmon occurred in two rounds at the Aquatron facilities, first in September 2023 

and again in August 2024 (Table 2). In 2023, 30 SAS salmon (SAS1 n=15, SAS2 n=15) were 

tagged with 20 69 kHz V13A acoustic accelerometers (15mm X 44mm,  12g in air, R64k protocol, 

60-120s transmit interval, 414 days of battery; Innovasea) and 10 69 KHz MM-MR-11-28 acoustic 

transmitters (12mm x 60mm, 10.5g in air, R64k protocol, 60-120s 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 transmitters. 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 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 (TMS)(0.01gL-1) 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 placed intraperitoneally. 

The transmitters were gas sterilized with ethylene oxide and surgical tools disinfected with 

gluterate before being rinsed in saline. The incision was closed with 4-0 monofilament in 2-3 

interrupted sutures. The fish were immediately taken to a recovery tank where their healing success 

was monitored for one month. Recovered SAS salmon were then transported using the same 

methods and released into Clyburn Brook (one month post-tagging in 2023 (October 19) and three 
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months post-tagging in 2024 (October 16)) at a deep pool located 2 km from the river mouth and 

1 km downstream of known spawning grounds. 

All fish handling, and tagging procedures conformed to the guidelines established by the 

Canadian Committee on Animal Care, approved by the Dalhousie University Animal Care 

Committee (protocol #1039341), and wild salmon angling was conducted under permits issued by 

Parks Canada and DFO (373082, 375879). 

Wild salmon handling and tagging procedure 

Wild kelts were angled and tagged in 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 minutes in a floating lobster crate that 

river water flowed freely through. 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 anesthetic holding tank was located on site.The fish was 

immediately placed back in the lobster crate with free-flowing river water to recover for at least 

10 minutes before being released back into the river. 

3.3.4 DATA ANALYSIS AND MODELING 

Data were processed using Rstudio 4.4.2 (R Core Team, 2024) and acoustic telemetry summary 

packages of actel (Flávio & 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 detections. 

Any detection was removed if the implied travel speed exceeded 3.5 km/h, because average kelt 

migration 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. 

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 salmon’s 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 detection efficiency of the receiver arrays 

(calculated by the Rstudio package actel; Flávio & Baktoft, 2021) and the expectation that healthy 
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individuals continue to move and exhibit detectable activity throughout the river (Klinard & 

Matley, 2020). A lack of movement or absence from downstream 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 consistent detection histories before 

disappearance. 

Survival modeling 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.   

Acceleration 

The accelerometer transmitter output was used to compare the acceleration levels of wild and SAS 

salmon within the river. Raw acceleration values, transmitted as integers ranging from 1 to 255, 

were calibrated to true acceleration values by multiplying them 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 variable, acceleration, was modeled using a Gamma distribution with a log-link 

function, because acceleration values are strictly positive and right-skewed. Because high-

resolution detections from fish remaining near receivers can lead to strong temporal 

autocorrelation, data were downsampled by retaining only the first detection per fish per receiver 

within one-hour windows. Additionally, to ensure direct comparisons between wild and SAS 

salmon, the dataset was filtered to include only periods when acceleration data were collected for 

both groups (December 10 to January 15). 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. An appropriate number of basis functions were 
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applied to smoothing terms to balance model flexibility with biological interpretability, and reduce 

overfitting (Pederson 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 AIC and visual inspection). A cyclic cubic spline (k=5) 

was applied to hour of day to model diel patterns in activity while accounting for 24-hour 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.  

River exit and movement 

The timing of river entry and exit was extracted from individual detection histories using the 

detection_event function from the glatos package (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 seven days or more before re-detection on the same receiver 

(Holbrook et al., 2024). River exit was determined as the final detection in the estuary, near the 

river mouth, before no re-detection in the river or any recorded ocean detections. To examine 

differences in river exit timing between SAS and wild salmon a linear regression with Gaussian 

distribution was fitted using the base R function lm (R Core Team, 2024). The response variable 

was river exit converted into days spent in the river by taking the difference between river 

entry/release and exit date. The explanatory variable was salmon origin of SAS vs. wild salmon. 

Individual fish were included as a random effect. Individuals 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 polygons (MCPs) were applied around all ocean detections for hatchery and 

wild smolts to visualize spatial extent. These MCPs represent the total area encompassed by each 

group's marine detections. 

3.4 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: Clyburn Brook and Chéticamp River. There were a total of 

2,120,164 individual detections that were summarized to 803 distinct detection events across 59 
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salmon; one tagged SAS salmon was never detected once released and was thus excluded from 

analysis. Of the original detections, 1780 (0.084%) occurred in the ocean environment. The 30 

SAS salmon tagged in 2023 included 18 females, eight males, and four of unknown sex. The cohort 

was an even split of SAS1 and SAS2 salmon in captivity. The 13 SAS salmon tagged in 2024 were 

all SAS2 and included six females, five males, and two of unknown sex. The 17 wild Chéticamp 

salmon included 15 females and two males (Table 2).  

 

Table 2. Summary of salmon tagged for Clyburn Brook and Chéticamp River including release 

year, sample size, origin (wild or SAS), SAS stage if applicable (SAS1=salmon spent one year in 

captivity, SAS2=salmon spent two years in captivity), mean fork length (mm) with standard 

deviation (±SD), and sex (female/male/unknown). 

River River 

Release 

Date 

Sample 

Size 

Wild or 

SAS 

Origin 

SAS 

Stage 

Mean 

Length   

(mm土 SD) 

Sex 

(F/M/ 

Unknown) 

 

 

Clyburn Brook 

 

   Oct 2023 

 

30 

 

SAS 

15 SAS1 485 土  28 5 / 6 / 4 

15 SAS2 510 土 37 13 / 2 / 0 

 

Oct 2024 

 

13 

 

SAS 

 

13 SAS2 

 

507 土 45 

 

6 / 5 / 2 

Chéticamp River Dec 2023 17 Wild 
 

- 813 土 52 15 / 2 / 0 

 

3.4.1 SURVIVAL 

Of the 43 SAS salmon tagged in the Clyburn Brook, 53% (23 of 43) were last detected in the river 

and presumed dead. SAS1 salmon had a notably higher mortality rate of 73% (11/15) compared 

to SAS2, which had a 43% (12/28) mortality rate. Spatially, 64% of SAS1 mortalities occurred 

upstream near presumed spawning grounds, while 50% of SAS2 deaths occurred upstream (Figure 

8a). In contrast, all 17 wild salmon from Chéticamp River survived and exited the river. The Cox 

proportional hazards model revealed that SAS1 salmon had significantly greater mortality than 
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SAS2 salmon (hazard ratio = 16.5, p < 0.001; Figure 8b). Males had a slightly higher mortality, 

although the difference was not significant. The unadjusted survival probability for SAS1 

decreased to 27%, while SAS2 only decreased to 57% by the end of the study period. Mortality 

timing was different between groups with SAS2 salmon experiencing greater early losses (30 days 

post-release) compared to SAS1 salmon (mid-October to end of November; SAS1 n=4; SAS2 

n=11) with most SAS1 deaths (n=7) occurring around 65-95 days post-release (December 2023 - 

January 2024). SAS2 salmon survived for a maximum of two months in the river, with the latest 

recorded death in mid-December. 
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Figure 8. a) Map of Clyburn Brook showing last detection locations of SAS salmon assigned 

mortalities. Receiver sections represent the area where salmon had their final in-river detection 

and were subsequently classified as mortalities. SAS1 are shown as pentagons, while SAS2 are 

shown as stars. The numbers within each symbol denote the number of mortalities from that group 

detected in each section. b) Comparison of unadjusted survival probabilities between SAS1 and 

SAS2 after release in Clyburn Brook (p=0.002). SAS1 n=15; SAS2 n=28. 

 

3.4.2 ACCELERATION 

A total of 43 Atlantic salmon were tagged with accelerometers (SAS n=29; wild n=14), yielding 

200,521 detections between October 19, 2023, and November 27, 2024. Acceleration events for 

both SAS and wild salmon overlapped primarily from early December to mid‑January reflecting 

that wild fish were only tagged in early December and 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 

acceleration detections; Figure 9a). The GAM showed a highly significant effect of origin on 

acceleration (β= –0.42, p < 0.001), with SAS salmon consistently displaying higher acceleration 

than Chéticamp wild fish (SAS: 0.618±0.362 SD m/s2; wild: 0.338±0.224 SD m/s2) (Figure 9b). 

Origin-specific smooth terms for date revealed distinct temporal patterns with SAS salmon 

exhibiting a significant increase in predicted acceleration from approximately 0.68 to 0.74 m/s² 

throughout December (F=13.61, p<0.001). In contrast, wild salmon exhibited a gradual decline 

from about 0.57 to 0.39 m/s² during the same time period (F=8.13, p<0.001; Figure 9b). A cyclic 

smoother for hour of day was also significant for both SAS and wild salmon (F=65.37, p<0.001), 

capturing a diel rhythm of increased activity around noon and reduced acceleration at night. The 

random smoother for individual fish was also significant (F=4.15, p<0.001), indicating individual-

level variability. Acceleration was not significantly different between SAS1 and SAS2 salmon 
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Figure 9. Comparison of observed and predicted acceleration (m/s2) of 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. 

 

3.4.3 RIVER MOVEMENT 

We observed more than half of SAS salmon (27 of 43, 62%) exhibit atypical river movement (i.e., 

no upstream movement or typical spawning patterns such as spawning site exploration or holding), 

while other SAS salmon showed typical movements (i.e., upstream movement, spawning site 

exploration, holding near spawning sites; Figure 10a,b). The majority of upstream movement from 

both SAS1 and SAS2 occurred from mid-October to early December. SAS1 salmon exhibited 

greater upstream movement with more individuals detected in the presumed spawning grounds 

following release compared to SAS2 salmon. A total of 87% of SAS1 individuals (13/15) were 

detected upstream from the release site at least once during the tracking period, whereas only 46% 

of SAS2 fish (13/28) were detected upstream. The majority of SAS2 salmon did not move more 

than 2 km upstream from the release site, and instead appeared to move downstream with some 

individuals either exiting quickly or having a last detection downstream. Detections for both age-

groups began to decline in January 2024, 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) that were detected 

between November 4 and November 18, 2023 (15 to 30 days post-release). In contrast, wild salmon 

exhibited typical post-spawn behaviour with very little movement from where they were angled 

and none detected moving upstream. 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% 

moving between the tidal and estuary receivers at least once. 
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Figure 10. a) Map of Clyburn Brook showing detection locations of SAS salmon three months 

post-release coloured by group. The size of detection bubbles indicates the number of salmon 

detected at that location. The release site is denoted by the red point in each panel. Data from 2023 

and 2024 were combined to highlight overall patterns, rather than interannual variation. b) 

Examples of directional river movement of individual SAS salmon in Clyburn Brook. The black 

horizontal line represents release site longitude. i) Represents atypical salmon paths of only 

downstream movement before exit of SAS2 salmon. ii) Represents ideal salmon paths of upstream 

exploration and holding near presumed spawning grounds of SAS1 salmon. 

3.4.4 RIVER EXIT 

Overall, 47% of SAS salmon (20/43) exited the river, compared to 100% of wild salmon. On 

average, SAS salmon exited the river 76±39 days after release, whereas wild salmon exited the 

river 130±47 days after release. 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). SAS salmon released in 2023 showed a broad range in migration 

timing, exiting the river between October 21, 2023 (2 days post-release), and February 11, 2024 

(114 days post-release; Figure 11). The three SAS salmon released in 2024 that successfully exited 

the river left early between October 26, 2024 (10 days post-release) and November 27, 2024 (32 

days post-release). In contrast, the majority of wild salmon in the Chéticamp River exited the river 

three months later and in a more narrow time window compared to SAS salmon who exited earlier 

and more evenly distributed throughout the winter and spring. All 17 wild salmon released into 

the Chéticamp River successfully exited the river with the majority (14/17, 82%) exiting within an 

18-day period between April 27 and May 15, 2024 (139–157 days post-release). However, three 

wild salmon exited earlier, between late January and February 2024 (Figure 11). 
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Figure 11. Cumulative proportion and timing of river exit for all 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. 

3.4.5 OCEAN DETECTIONS 

Ocean detection data only includes the first cohort of SAS salmon (2023 release, SAS1 n=15, 

SAS2 n=15) and the wild Chéticamp River salmon (n=17) because the ocean arrays will not be 

downloaded again until end of summer 2025. 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. More SAS2 (n=9) were detected in the ocean than SAS1 (n=3). SAS 

salmon were first detected earlier (October–November) than wild salmon (starting January). Most 

SAS detections were female (10 of 12), similar to the wild group (12 of 14). 
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SAS salmon showed limited ocean movement and did not follow the expected northerly 

migration route, instead mostly remained along the eastern shores of Cape Breton Island (Figure 

12a). Notable detections included four SAS2 females at St. Anne’s Bank Marine Protected Area 

(SABMPA; January–March), one SAS2 female off the southwestern shore of Newfoundland, and 

another near Halifax, Nova Scotia 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 12b). In contrast, wild salmon largely migrated north towards the 

Strait of Belle Isle (SOBI; Figure 12a). Wild salmon from the Chéticamp River 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 Anticosti Island. Detections at the 

SOBI receiver line were highly synchronized, with 79% (11 of 14 wild salmon detected at sea) 

detected there in a narrow time window, between June 8 and June 23. After passing the SOBI 

receiver line, seven wild salmon reached the coastal waters near southern Labrador, approximately 

170 km from SOBI, between June 12 and June 28 2024. These detections located on the Labrador 

shelf represent the most northerly movements recorded in this study (Figure 12b). 
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Figure 12. 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. 

 

3.5 DISCUSSION 

This study evaluated the efficacy of a smolt-to-adult supplementation (SAS) conservation strategy 

by comparing survival, acceleration levels, freshwater movement, river exit timing, and ocean 

migrations of SAS Atlantic salmon to their wild counterparts in the Cape Breton Highlands, Nova 

Scotia. Acoustic tracking of adult SAS and wild Atlantic salmon revealed several important 

differences. Compared to wild salmon, SAS individuals: 1) experienced significantly reduced 

freshwater survival rates; 2) exhibited greater acceleration levels and more frequent high-speed 

bouts of activity; 3) displayed atypical river movement; 4) exited the river earlier and over a longer 

timeframe; and 5) diverged from expected ocean migration routes compared to wild fish. 

Importantly for the supplementation program, age at release was found to be an important factor 

influencing survival, river movement, and potential spawning ability of the SAS salmon. Together, 

these results suggest that there are behavioural consequences of captive-rearing Atlantic salmon 

from smolt-to-adulthood, with potential implications for both individual success and broader 

population recovery goals of the released fish.  

Wild salmon from Chéticamp River had much higher freshwater survival than Clyburn 

Brook SAS salmon, with all wild individuals surviving the winter season, while 53% of the SAS 

salmon died post-release. The reduced freshwater survival of the SAS salmon aligns with prior 

studies showing that hatchery-reared salmon tend to have lower survival in natural environments 

due to captivity-induced effects (Carr et al., 2004, Christie et al., 2012; Jonsson et al., 1991; 

Jonsson et al., 2003). Carr et al. (2004) found a similar survival rate of 50% in adult Atlantic 

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 our study, their findings similarly suggested that adult Atlantic salmon 

with any history of captivity may have a reduced freshwater survival rate.  
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The increased mortality of SAS salmon compared to wild salmon likely reflects influences 

associated with their time in captivity. Although SAS salmon are initially wild-reared as juveniles 

and experience natural conditions, their extended period of one or two years in captivity during 

adulthood placed them in an artificial environment where they were sheltered from predators, 

provided with constant food, and held in simplified environments that removed natural selection 

pressures that would otherwise filter out individuals poorly suited to survival in the wild (Fleming, 

1994). Captivity of fish can impair swimming ability and endurance due to limited physical activity 

(McDonald et al., 1998), and reduce predator awareness or responsiveness without exposure to 

natural threats (Salvanes & Braithwaite, 2006). Additionally, morphological traits like body 

colouration can change to match captivity conditions. Maynard et al. (2004) found that chinook 

salmon reared in tanks with seminatural habitat (such as gravel, structure, and cover) developed 

more cryptic colouration and had higher post-release survival compared to those raised in bare 

tanks, likely due to reduced visibility to predators. Similarly, during a post-release dive survey, 

SAS salmon in this study were noticeably paler, appearing light blue with distinct dark spots, in 

contrast to the darker, more camouflaged wild fish. This difference in coloration may have made 

SAS individuals more visible to avian and mammalian predators, contributing to their lower 

survival. Finally, stress is a well-documented consequence of captive rearing in fish (Bordeleau et 

al., 2018; Huntingford, 2004; Iversen et al., 1998; Näslund et al., 2013). For example, Bordeleau 

et al. (2018) found that adult Atlantic salmon held in captivity for just two months had significantly 

higher cortisol, and signs of altered immune function compared to wild-spawned counterparts. 

Given that SAS fish are held in captivity for at least a year, it is plausible that the cumulative stress 

burden is even greater. Cogliati et al. (2019) found that juvenile chinook salmon reared in a 

complex rearing environment had lower cortisol levels than those reared in empty tanks, indicating 

that tank structure complexity can affect stress levels, which may help explain lower survival in 

captively-held fish. These compounded captivity-effects likely contribute to the higher post-

release mortality observed in SAS salmon compared to wild salmon. To improve survival 

outcomes, management strategies should incorporate structural enrichment to retain natural, 

cryptic colouring and reduce stress levels in captively-reared salmon.  

Contrary to expectations, SAS2 salmon (reared ~29 months) had higher freshwater survival 

than SAS1 salmon (~17 months). These findings contradict previous studies that demonstrate the 

longer a fish spends in captivity the more its phenotype diverges from that of a wild fish and the 
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worse its performance in the wild is expected to be (Jonsson et al., 2003; Milot et al., 2013; 

O’Sullivan et al., 2020, Theriault et al., 2011). Although SAS2 salmon spent an additional year in 

captivity, their body size was not significantly larger than SAS1 salmon. Body size therefore is not 

likely a factor to explain why SAS2 salmon had greater survival than SAS1 salmon. A possible 

explanation for the higher survival of SAS2 fish may be linked to their observed conservative 

movement within the river. SAS2 salmon were more frequently detected downstream of the release 

site or exiting the river entirely compared to SAS1 salmon. This reduced exploration and greater 

downstream residency may have helped SAS2 salmon conserve energy, avoid risky or 

energetically costly habitats such as upstream movement, and thereby increase their chances of 

survival, however, it raises concerns about whether they attempted to spawn. Anadromous Atlantic 

salmon expend on average 59% of their total energy reserves during upstream migration and 

reproduction (Jonsson, 1997). This substantial energetic investment comes at a steep survival cost 

with typically less than 10% of adults surviving to breed a second time (Fleming & Reynolds, 

2004). SAS2 salmon may have reduced their risk of exhaustion and death by not moving upstream, 

but in trade of limited spawning opportunity. In contrast, the majority of SAS1 salmon had greater 

upstream movement and those that died were often last detected in areas presumed to be spawning 

sites suggesting potential spawning activity. Thus, although more SAS1 fish died, likely from 

energy exhaustion related to upstream movement and reproduction, they may have contributed to 

population recruitment. Taken together, these observations raise a potential trade-off: the higher 

survival of SAS2 salmon may have come at the cost of lower reproductive output. In contrast, 

while SAS1 fish experienced higher in-river mortality, they may have at least attempted to spawn. 

Clarke et al. (2016) recommended minimizing time in captivity to increase post-release survival 

in Atlantic salmon juveniles. However, in the context of adult-rearing, extended captivity may 

improve survival, but potentially at the cost of reduced reproductive success. Managers aiming to 

boost population numbers using SAS must weigh the benefits of survival against the likelihood of 

successful spawning. If the ultimate goal of SAS is to increase natural recruitment, management 

of captivity duration may need to optimize both survival and reproductive output, possibly by 

refining rearing practices to retain natural spawning behaviours in longer-reared fish. 

Irrespective of age, SAS salmon showed significantly greater acceleration values and more 

frequent high-speed bursts of activity compared to wild salmon. To our knowledge, no previous 

study has compared the in-situ acceleration levels of supplemented and wild adult Atlantic salmon. 
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However, the greater acceleration values of SAS salmon may reflect the erratic and inefficient 

movement behaviours often observed in captive Atlantic salmon (Iversen et al., 1998; Jonsson et 

al., 1991; Nilsen et al., 2023; Power & McCleave, 1980). In captively-reared Florida bass 

(Micropterus salmoides), Garlock et al. (2014) found increased metabolic rates and significantly 

more activity than findings for wild bass, with a negative correlation between activity and survival. 

Elevated acceleration levels may reflect physiological effects of captivity (e.g., heightened stress 

or metabolic demands) as well as behavioural effects, such as frequent burst swimming and 

inefficient movement. Stress is a well-known carry-over effect from captivity in fish (Iversen et 

al., 1998; Rosengren et al., 2017; Zarate & Bradley, 2003). A study from a nearby river system in 

Cape Breton, Bordeleau et al. (2018) compared the movement and physiology of wild-origin adult 

salmon collected as broodstock for a traditional hatchery supplementation program (spending two 

months in captivity) with that of wild-spawned kelts. Physiologically, adults held in captivity for 

just two months showed significantly higher stress levels (measured by cortisol and glucose) and 

signs of altered immune function compared to wild-spawned kelts. These findings suggest that 

even short-term captivity can cause substantial physiological changes, and that longer captivity 

periods, like those experienced by SAS fish, may lead to even greater stress-related effects after 

release. The increased acceleration levels observed in SAS salmon in our study may therefore 

reflect a heightened stress response which could lead to energetically inefficient movement such 

as more frequent high-speed bursts.  

Another possible explanation for the elevated acceleration observed in SAS salmon 

compared to wild salmon is their captive feeding regime. Wild Atlantic salmon typically cease 

feeding upon entering freshwater and rely on somatic energy reserves accumulated during their 

time at sea (Kadri et al., 1995; Rubenstein et al., 2023). Hedger et al. (2022) found that 58% of 

wild adult Atlantic salmon returning to spawn had empty stomachs, and those with stomach 

contents had only heavily digested fish. In contrast to wild salmon, SAS salmon enter the river 

immediately after a period of controlled, high-nutrition feeding designed to promote growth. This 

sustained feeding likely results in increased energy reserves, particularly in the form of lipids, as 

commonly observed in hatchery fish (McDonald et al., 1998; Larsson et al., 2012; Eriksson et al., 

2008). These greater energy stores may contribute to the increased acceleration and erratic 

movements observed in SAS salmon after release. Additionally, the SAS feeding regime may 

sustain a heightened metabolic state in SAS salmon, increasing the risk of energy depletion once 
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released back in the river, particularly during periods of low food availability like winter (Berg & 

Bremset, 1998; Murphy et al., 2006; Pickering & Pottinger, 1988). The risk of energy depletion 

may be additionally compounded by the reduced foraging efficiency typical of hatchery fish 

(Brown & Day, 2002; Jonsson et al., 1991; Larsson et al., 2012; Olla et al., 1998), increasing the 

likelihood of energetic shortfalls and reduced survival on release. These findings have important 

implications for SAS program management. Erratic movement may increase energy expenditure, 

potentially limiting reproduction, post-spawning survival, and competitive success at spawning 

sites (Thorstad et al., 2008). Thus, the increased acceleration levels and potentially inefficient 

energy use observed in SAS salmon could negatively affect survival and spawning success. To 

address this, management should gradually wean SAS salmon off their feed in the months before 

release to 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 lipid reserves, had comparable emigration success to the sea as wild smolts. 

Limiting food intake before release may help reduce metabolic rates and align post-release 

behaviour and energy expenditure more closely with that of wild salmon. 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 patterns and survival outcomes after release. 

Distinct differences were observed in river movement between SAS and wild salmon. Wild 

salmon exhibited minimal movement, did not move upstream, and the majority overwintered in a 

tidally influenced pool which is consistent with previously documented movement behaviour of 

post-spawned adults (Aarestrup et al., 2000; Fleming, 1996). The majority of SAS1 salmon 

displayed expected freshwater migration of a pre-spawned adult by traveling upstream with 

subsequent detections at multiple receiver locations near presumed spawning grounds. This 

behaviour may represent the typical “search phase” of a spawning Atlantic salmon observed in 

some studies (Finstad et al., 2005; ØKlamd et al., 2001) where individuals are potentially selecting 

a spawning area or orienting themselves to return to their natal area within the river system 

(Thorstad et al., 2008), suggesting potential spawning activity. In contrast, a minority SAS2 

salmon were detected upstream and exhibited typical searching behavior with the majority 

remaining near the release site or moving between downstream receivers. This pattern may reflect 
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challenges in locating spawning grounds and readjusting to the river environment that could be 

energetically costly and negatively affect individual survival (Aarestrup et al., 2000; Fleming, 

1996; Thorstad et al., 2008; Weir et al., 2004). Atypical river movement of SAS2 salmon mirrors 

findings from other studies suggesting longer captivity disrupts river familiarity, movement, and 

homing (Carr et al., 2004; Jonsson, 1997; Nilsen et al., 2023). To help mitigate these behavioural 

differences, Thorstad et al. (2008) recommended releasing supplemented salmon at multiple 

locations along the spawning grounds rather than at a single downstream site, in order to reduce 

the energetic costs and navigational challenges associated with an extended upstream migration. 

However, other studies have shown that captive-reared salmon released far downstream or at the 

river mouth may travel further upstream than if they were released closer to the spawning grounds 

(Dempson et al., 1999; Jokikokko, 2002; Jonsson et al., 1991; McKinnell et al., 1994; Power & 

McCleave, 1980). In contrast, salmon released further upstream in areas deemed suitable for 

spawning have been observed returning to the release site (Power & McCleave, 1980; Rivinoja et 

al., 2001). In future studies and releases of SAS salmon, two groups could be released at different 

areas along the river such as at the mouth (which may prompt typical upstream migration spawning 

behaviour) or along multiple spawning areas to determine which method leads to the most salmon 

displaying typical spawning riverine movement and behaviour. 

River exit timing differed markedly between SAS and wild salmon with SAS salmon 

prematurely leaving the river and across a broader timeframe compared to the expected exit timing 

and synchrony of the wild salmon. Most wild salmon left the river within two weeks of each other 

between late April and mid-May, aligning with natural migration timing observed in other Cape 

Breton rivers (Bardonnet & Bagliniere, 2000; Bordeleau et al., 2018; Grey, 1984), while the 

majority of SAS salmon exited the river before January, which is a common observation for 

captively-held salmon (Bordeleau et al., 2018; Jonsson et al., 1991; Midwood et al., 2015). For 

example, Bordeleau et al. (2018) found that hatchery-spawned kelts held in captivity for just two 

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 

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 of reaching 

the ocean. Our findings align with this pattern, as the broad and premature river exit of SAS salmon 

contrasts with the synchronized migration of wild salmon, likely guided by environmental cues 
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such as temperature and flow. Thus, the observed premature river exit of SAS salmon may be 

partly explained from stress-induced effects of captivity during smolt-to-adulthood disrupting how 

they respond to environmental cues and coordinate migration timing. In addition to stress, 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 likely had difficulty 

adapting from regular 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. As discussed earlier, future studies could link physiological measurements such as energy 

stores and metabolism with behavioural tracking methods to better understand what is driving SAS 

salmon to exhibit different overwintering patterns than their wild counterparts. Decreasing 

captivity stress, and weaning SAS salmon off their high-caloric feeding regime a month before 

release may result in more similar river exit timing as wild salmon.  

A full year of ocean detection data revealed minimal spatial and temporal overlap between 

SAS and wild salmon, despite both groups being expected to follow the same migration path 

(Bordeleau et al., 2018; ESRF, 2023). Wild salmon followed expected migratory routes through 

the Gulf of St. Lawrence and SOBI toward known feeding areas in the Labrador Sea, consistent 

with previous studies (ESRF, 2023; Ritter, 1997). In contrast, SAS individuals remained nearshore 

along the Atlantic coast, particularly near the Cabot Strait and SABMPA. These observations of 

SAS salmon straying from expected ocean migration routes is 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 two months in captivity from two nearby Cape Breton rivers (Middle and 

Baddeck Rivers) during their ocean migrations. Wild kelts entered the Gulf of St. Lawrence and 

many exited through the SOBI receiver line, comparable to wild kelts in our study. In contrast, 

hatchery-spawned kelts were not detected at SOBI and none returned to spawn again, whereas 

10% of wild kelts returned to spawn two years later (Bordeleau et al., 2018). While SAS salmon 

in our study spent their juvenile stages in the wild (unlike traditional hatchery fish), the adult 

rearing period in captivity may still have disrupted internal cues required for long-distance 



 

63 

orientation and navigation, a risk identified in DFO, 2016. Because smolt-to-adult survival is much 

higher using a SAS program compared to wild salmon (Dempson et al., 1999; Fraser, 2016), there 

is likely a relaxation of selective pressures with regard to marine predation, immunity (marine 

pathogens and parasite resistance), and navigation (Fraser, 2016). Hansen et al. (1994) 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 now lacked their first marine phase by being raised in SAS captivity. There was some 

overlap between SAS and wild salmon at Cabot Strait and SABMPA, suggesting that SAS salmon 

may 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 kilometers to their 

migration before travelling north through SOBI. Jonsson & Fleming (1993) found that hatchery 

smolts migrated to the same feeding area of wild salmon. However, the lack of returns among this 

study’s SAS salmon released in 2023 raises concerns about their ability to return to natal rivers for 

a repeat spawn or first time spawning event if they exited without spawning post-release.  

 Due to the critically low adult returns and conservation status of salmon in Clyburn Brook, 

wild fish were unavailable for tagging in this river. As a result, we used wild kelts from a nearby 

river as a reference group to assess survival and behavioural differences. However, these wild 

salmon were tagged after spawning, meaning they had already survived upstream migration and 

spawning stress, potentially biasing survival estimates by excluding individuals that died earlier in 

the season. Differences in tagging timing may also explain some of the behavioural differences 

observed, such as acceleration levels and river movement. Wild salmon, tagged after the 

energetically costly spawning period, likely exhibited lower activity relative to SAS salmon tagged 

beforehand. Thus, our comparisons are confounded by differences in both river systems and 

tagging times, and future studies should tag wild and SAS salmon at the same life stage and in the 

same river to obtain more accurate and meaningful comparisons that can better inform 

conservation and management efforts. 
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3.6 CONCLUSION 

This study offers new insights to the post-release behaviour of adult Atlantic salmon reared under 

smolt-to-adult supplementation (SAS) strategies. The results revealed clear survival and 

behavioural differences between SAS and wild salmon, with SAS salmon experiencing lower 

freshwater survival, higher acceleration levels, atypical river movement, earlier and more variable 

river exit timing, and divergent ocean migration routes. Notably, captivity duration was an 

important factor. SAS salmon that spent a year longer in captivity showed higher survival but 

exhibited more atypical river movements, which may have reduced their spawning success. In 

contrast, SAS salmon with shorter captivity duration had higher mortality, but near presumed 

spawning grounds, suggesting they engaged in at least some reproductive activity. Our findings 

demonstrate the importance of likely captivity-induced carryover effects on post-release survival 

and behaviour. Elevated acceleration levels in SAS salmon likely reflect heightened stress and 

metabolic demands due to captivity conditions, feeding regimes, and handling. These 

physiological effects could be associated with the observed erratic movement, premature river exit, 

and reduced fitness in the wild. Such behavioural divergence suggests that smolt-to-adult captivity 

potentially alters both internal physiological states and environmental responsiveness, contributing 

to the observed differences in survival and migration behaviour between SAS and wild fish, 

warranting further investigation into the underlying mechanisms. The use of wild salmon 

comparators from a different river system and as post-spawners should be considered when 

interpreting survival, acceleration levels, and river movement as both factors may have influenced 

the observed outcomes.  

To improve the effectiveness of SAS as a conservation method, management strategies 

should focus on reducing stress and metabolic elevation prior to release by minimizing captivity 

duration to only one year, as long as the salmon are deemed sexually mature, adding natural 

structure to captivity tanks, and gradually decreasing feeding in the weeks leading up to release 

which may better replicate the fasting state of wild salmon. In addition, different release strategies, 

such as staggered along spawning grounds or at the river mouth, may help reinforce natural homing 

and improve reproductive opportunities. Lastly, combining physiological sampling such as stress 

indicators, body condition, and metabolic rate with behavioural tracking in future SAS evaluations 

is important not only for attaining a closer post-release comparison with wild salmon, but also for 

evaluating and improving the efficacy of these costly conservation programs. Overall, these results 
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indicate that SAS success depends on mitigating the behavioural and potential physiological 

consequences of captivity. Effective SAS management must balance maximizing survival and 

retaining behaviours essential for surviving and spawning in the wild. 
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CHAPTER 4: GENERAL DISCUSSION 

4.1 EVALUATION AND IMPLICATIONS 

This thesis evaluated the efficacy of captive-rearing as a conservation tool for Atlantic salmon by 

comparing the survival, movement, and migration of hatchery-reared fish to their wild counterparts 

at two critical life stages: traditional hatchery-reared smolts during freshwater outmigration and 

adults reared in captivity from smolt to maturity (SAS). Across both studies, captivity was 

consistently associated with reduced post-release survival relative to wild salmon. Hatchery-reared 

smolts in the LaHave River experienced higher predation risk and slower migration speeds in the 

upper river and lake habitats, although the timing of river exit and early ocean migration patterns 

were similar to those of wild smolts. By comparison, over half of SAS adult salmon displayed 

atypical movement behaviours, including premature river exit and divergent marine migration 

routes compared to wild adults. Together, these findings demonstrate that, despite the potential of 

supplementation programs to increase population numbers, the long-term success of such efforts 

is constrained by captivity-induced behavioural changes that reduce post-release performance and 

challenge the recovery of wild Atlantic salmon populations. 

  We found significantly greater mortality in supplemented salmon compared to wild 

salmon whether they were released as outmigrating smolts through a traditional captive-rearing 

program or as mature adults through a SAS program. Overall freshwater survival for hatchery 

smolts was 67.6%, meaning that one-third of released individuals were lost before ocean entry. 

These results are consistent with previous research demonstrating that hatchery smolts experience 

much higher mortality than wild smolts upon release (Hyvärinen & Rodewald., 2013; Jonsson et 

al. 2003; Jokikokko 2006;  Larsson et al., 2012; Melnychuk et al., 2014; Saloniemi et al., 2004). 

Hatchery smolt mortality in the LaHave River was largely due to predation, with 75% of 

mortalities confirmed as predation events. The spatial distribution of these mortalities, which were 

concentrated in the upper reaches of the river and in Wentzell’s Lake, aligned with previous reports 

identifying these areas as predation hotspots (Feener, 2017). High predation of hatchery smolts in 

this study is similar to previous study findings that hatchery smolts face greater predation risk than 

wild-reared fish (Braithwaite & Salvanes, 2005; Jonsson et al., 2003; Jokikokko, 2006; Larsson et 

al., 2012; Melnychuk et al., 2014). Captive-reared smolts often show poor antipredator behaviour, 

which increases their risk of mortality via predation post-release (Olla et al., 1998). Behavioural 
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anti-predator deficiencies can include more frequent surface feeding (Vincent, 1960), slower or 

weaker escape responses (Woodward & Strange, 1987), greater movement and a faster return to 

feeding after exposure to predation alarm cues (Fleming & Einum, 1997; Jackson & Brown, 2011), 

and a failure to avoid predators altogether (Johnsson et al., 1996). In natural environments, wild 

smolts are exposed to predators across several years, and individuals with more risky behaviour 

are more likely to be selected against by predation (Jonsson & Jonsson, 2014). In contrast, hatchery 

smolts are raised in safe, predictable environments without predators, so individuals with risky 

behaviour do not experience intense selective pressure demonstrated in the wild (Fleming & 

Petersson, 2001; Jackson & Brown, 2011). Additionally, hatchery fish may also fail to recognize 

predators after release having no prior exposure. Lack of wild experience and learned 

environmental cues, coupled with the stress of transitioning to the natural environment, likely 

elevate hatchery smolt predation risk. The vulnerable effects of captivity are further amplified by 

the increasing presence of invasive predators in Nova Scotia such as Chain pickerel and 

Smallmouth bass, which are both established throughout the LaHave watershed (Feener, 2017; 

DFO, 2024; Mensinger et al., 2025). Feener (2017) provided stomach analysis evidence of salmon 

smolts as the dominant prey in Chain pickerel diets from Wentzell’s Lake, matching the locations 

of high mortality observed in our study. Our findings align with previous research that traditional 

hatchery practices may not effectively prepare juvenile salmon for the predation pressures they 

will face in the natural environment, thereby decreasing their chances of survival and reaching the 

sea. 

Similar patterns of reduced survival following release were observed among released SAS 

adults highlighting the broader impacts of captive rearing across life stages. SAS salmon released 

into Clyburn Brook in the Cape Breton Highlands exhibited substantially lower survival relative 

to wild conspecifics with 51% of SAS salmon assumed dead before leaving freshwater compared 

to 100% survival for wild adults. The low mortality patterns observed in SAS adults are consistent 

with widespread evidence that captively held and reared fish typically have greater mortality once 

released in natural environments compared to wild fish because of captivity-induced defecits (Carr 

et al., 2004, Christie et al., 2012; Jonsson et al., 1991; Jonsson et al., 2003). The reduced freshwater 

survival of SAS salmon compared to wild salmon likely reflects the cumulative effects of captivity 

on the life skills of the SAS fish. Although SAS salmon fulfilled their juvenile years in the wild 

river setting, the 1-2 years they spent in artificial environments during adulthood sheltered them 
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from predators, provided them with an abundance of food, and held them in simplified 

environments that removed natural selection pressures that would otherwise have filtered out 

individuals poorly suited to survival in the wild (Jonsson & Fleming, 1993). Captivity can impair 

swimming performance (McDonald et al., 1997), reduce predator responsiveness, and alter 

morphology of salmonids (Braithwaite & Salvanes, 2005; Maynard et al., 2004). Beyond these 

behavioural and morphological effects, extended periods in captivity may impose physiological 

impairments like chronic stress (Jonsson & Jonsson, 2006; Näslund et al., 2013), with studies 

reporting elevated cortisol and immune dysfunction even after short periods of captivity 

(Bordeleau et al., 2018). Given SAS fish were held for over a year, these effects are likely 

amplified. Elevated stress from the captive environment, handling, and transport may have 

compounded these captive factors, increasing SAS vulnerability in the wild and reducing fitness.  

 Notably, variation in captivity duration added further complexity to survival outcomes 

among SAS salmon. Contrary to expectations based on previous work demonstrating longer 

captivity may lead to greater maladaptive divergence and worse survival outcomes (Christie et al., 

2009; Jonsson et al., 2003; Milot et al., 2018; O’Sullivan et al., 2020, Theriault et al., 2011), SAS2 

salmon (captively held for 29 months) had higher freshwater survival post-release than SAS1 

salmon (captively held for 17 months). However, SAS2 individuals were observed to either exit 

the river shortly after release or remain in downstream areas below the release point. The limited 

upstream movement and exploration of SAS2 salmon likely helped conserve energy and thereby 

increase survival by avoiding energy costly behaviours such as swimming upstream and spawning 

activites. Anadromous Atlantic salmon invest substantial energy (on average 59% of their energy 

reserves) for upstream migration and spawning which results in fewer than 10% of adults surviving 

to repeat spawn (Fleming & Reynolds, 2004; Jonsson, 1997). Thus, although SAS2 had greater 

survival due to conservative movement patterns, this behaviour reduces the likelihood that they 

successfully spawned, as reduced upstream movement and less time spent in the river would 

constrain opportunities to locate and use suitable spawning habitat. A possible explanation for this 

limited movement is impaired river familiarity or a loss of homing ability, likely resulting from 

extended time spent in captivity (Carr et al., 2004; Jonsson, 1997; Nilsen et al., 2023). In contrast 

SAS1 salmon exhibited greater upstream movement and those that died were often last detected 

in areas presumed to be spawning sites. While this observed upstream movement and holding from 

SAS1 salmon suggests potential spawning activity, it also likely contributed to their elevated 
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mortality due to spawning being energetically costly (Jonsson et al., 1997). These observations 

seem to present a trade-off between survival and reproductive behaviour in SAS adults. While 

prolonged captivity may result in higher freshwater survival, it may simultaneously reduce the 

likelihood of spawning participation, which is a challenge for program managers aiming to 

maximize both survival and reproductive contribution. Considering such behavioural trade-offs in 

supplementation programs is critical to achieving recovery goals. 

Across both supplementation approaches, captivity also altered salmon behaviour and 

movement after release. Although these effects manifested differently between hatchery-reared 

smolts and SAS adults, both groups displayed behaviours that likely compromised their ability to 

navigate in the wild environment. Overall river exit timing was similar between wild and hatchery 

smolts in the LaHave River with wild smolts migrating significantly faster and therefore more 

efficiently through specific river habitats, specifically in the upper river, Wentzell’s Lake, and 

lower river. Section-specific differences between wild and hatchery smolts are likely explained by 

reduced swimming ability and disorientation to their novel wild environment caused by limited 

exposure to variable flow regimes, physical exercise, and natal river cues during rearing (Gale et 

al., 2004; Olla et al., 1998; Pedersen et al., 2008). The slower movements of hatchery smolts likely 

increased their vulnerability to predation, particularly in Wentzell’s Lake, where predators are 

more abundant and shelter is limited. Prolonged residence in such areas, combined with likely 

poorer antipredator responses (Johnsson et al., 1996; Jackson & Brown, 2011), may have driven 

the high predation rates observed during migration.  

Behavioural and potential physiological consequences of captivity on movement were also 

evident in SAS adults in the Clyburn Brook. SAS salmon exhibited significantly greater 

acceleration values and more frequent high-speed bursts compared to wild adults, likely reflecting 

the inefficient and erratic movement commonly documented in captive-reared fish  (Jonsson et al., 

1991; Nilsen et al., 2023; Power & McCleave, 1980). Similar patterns have been observed in other 

species, such as captively-reared Florida bass (Micropterus salmoides), where elevated 

acceleration levels were associated with higher metabolic rates and reduced survival post-release 

(Garlock et al., 2014). These high acceleration values observed in SAS salmon may partly reflect 

stress-related physiological changes, as captivity has been shown to elevate cortisol in salmonids 

(Bordeleau et al., 2018; Jonsson & Jonsson, 2006; Näslund et al., 2013). Another contributing 

factor may be the feeding regime of SAS salmon while held in captivity. Unlike wild salmon, 
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which typically cease feeding upon entering freshwater and rely on stored somatic energy reserves 

(Kadri et al., 1995; Rubenstein et al., 2022), SAS salmon enter the river shortly after a prolonged 

period of controlled, high-nutrition feeding. This sustained feeding likely increases lipid stores 

(Erikson et al., 2008; Larsson et al., 2011; McDonald et al., 1997), which may explain the 

heightened energy expenditure observed through increased acceleration and erratic movements. 

However, the SAS salmon’s artificially elevated metabolic state may not be sustainable after 

release, especially when food availability is low during overwintering periods (Berg & Bremset, 

1998; Murphy et al., 2006; Pickering & Pottinger, 1988). Increased energetic demands, combined 

with low food availability and potentially lower foraging efficiency typical of captively-reared 

salmon due to little experience of natural prey in holding tanks (Brown et al., 2003; Jonsson et al., 

1991; Larsson et al., 2011), may increase the risk of energy depletion and mortality. Additionally, 

the broad and premature river exit of SAS salmon further supports the role of captivity-induced 

stress and negative energetic consequences in disrupting migration timing. While wild salmon left 

the river within a narrow, seasonally appropriate window, SAS salmon exited prematurely and 

across a much broader timeframe. Bordeleau et al. (2018) found that hatchery-spawned kelts held 

for just two months exited 66 days earlier than wild fish, supporting the idea that stress, disrupted 

environmental cues, and energetic imbalances contribute to these atypical patterns. Premature exit 

may also reflect difficulty adjusting to low overwinter food availability (Halttunen et al., 2013) 

and reduced responsiveness to environmental cues (Birnie-Gauvin et al., 2019).  

While the patterns of mortality and movement varied between life stages and 

supplementation approaches, the overarching outcome remains similar: captivity produces salmon 

that are behaviourally unprepared for survival in wild environments. Our findings underscore the 

critical need for management strategies that move beyond a focus on releasing greater numbers of 

fish via artificial rearing. For hatchery smolts, several management interventions have been 

suggested by previous research such as predator cue conditioning. Vilhunen (2006) showed that 

hatchery-reared Arctic charr conditioned to recognize predator odours survived longer when 

exposed to real predators than untrained fish. Similar techniques, using predator odours or visual 

cues (e.g., chain pickerel in the LaHave River), could help prepare hatchery salmon when faced 

with a predator after release. Rearing environment enrichment is another potential improvement. 

Hyvärinen & Rodewald (2013) found that smolts raised in enriched tanks with structure and 

variable flow were twice as likely to survive outmigration compared to those from bare tanks. 
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Predation risk is further increased when smolts pass through lakes, which often lack shelter, have 

slower flow which can impact migration, and contain more predators (Hansen et al., 1984; 

Kennedy et al., 2018; Schwinn et al., 2019). For example, Hanssen et al. (2021) reported that 60% 

of tagged smolts died in lakes, with at least half of those deaths attributed to predation. Thus, 

hatcheries could release smolts downstream of high-risk areas like lakes to reduce these losses. 

For SAS programs, greater attention should be given to optimizing the duration of captivity to 

balance survival benefits with potential losses in reproductive success. One possible strategy is to 

rear SAS salmon for only one year in captivity to increase spawning potential, while releasing 

them closer to spawning grounds to reduce energetic costs and potentially improve post-spawn 

survival. Additionally, hatchery enrichment techniques, such as adding structure to rearing tanks 

to retain natural, cryptic colouring and reduce stress levels (Maynard et al., 2004; Näslund et al., 

2013) may help mitigate some of the maladaptive traits that emerge in captivity. Cogliati et al. 

(2019) found that juvenile chinook salmon reared in a complex rearing environment had lower 

cortisol levels than those reared in empty tanks, indicating that tank structure complexity can affect 

stress levels, which may help explain lower survival in captively-held fish. Finally, releasing SAS 

salmon at multiple river locations could reduce navigational challenges and energetic costs 

associated with finding spawning grounds. Thorstad et al. (2008) specifically recommended 

staggered release points for this reason, while Rivinoja et al. (2001) found that salmon released 

closer to suitable spawning areas often returned to the release site, emphasizing the importance of 

release-site selection. Without focused efforts to improve these outcomes, supplementation 

programs risk failing to meet their conservation objectives despite significant investments of time, 

effort, and resources. 

 Marine migration patterns differed between supplementation methods. Hatchery-reared 

smolts had similar spatial and temporal overlap during early marine migration following the same 

migration route as wild smolts. Both smolt origins were detected migrating along Nova Scotia’s 

southern coast, including the Halifax Line, before moving offshore near Sable Island, aligning with 

known migration routes toward eastern Newfoundland and the Labrador Sea (ESRF, 2021; Reddin 

& Lear, 1990). Similar migration overlap between wild and hatchery-reared smolts has been 

reported previously (Jonsson et al., 1993), indicating that traditional hatchery rearing may not 

impair large-scale marine orientation in the same way adult SAS captivity does.  In contrast, SAS 

adults exhibited unexpected marine movements that raise concerns for their long-term survival, 
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repeat spawning chances, and migration ability. We found minimal ocean detection overlap 

between SAS and wild adults despite both groups being expected to follow similar migratory paths 

(Bordeleau et al., 2018; ESRF, 2021). Wild salmon migrated through the Gulf of St. Lawrence and 

the Strait of Belle Isle (SOBI) toward known feeding grounds in the Labrador Sea (ESRF, 2021; 

Ritter, 1989). In contrast, SAS individuals did not migrate far after exiting freshwater, remaining 

along Cape Breton’s Atlantic coast, particularly near Cabot Strait and the St. Anns Bank Marine 

Protected Area (SABMPA). The altered migration routes of SAS salmon are consistent with 

previous studies on captive-reared salmon (Bordeleau et al., 2018; Hansen et al., 1987; Jonsson et 

al., 1993). For example, Bordeleau et al. (2018) tracked hatchery-spawned kelts from Cape Breton 

rivers that failed to enter the Gulf of St. Lawrence, unlike wild kelts, and none returned to spawn, 

while 10% of wild kelts successfully returned two years later. The extended period of captivity 

and artificially high survival rates during SAS rearing may relax natural selective pressures for 

traits such as marine navigation and limit exposure to learned environmental cues essential for 

successful long-distance marine migration (DFO, 2016; Hansen et al., 1993). While detections of 

SAS salmon at Cabot Strait and SABMPA may suggest a partial retention of directional ability as 

wild salmon were also detected in these areas, their absence from key foraging grounds and 

migration points (i.e., the Gulf of St. Lawrence, SOBI), and lack of returns in 2024 raise clear 

concerns about their capacity for successful ocean navigation and homing. 

Improving marine migration outcomes for SAS salmon will require targeted changes to 

rearing practices and further research. One possibility is transitioning SAS rearing to saltwater or 

brackish environments. Exposure to marine conditions before release may promote physiological 

adaptations and environmental imprinting necessary for successful marine navigation (DFO, 2016; 

Jonsson et al., 1993). While this study did not track successful returnees, emerging evidence 

suggests potential benefits. For example, Fundy National Park in has been undertaking a SAS 

program for an endangered inner Bay of Fundy Atlantic salmon population, where smolts are 

raised to adults in sea-cages. The park has reported some supplemented salmon successfully 

returning from marine migration. Although we do not know whether these individuals followed 

the same expected marine migration routes as wild salmon since they were not tracked, their 

successful returns highlight that modifications to rearing or release strategies could improve 

marine migration outcomes (Maysonet & Murphy, n.d.). For hatchery smolts, Thorstad et al. 

(2012) found that early marine survival was higher in smolts released at the river mouth compared 
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to those released further upstream. This supports the suggestions that management could improve 

survival by releasing hatchery smolts lower in the river. Doing so may help avoid freshwater 

mortality hotspots, such as Wentzell’s Lake, and potentially further improve early marine survival.  

Supplementation has the potential to support salmon recovery, but its effectiveness 

depends on how well practices are tailored to promote survival and integration with wild 

populations. Future research should investigate whether exposing SAS salmon to natural 

environmental cues during rearing, such as tidal cycles, salinity gradients, or estuarine chemical 

signatures, can promote more typical marine orientation and help SAS salmon better integrate with 

wild populations en route to established feeding grounds (Carr et al., 2004; Hansen et al., 1993). 

Using longer-term acoustic transmitters will be essential to evaluate whether these interventions 

improve marine migration success and return rates. Coded transmitters with customized 

transmission schedules, such as those piloted by Kennedy et al. (2023), offer a promising solution 

for long-term tracking, enabling detection of both the smolt's initial seaward migration and their 

potential return as adults over a year later. Without targeted improvements, SAS salmon may 

continue to face challenges during the marine phase, reducing their effectiveness in contributing 

to population recovery despite the significant logistical investment involved in these programs. 

For hatchery-reared smolts, although hatchery and wild smolts exhibited overlapping distributions 

during the first month of their marine migration, a limitation of this study is the lack of tracking 

data beyond this period, leaving the subsequent stages of their oceanic movements and survival 

unknown. Long-term marine survival and return rates also remain unknown, due in part to limited 

tag battery life. Future studies should consider using tags with longer battery life to track smolt 

movements beyond the Nova Scotia coast because it would help determine whether hatchery 

smolts successfully reach key areas along their marine migration such as Newfoundland’s Grand 

Bank or the Labrador Sea. Smolts could also be double-tagged with passive integrated transponder 

(PIT) tags or physical tags (e.g., Floy tags) to monitor the return rates for hatchery and wild smolts. 

If returning smolts could be recaptured and measured, researchers could also gain valuable insights 

into growth rates and identify successful marine feeding grounds (Jensen et al., 2012; Thomas et 

al., 2019). 
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4.2 CONCLUSION 

Overall, this thesis highlights the complex challenges of using captive-rearing to support Atlantic 

salmon recovery in Nova Scotia. While supplementation programs aim to bolster population 

numbers, these efforts will remain limited in effectiveness unless post-release survival, behaviour, 

and recruitment are strategically improved. Across both supplementations studied here, traditional 

hatchery-reared smolts and smolt-to-adult supplementation (SAS), captivity imposed maladaptive 

behavioural and likely physiological effects that reduced fitness in the natural environment relative 

to wild salmon. Critically, the factors driving post-release mortality differed between life stages, 

demonstrating that a singular management approach is unlikely to succeed. Instead, 

supplementation programs must be tailored to the specific challenges associated with the river and 

salmon life-stage. For hatchery-reared smolts, the primary threat to survival was predation, 

particularly in lentic areas like Wentzell’s Lake. Future management should focus on enriching 

rearing environments to promote stronger swimming ability and predator responsiveness, 

incorporating predator conditioning prior to release to reduce predation risk, and releasing smolts 

downstream of known predation hotspots. Additionally, extending post-release tracking using 

longer-life acoustic tags, PIT tags, or Floy tags would provide critical data on marine survival, 

return rates, and key feeding grounds, helping to refine management practices further. For SAS 

adults, improving post-release success will require targeted changes to rearing and release 

practices. While longer periods in captivity appeared to enhance short-term freshwater survival, 

these conditions may have simultaneously reduced reproductive contribution, thereby 

undermining the primary objective of the program to increase population numbers through 

successful spawning post-release. Potential solutions include reducing captivity duration as long 

as individuals are sexually mature to ensure spawning is possible, gradually reducing feeding prior 

to release to better align metabolic demands with wild salmon, spatially staggering release sites to 

reduce energetic costs and navigational issues of searching for spawning grounds, and 

experimenting with marine-based rearing environments. Future research should combine 

behavioural monitoring, physiological assessments (e.g., stress indicators, energetic reserves), and 

long-term return data to evaluate whether program modifications would improve survival or 

reproductive success in the wild. Importantly, supplementation success should not be measured 

solely by survival rates but also by monitoring the successful contribution of these individuals to 

wild spawning populations. Without mitigating the behavioural and potential physiological 
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consequences of captivity to improve post-release performance, supplementation programs 

become an expensive and potentially ineffective long-term conservation tool. Supplementation 

may have a role to play in Atlantic salmon conservation, but only if grounded in careful evaluation 

and evidence-based management actions. 
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APPENDIX A – CHAPTER 3 SUPPLEMENTARY MATERIAL 

 

Figure 13. Graph portraying the river movement of smolt-to-adult supplemented (SAS) salmon 

that spent 1 year in captvity at the Aquatron Labratory (SAS1) before being released into the 

Clyburn Brook in October 2023 (n=15). Each block is an individual fish and the black horizontal 

line represents the release point. 
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Figure 14. a) Graph portraying the river movement of smolt-to-adult supplemented (SAS) 

salmon that spent 2 years in captvity at the Aquatron Labratory (SAS2) before being released 

into the Clyburn Brook in October 2023 (n=15). b) Graph portraying the river movement of 

smolt-to-adult supplemented (SAS) salmon that spent 2 years in captvity at the Aquatron 

Labratory (SAS2) before being released into the Clyburn Brook in October 2024 (n=13). Each 

block is an individual fish and the black horizontal line represents the release point. 

 

Figure 15. Comparison of raw acceleration detections (m/s2) of SAS and wild salmon from 

October 2023 to May 2024 in Clyburn Brook and Chéticamp River respectively. Each point 

represents a single acceleration reading from an individual fish tag.  
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APPENDIX B – CHAPTER 2 R CODE ANALYSIS 

library(Rmark) 

library(glmmTMB) 

library(emmeans) 

library(adehabitatHR)  

library(sp)  

 

 

#### Cormack Jolly Seber Survival Analysis #### 

# Convert detection timestamps to binary (1 = detected, 0 = not detected) 

cjs_df <- cjs_df %>%  

 select(-Transmitter, -Group) %>% 

   mutate(across(everything(), ~ ifelse(is.na(.), 0, 1))) 

 

# Create capture histories (CH strings like "110011...") 

ch <- apply(cjs_df[, -(1:2)], 1, paste0, collapse = "") 

# Process capture data for CJS model (group = wild/SAS) 

smolt.proc <- process.data(cjs_marked_df, model = "CJS", groups = "Group") 

smolt.ddl <- make.design.data(smolt.proc) 

 

# Label each receiver interval for survival (Phi) and detection (p) 

receiver_names <- c("A0", paste0("A", 1:16))  # Total 17 receivers (A0 to A16) 

# Tag each interval with array names 

smolt.ddl$Phi$array <- factor(smolt.ddl$Phi$time, labels = receiver_names[1:16]) 

smolt.ddl$p$array <- factor(smolt.ddl$p$time, levels = 1:17, labels = receiver_names) 
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# Model fitting 

# Model 1: interaction between Group and array (for both survival and detection). Chosen model 

used 

 

mod1 <- mark( 

  smolt.proc, smolt.ddl, 

  model.parameters = list( 

     Phi = list(formula = ~ Group * array), 

     p = list(formula = ~ Group * array) 

   )) 

# Model 2: additive model (Group + array) 

mod2 <- mark( 

  smolt.proc, smolt.ddl, 

  model.parameters = list( 

     Phi = list(formula = ~ Group + array), 

     p = list(formula = ~ Group + array) 

  )) 

# Model 3: survival by Group only; constant detection 

mod3 <- mark( 

  smolt.proc, smolt.ddl, 

  model.parameters = list( 

    Phi = list(formula = ~ Group), 

    p = list(formula = ~ 1) 

  )) 

# Comparing models 

models <- collect.models() 

 

#### Migration Speed GLMM analysis #### 

# creating body lengths / second dataset 

blspeed <- glatevents_clean %>% 
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  arrange(animal_id, first_detection) %>% # arranging first detections at each receiver for 

each fish chronologically 

  group_by(animal_id) %>% 

  mutate( 

    time_diff_sec = as.numeric(difftime(lead(first_detection), first_detection, units = 

"secs")), # calculating the time difference between consecutive receivers for each fish in 

seconds 

    dist_diff_m = lead(distance_m) - distance_m, # calculating the difference between 

each consecutive receiver station 

    bl_per_sec = (dist_diff_m / time_diff_sec) / (length_cm / 100),  # length in cm to m, 

calculating body lengths per second for each fish and section by determining m/s and 

then dividing by each fish body length to standardize for length.  

    from_sec = Section, 

    to_sec = lead(Section) 

  ) %>% 

  ungroup() %>% 

  filter(!is.na(bl_per_sec), bl_per_sec > 0, is.finite(bl_per_sec)) 

 

# glmm modelling 

model_glmm <- glmmTMB(bl_per_sec ~ to_sec * group + weight_kg + releaseday +  

                        (1 | animal_id),  

                      data = blspeed,  

                      family = Gamma(link = "log")) 

 

#### Ocean movement minimum convex polygons #### 

# Running 100% MCP  

  mcp_temp_lhv <- mcp(subset[,"uid"], percent = 100)  

   

 # Flattening the spatial polygon into a data frame for plotting  

  mcp_fortified_lhv <- fortify(mcp_temp_lhv)  

  mcp_fortified_lhv$group <- g   

   

 # Saving this MCP into my list  

  mcp_list[[paste(g, m, sep = "_")]] <- mcp_fortified_lhv 

 }  

} }  
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APPENDIX C – CHAPTER 3 R CODE ANALYSIS 

library(survival)  

library(mgcv)  

library(stats)  

library(adehabitatHR)  

library(sp)  

 

#### Cox Proportional Hazards Model for survival analysis ####  

#Calculate time in days relative to study_start_date  

time = as.numeric(difftime(fatedate, study_start_date, units = "days")),  # Time in 

 days  

  

# code fate with 1 = death and 0 = survived  

 event = ifelse(is.na(fatedate) & fate == 1, 1,  # 1 = death, but censored if no fatedate  

              ifelse(is.na(fatedate), 0, 1)),  # 0 = censored if no fatedate, 1 = death  

  

# Fit Cox Proportional Hazards Model with group object representing SAS1 and SAS2 cohorts  

cox_model <- coxph(Surv(time, event) ~ group + sex, data = fish_data)  

  

#### Global acceleration level model analysis ####  

# Fitting a GAMM (Generalized Additive Mixed Model) using 'bam'  

# Response: trueaccel  

# Predictors: group (fixed, wild and SAS salmon), hour_of_day (cyclical smooth), days (smooth 

by group)  

# Random effect: transmitter_id (each fish)  

# Family: Gamma (log link), acceleration is only positive continuous data  

m1 <- bam(trueaccel ~ group + s(hour_of_day, bs = "cc", k = 5) +  # Cyclical smooth for 

time of day  

s(days, bs = "tp", k = 5, by = group) +  # Group-specific smooth over days 

s(transmitter_id, bs = "re"),  # Random effect for individual fish          

family = Gamma(link = "log"), data = acc_hm3, method = "fREML", discrete = TRUE)  

 

#### River exit linear regression analysis ####  

#Linear Model  
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exited_only <- rexit_clean[rexit_clean$event == 1, ]     # only including fish that were 

 detected exiting the river (event == 1 is confirmed exit)  

lm_model <- lm(riverdays ~ group, data = exited_only)  # wild vs SAS for group with 

 riverdays representing the number of days between release and river exit  

  

#### Ocean movement minimum convex polygons ####  

# Grabbing the month from detection datetime  

oceandets$month <- month(oceandets$dt, label = TRUE)  

# Just want Feb to July in a specific order for plotting later  

month_order <- c("Feb", "Mar", "Apr", "May", "Jun", "Jul")   

oceandets <- oceandets %>% filter(month %in% month_order) %>%   

 mutate(month = factor(month, levels = month_order))  

#Making a list to store MCP polygons for each group in each month  

mcp_list <- list()  

# Going to loop through each month and group combo  

for (m in unique(oceandets$month)) {  

 for (g in unique(oceandets$group)) {  

# Filter detections just for that month & group  

 subset <- oceandets %>%  

  filter(month == m, group == g, !is.na(llon), !is.na(llat)) %>%  

  select(llon, llat, transmitter_id)  

  

# Only compute MCP if there's enough data (needs 5+ points)  

 if (nrow(subset) >= 5) {  

 coordinates(subset) <- ~llon + llat # Converting to spatial object for MCP   calculation  

  proj4string(subset) <- CRS("+proj=longlat +datum=WGS84")  

   

 # Giving each group-month combo a unique ID for MCP  

 subset$uid <- paste(g, m, sep = "_")  

   

 # Running 100% MCP  

  mcp_temp <- mcp(subset[,"uid"], percent = 100)  

   

 # Flattening the spatial polygon into a data frame for plotting  

  mcp_fortified <- fortify(mcp_temp)  

  mcp_fortified$group <- g  

 mcp_fortified$month <- m  

   

 # Saving this MCP into my list  
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  mcp_list[[paste(g, m, sep = "_")]] <- mcp_fortified  

 }  

} }  

# Combine all the MCPs into one data frame for plotting  

mcp_df_all <- bind_rows(mcp_list)  

#Reorder months again just to be safe before plotting  

mcp_df_all$month <- factor(mcp_df_all$month, levels = month_order)  

 

 


