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Abstract 
 
 

The Atlantic salmon, Salmo salar, Linnaeus 1785, is well studied due to its 

economical, ecological, and cultural importance across Europe, Scandinavia, and 

North America. Nonetheless significant gaps in our understanding persists when it 

comes to their life history, particularly during the smolt phase which has been 

considered as one of the most vulnerable phases in the Atlantic salmon life cycle. In 

recent decades, management and research incentives have concentrated primarily on 

enhancing and understanding migration behaviour of Atlantic salmon within 

freshwater environments. Despite management efforts, Atlantic salmon populations 

continue to decline with some European populations becoming extinct. Previous 

research has suggested that the decline is at least in part, related to increased habitat 

fragmentation resulting from artificial river-spanning infrastructure within the 

riverine environment which partially or completely impedes migration. This thesis 

describes a series of studies using acoustic telemetry that have provided evidence to 

fill the knowledge gaps in literature regarding downstream migratory behaviour of 

Atlantic salmon smolts from a UK tributary (River Derwent, Cumbria) draining into 

the Solway Firth. 

 

Although Atlantic salmon migration through riverine environments have been 

extensively researched, there are gaps in literature regarding the inter-annual spatial 

variation in migration success through the river system. Previous studies have mostly 

focussed on overall river migration success rates. In this study I focus with greater 

precision on potential bottleneck zones within a river system which contribute to 

reduced migration success rates of Atlantic salmon. By combining acoustic telemetry 

and statistical modelling, smolts were tracked through the entire River Derwent. A 
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number of potential factors that might influence migration success were assessed to 

understand specific geographic areas in which success is reduced and identify the 

factors which change the likelihood of smolts completing a successful riverine 

migration. Upstream areas of the River Derwent had a greater impact on migrating 

smolts, although variation in migration success across the three years of the study 

were observed. Consistent with previous literature, smolts experiences high overall 

loss rates during river migration (2020: 8% (n=8), 2021: 27.3% (n=41), 2022: 41.7% 

(n=48)). Migration speed (Rate of Movement (m.s-1) and ground speed (km.day-1) 

varied across river section and year but was consistently slow. There was also 

variation between years. Speed of migration in 2021 was found to be significantly 

higher when predicting rate of movement compared to 2020 and 2022, which is 

consistent with high water levels observed during tagging and release in 2021. Further 

investigations into the spatial variation of riverine systems across longer time scales 

are required to fully identify and understand how individual river reach characteristics 

may impact on migration success rates and speed; to determine if these are site specific 

or if these reach effects can be applied more widely.  

 

The natural standing water present in the River Derwent (Bassenthwaite Lake) was 

identified as a bottleneck zone for migration and was found to decrease the likelihood 

of migration success. The understanding of the effect of natural standing waters 

remains limited and speculation still remains as to the cues associated with successful 

smolt navigation though these systems. Previous studies have highlighted natural 

standing waters associated with reduced migration rates, where some studies suggest 

non-directional pathways are one of the direct causes of migration mortality. Using 

acoustic telemetry and statistical modelling, I investigated potential factors which may 

increase successful migration likelihood through the most northernly un-impounded 
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lake in the Derwent catchment. The evidence from this study is consistent with 

previous research and showed that migrating Derwent smolts experience high loss 

rates within Bassenthwaite Lake (33%), slow migration (0.16 m.s-1) and non-

directional movements. There was no evidence of phenotypic, behavioural or 

environmental effects that distinguished successful from unsuccessful lake migrant 

smolts. This suggests that migration success in Bassenthwaite Lake was random. I 

determined that the concept of a “Goldilocks Zone” is applicable to Bassenthwaite 

Lake and estimated the average minimum distance of this zone to be 0.72 ± 0.6 km 

(mean ± SD; range: 0.13 – 1.24) from the lake exit, though it remains unclear if the 

“Goldilocks Zone” is more generally applicable to all standing waters or if its specific 

to only natural lake systems. 

 

The effect of small river-spanning infrastructure (low-head weirs, >5m height) on 

downstream migrating smolts remains poorly understood. In Chapter 4, the success 

rates, behaviours associated with success and the ability to choose alternative passage 

around weir structures was investigated using a combination of acoustic telemetry and 

statistical modelling. Smolt migration failure rates differed across both weirs, with 

Coops Weir having a failure rate of 1.49-2.24%.km-1 and between 0–32.2%.km-1 for 

Yearl Weir. Both of these figures are considerable higher when compared to other 

studies and overall riverine failure rates elsewhere within the River Derwent, although 

there was evidence to suggest that smolts may choose to migrate by an alternative 

route around and not over the low head weirs studied in this work. Although it remains 

unclear as to whether migration failure rate across weirs was due to lack of 

preparedness to high salinity environments, injury or disorientation/stress as a result 

of passage or predation. 
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Once smolts successful migrate through the riverine environment across both natural 

and anthropogenic barriers, transitioning from freshwater to saltwater environments 

smolts must navigate through the early marine environment to reach key feeding 

grounds. However, despite the rapidly developing understanding of migration in 

freshwater systems, the knowledge gaps around marine environment migration 

trajectories remain. By combining data from five acoustic telemetry studies we are 

able to document the migration of post-smolts from the west coast of northern 

England. Migration success differed significantly across the three years of the study, 

although migration success rate (%.km-1) was found to be higher in freshwater 

systems compared with the early marine environment. It was found that in 2021 

smolts, used a northward migration pathway through the Irish Sea, although this study 

provided evidence to suggest that the Derwent populations may be impacted by 

aquaculture sites around the coast of Arran through which smolts were found to 

migrate around.  

 

The five data chapters presented in this thesis employed acoustic telemetry to model 

and assess Atlantic salmon smolt migration behaviour across a three-year study period 

through the riverine and early marine environment. The results obtained from this 

thesis will be developed by future research and used by government bodies to aid in 

identifying potential stressors on migration within the riverine environment which 

could impact Atlantic salmon populations. 
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Chapter 1: Introduction of the Atlantic Salmon 
 

1.1 General introduction  

The Salmonidae is a teleost family which belongs to the order Salmoniformes (Bleeker 

1859). The Salmonidae diverged from other teleost fish species approximately 88 

million years ago during the late Cretaceous period (Cuvier, 1816). They are a group 

of ray-finned fish endemic throughout the northern hemisphere. The Salmonidae 

family contains a variety of species such as trout, chars, freshwater whitefishes, 

graylings though only a specific few species belong to the genus Salmo (Linnaeus 

1758). Salmo species such as Atlantic salmon (Salmo salar, Linnaeus 1785) are well 

studied due to their economical, ecological, and cultural importance across Europe, 

Scandinavia, and North America (Hansen et al., 1993; Thorstad et al., 2012b; Havn 

et al., 2020). Due to rapid declines seen across the northern hemisphere within the last 

few decades, further attention has been focused on understanding their migration 

strategies, the costs and benefits of migration behaviours and implications of habitat 

fragmentation on this already vulnerable species. 

 

1.2 Life cycle of Atlantic salmon  

The Atlantic salmon has a complex life cycle (Figure 1.1). It is typically anadromous 

with a life span extending up to ten years (Hendry & Cragg-Hine, 2003). The species 

is well known for its long-distance migrations through an array of habitats from their 

natal freshwater systems to reach important habitats in the marine environment for 

feeding and growth (Klemetsen et al., 2003).  
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Atlantic salmon is an iteroparous species, meaning it is capable of multiple spawning 

throughout its lifetime (Bordeleau et al., 2020; Thorstad et al., 2012b), with some 

populations spawning six or more times (Ducharme, 1969; Moore et al., 1995; 

Atkinson & Moore, 1999; Klemetsen et al., 2003; O’Connell et al., 2006; Reid & 

Chaput, 2012). However, not all adults exhibit multiple spawning, with only on 

average 11% individuals spawning more than once in their lifetime (Bordeleau et al., 

2020; Fleming, 1998). Studies have found increased multiple reproduction increases 

with decreasing latitude through the northern hemisphere (Bordeleau et al., 2020; 

Fleming, 1998).  

 

Figure 1.1 The life cycle of Salmo salar (Atlantic salmon) in river and ocean environments (©The State of Wild 
North Atlantic Salmon, 2019). 
 

On their migration from sea usually during spring and summer, adult Atlantic salmon 

return to their natal river systems (Hansen et al., 1993; McCormick et al., 1998; 

Fjeldstad et al., 2012), travelling up to approximately 50 – 100km.day-1 at Sea 

(Hansen & Quinn, 1998) to spawn several months later in autumn/winter months 
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(Fleming & Einum, 2011; Frechette et al., 2018; Jonsson & Jonsson, 2003). Adult 

salmon return to their natal tributaries which provide important habitats such as 

suitable gravel substrates (Hendry & Cragg-Hine, 2003). Between November and 

February female (hen) Atlantic salmon locate appropriate gravel substrate with 

moderate current velocity and depth (Fleming, 1996, 1998; Bardonnet & Bagliniere, 

2000; Fleming & Einum, 2011; Hendry & Cragg-Hine, 2003) in order to lay their eggs 

(1.5k – 1.8k per kg (Verspoor et al., 2007) in nests called “redds” (McCormick et al., 

1998), dispersing their eggs in a low depth (~30cm), high velocity, rich oxygenated 

environments, over clean gravel and cobbled substrates (Bardonnet & Bagliniere, 

2000; Fleming & Einum, 2011; Hendry & Cragg-Hine, 2003).  Males (cocks) expend 

a vast amount of energy during this period, actively competing and engage in fighting 

to gain access to females to facilitate fertilization. Post-fertilization eggs are buried to 

ensure protection from predation (Bardonnet & Bagliniere, 2000; Fleming & Einum, 

2011). After mature spawning, a proportion of Atlantic salmon (female and male) 

leave the nursery area, directly residing downstream for a couple of months before 

returning to the marine environment (Bardonnet & Bagliniere, 2000), though not all 

adults survive post-spawning due to a large proportion of their total energy reserves 

(60%) being depleted during the upstream migration event (Jonsson et al., 1997). 

 

The Atlantic salmon is a rheophilic species when In the riverine environment and 

during the winter months. The riverine environment provides cold water temperatures, 

rich in oxygen which is essential in the reproduction and successful spawning of 

Atlantic salmon. Over the course of three/four months (385–545 degree days) (Crisp, 

1988; Jonsson & Jonsson, 2011) the eggs hatch into alevins, though, this time frame 

is highly dependent on environmental factors such as temperature (Klemetsen et al., 

2003).  
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Post hatching, Atlantic salmon are referred to as “alevins”, and at this stage access 

nutrients from the yolk sac (Gustafson-Marjanen & Dowse, 1983; Crisp & Hurley, 

1991). Alevins remain in the redd for a few weeks, emerging from gravels in 

April/May, having absorbed the yolk sac to feed on macro-invertebrates (Bardonnet 

& Bagliniere, 2000; Johansen et al., 2011), they are then referred to as “Fry”, where 

they passively drift downstream or remain in the vicinity of the redd.  

 

Usually by the second year in streams, fry develop into “parr”, becoming much larger 

over time after utilizing feeding opportunities in the stream. Parr develop camouflage 

to suit their ambient river environments and become more territorial (Kallberg, 1958; 

Keenleyside & Yamamoto, 1962; Arnold et al., 1991). When access during the 

transitional phase to key habitats is limited and/or competition within a population is 

increased both the fry and parr phase may incur density dependent mortality (Bujold 

et al., 2004; Hedger et al., 2013).  

 

Environmental factors such as water temperature and food availability determine the 

temporal variability in which individuals remain in the parr phase (Kallberg, 1958; 

Grant et al., 1998; McCormick et al., 1998). It has been suggested that parr need to 

reach an approximate “threshold size” (~>/=10cm) which has been found to take up 

between one to eight years to develop (Thorstad et al., 2008; Klemetsen et al., 2003), 

before transitioning into the next phase “smolt” (smolting). During smoltification, 

individuals undergo physiological, behavioural, and morphological changes to enable 

future survival in high salinity environments (Thorstad et al., 2012a; Handeland et al., 

1996), allowing smolts to begin the downstream migration to sea.  
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Once smolts have entered an estuarine/ marine environment, they are referred to as 

“post-smolts”. Behavioural changes observed in post-smolts within estuarine 

environments such as increased swimming speeds, is hypothesized to be a predator 

avoidance strategy (Plantalech Manel‐la et al., 2011). In estuaries, post-smolts are 

reported to engage in active swimming behaviour in addition to passive swimming 

with surface currents (Hedger et al., 2011; Mork et al., 2012; Økland et al., 2006).  

 

Knowledge of the marine migration trajectories of post-smolts remains limited, 

though a number of authors have shown that Atlantic post-smolts from European 

tributaries, migrate to the Norwegian Sea at least in part utilising currents as 

directional cues (Barry et al., 2020, 2024; Mork et al., 2012; Ounsley et al., 2020; 

Thorstad et al., 2012b; Green et al., 2022). Previous research using particle tracking 

off the northwest coast of the UK, has alluded to post-smolts utilising the continental 

shelf edge currents off Scotland (Ounsley et al., 2020) to aid migration towards marine 

feeding zones in the Norwegian Sea. However, some fish migrate to the northwest 

Atlantic, to the seas off west Greenland (Klemetsen et al., 2003; Thorstad et al., 

2012a; Dunbar & Thomson, 1979). However, for salmon from northeast coast rivers 

in the UK, it has been hypothesised that active swimming must take place in order to 

reach the Norwegian Sea, due to lack of northern directional currents in the North Sea, 

where prevailing currents are in a south-easterly direction (Ounsley et al., 2020). Post-

smolts have been recorded, using acoustic telemetry research, travelling up to ca.7–- 

30km.day-1 (Barry et al., 2020; Mork et al., 2012; Ounsley et al., 2020; Thorstad et 

al., 2012b) during their migration to the Norwegian Sea.  
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Once post-smolts have reached their feeding grounds they remain at sea for one to 

four years although occasionally more (ICES, 2018), utilising available marine food 

resources which ensures rapid growth (Klemetsen et al., 2003) until they mature.  

Atlantic salmon post-smolts can remain at sea feeding for approximately one year, 

prior to migrating back to their natal tributaries as one sea-winter (1SW) salmon. Such 

fish are referred to as “grilse”. Alternatively, individuals can choose to spend multiple 

years in the marine environment, these are referred to as “Multi Sea Winter (MSW) 

Atlantic salmon” (Jacobsen & Hansen, 2001; Rikardsen et al., 2008). Around 73% of 

MSW Atlantic salmon that migrate further to the feeding grounds on the West coast 

of Greenland have been reported to be 2SW fish (Sheehan et al., 2017).  

 

The preferred feeding grounds in the Norwegian Sea change with season. Atlantic 

salmon diet includes hyperiid amphipods, euphausiids, and mesopelagic shrimp are 

commonly found during autumn period. In the winter, Atlantic salmon diets shift to 

forage on lantern fish (e.g., Benthosema glaciale), pearlsides (e.g., Maurolicus 

muelleri) and barracudinas (e.g., Paralepis coregonoides) (Jacobsen & Hansen, 

2001). Although, studies have found correlations between the number of sea-winters 

spent in the marine environment and the diet shifts. For example, Jacobsen & Hansen 

(2001) observed 1SW Atlantic salmon diet consisted of a high abundance of 

amphipods compared to MSW Atlantic salmon which had a higher fish component in 

their diet.  

 

1.3 Smolting as a process  

Development from the parr into the smolt phase is dependent on individual growth 

rate, which is positively correlated with water temperatures (Metcalfe & Thorpe, 

1990). During smolting, the fish go through morphological, physiological, and 
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behavioural changes that prepare them for migration to the marine environment 

(Milner et al., 2003; Thorstad et al., 2012b; Zydlewski et al., 2014). Once 

development from parr to smolt has occurred, individuals develop essential 

behaviours to initiate migration behaviour. Researchers hypotheses the key changes 

found to occur in an individual’s morphology, only occurs when parr have 

accumulated satisfactory lipid resources (Thorpe, 1986). Metcalfe et al. (1989), 

Thorstad et al. (2012b) and Barry et al. (2017) show that behavioural, morphological 

and physiological changes help pre-adapt individuals for marine life. Smolting 

reduces territorial behaviour in individuals, allowing schooling behaviour to be 

displayed. Fish become slimmer and skin pigmentation changes where parr marks 

disappear, the fins darken, the body of salmon begins to turn silver, which allows for 

extensive counter shading camouflage. This change is required for the migration in 

pelagic zones (Alexander et al., 1994; McCormick et al., 1998) and changes in plasma 

ion concentrations have been observed which aids in survival within marine 

environments (McCormick, 2013; McCormick et al., 1985; Stefansson et al., 2007; 

Zydlewski et al., 2014). 

 

To initiate migration, smolts require specific environmental cues and once prepared 

physiologically, environmental cues such as temperature and water discharge initiate 

down-stream migration behaviour (Riley et al., 2012). Thorstad et al., (2012b) stated 

the importance of these factors may change across populations, where some 

populations migrations are found to be solely initiated by temperature migration, 

whereas other rivers require the specific water discharge during the spring spate 

(Jonsson & Ruud-Hansen, 1985; Hvidsten et al., 1995). Additionally, Hvidsten et al., 

(1998, 2009) hypotheses the use of such cues aid in predicting foreseeable ocean 

conditions which has been found in Norwegian smolts where different populations 
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entered the sea at different periods using varied environmental cues for migration 

though all appeared to be adapted to enter the sea when temperatures reach ~8°C. 

Hvidsten et al., (1998, 2009) study implied a longitudinal gradient influence on 

migration timings, where southern populations migrate earlier than northern 

counterparts where sea conditions are warmer later in the migration season.  

 

1.4 Status, range and distribution  

Historically, Atlantic salmon had a distribution range of more than approximately 

2600 river systems across the North Atlantic zone (Fjeldstad et al., 2012; Windsor et 

al., 2012; WWF, 2001). The species is widely distributed across Europe, from the 

Kola Peninsula in Russia down to Portugal (Mills, 1991; Parrish et al., 1998; Fjeldstad 

et al., 2012; Koed et al., 2020). In North America, its range extends from the North-

East coast of Canada southwards to Maine, USA (Figure 1.2). In order to assist in 

management decisions, Atlantic salmon populations have been subdivided into 

geographic groups: 1) West Atlantic, 2) East Atlantic, 3) Baltic Sea (Jonsson & 

Jonsson, 2011). 

 

 

Figure 1.2 Global distribution of wild Atlantic salmon (Salmo salar L.) (©Cherry, 2016). 
 



 28 

 
Currently, wild Atlantic salmon are considered to be in a serious decline across the 

large proportion of river systems in which they are found. According to the  North 

Atlantic Salmon Conservation Organizatio’'s (NASCO) database (2016) detailed 

global stocks in the majority of river systems are likely to be under considerable 

pressure and population declines are impacting spawning population sizes and 

reproductive success (Jutila et al., 2003). The species has all but disappeared in 

Germany, Switzerland, the Netherlands, Belgium, the Czech Republic, and Slovakia. 

In Estonia, Portugal, Poland, and in parts of the United States of America, the species 

is on the brink of extinction (ICES, 2018). Waples (1991, 1995) detailed the 

evolutionary significant units (ESU) framework which proposed that it is not enough 

to consider actual numbers of wild Atlantic salmon when considering conservation 

and management of the species, but that instead we should focus on ESU, which is a 

population/group of populations that i) is substantially reproductively isolated from 

other conspecific population units; and ii) represents an important component in the 

evolutionary legacy of the species”. Thus, with prior knowledge that Atlantic salmon 

individuals always return to the same natal river systems, each river system should 

therefore be accounted for separately as they essentially provide for unique salmon 

populations, or even several, within one river.  

 

Due to the declines seen in Atlantic salmon populations, the species has been listed in 

Annexes II and V of the European Union’s Habitats Directive (92/43/EEC) as a 

species of European importance (Hendry & Cragg-Hine, 2003). Nevertheless, Hendry 

& Cragg-Hine (2003,  Mills (1991) and McLeod et al., (2005) have highlighted that 

distribution of populations is heavily restricted by various anthropogenic stressors 
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including deteriorated water quality, increased urbanisation, changes in agricultural 

practices and over-exploitation.  

 

The UK holds a large proportion of Atlantic salmon populations from the total 

European stock (Figure 1.3), with a total of 547 of rivers within the NASCO database 

(NASCO, 2018) where a total of 2,395 rivers are assessed across the northern 

hemisphere. There are 79 rivers in England and Wales which regularly support 

Atlantic salmon (ICES, 2018) (Figure 1.4) 64 of which are designated as principle 

salmon rivers (PSR). Most recent estimates of returning adults in England and Wales 

have declined significantly between 2000 and 2022 for 1SW individuals from 91,910 

to 36,311 (ICES, 2023). Interestingly though, it was found a higher number of MSW 

salmon returned during the same period: the numbers changed from 48,513 in 2000 

to 104,705 in 2022 (ICES, 2023). This could potentially be an example of salmon 

changing their marine migration patterns so that a higher proportion of fish are now 

returning as MSW rather than 1SW salmon. 
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Figure 1.3 UK stock distribution of Atlantic salmon (Salmo salar) (©Hendry & Cragg-Hine 2003). 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 64 English and Welsh rivers which regularly support Atlantic salmon (©Gregory et al., 2023). 
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Throughout England, Scotland, Ireland and Wales there has been a steady decline in 

population abundances throughout the past three decades (ICES, 2023). Poor 

salmonid recruitment was found to be a significant concern back in 2016 and has since 

been an area of interest for England and Wales river systems (ICES, 2018). ICES 

(2018) discussed the main cause of decline was a result of increased temperatures due 

to unusual seasonal fluctuations, providing a warmer winter in 2016 than previously 

recorded. Furthermore, extreme river flows were also recorded which in turn 

adversely affected spawning success in 2016 and thus resulted in a poor smolt 

migration across the following years.  

 

1.5 Pressures on Atlantic salmon 

The migration of Atlantic salmon between riverine and marine environments is seen 

as a strategy of adaptive value (Thorstad et al., 2008), where the costs of migration 

are less than the fitness benefits obtained by a population (Lucas & Baras, 2001). For 

Atlantic salmon, the benefits are assumed to be the ability to exploit new feeding 

grounds and resources leading to increased growth, resulting in higher fitness and 

reproductive success (Dingle & Drake, 2007; Lucas & Baras, 2001; Kärgenberg et al., 

2020).  

 

Studies have found a correlation between female size and a higher volume of eggs 

produced; therefore, migration is predominantly important for females (Reid & 

Chaput, 2012; Thorpe et al., 1984; Randall, 1989; Fleming, 1996; Heinimaa & 

Heinimaa, 2004; Moffett et al., 2006). However, not all males undergo migration as a 

life strategy, where a proportion remain within the river system maturing as 

“precocious parr” and are able to fertilize a high proportion of eggs from sea migrating 
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females as a key reproductive strategy (Martínez et al., 2000; García-Vázquez et al., 

2001; Jones & Hutchings, 2001, 2002; Taggart et al., 2001; Saura et al., 2008) 

Evropeizeva, 1958). The costs experienced by individuals that migrate include 

increased energy expenditure, exposure to novel environmental stressors, increased 

mortality and exposure to new predators (Halfyard et al., 2012), although the severity 

of each cost likely varies between populations and individuals. An assortment of 

external pressures contributes to the costs and benefits of migration, such as: i) 

environmental conditions;  ii) man made or natural physical infrastructure of the 

landscape; and iii) biotic and abiotic components (Storebakken, 2009). 

 

1.5.1 Natural pressures  

1.5.1.1 Predation 

Not only is the transitional stress from riverine environments to marine environments 

costly due to increased osmotic stress and the physiological, behavioural and 

morphological changes required, but additionally predation poses a considerable risk 

to smolts during their seaward and early marine migration. Primarily within riverine 

systems, avian and piscivore predation has been reported to contribute to mortality 

experienced by smolts within these systems (Dieperink et al., 2002; Thorstad et al., 

2011). Avian predators are often found within riverine and estuarine systems 

(Dieperink et al., 2002), and often located at bottleneck zones where migration is 

partly or fully halted due to in river obstructions or environmental factor fluctuations 

(i.e., river levels). Common avian predators found in UK waters are Cormorants 

(Phalacrocorax carbo carbo, Linnaeus 1785) and Goosanders (Mergus merganser, 

Linnaeus 1785). A variety of avian species within estuaries are often found in high 

abundance during migration periods, suggesting avian species heavily rely on them as 
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a seasonal prey source (Allegue et al., 2020; Arso Civil et al., 2019; Carter et al., 

2001; Kennedy & Crozier, 2010; Thorstad et al., 2012a, b; Wilson et al., 1997).  

 

Riverine systems with in-river channel spanning infrastructure can delay migration 

and lead to an increase in predation and smolt stress (Koed et al., 2002; Thorstad et 

al., 2008). Chavarie et al. (2022) measured smolt predation during migration along 

the Endrick Water, Scotland using an active tracking approach and found avian 

predators to be the main cause of mortality (42%), though a considerable level of 

piscivore predation was also recorded (14%). Not only are Atlantic salmon smolts 

susceptible to avian and piscivore predation, but mammals, such as the European otter 

(Lutra lutra, Linnaeus 1785) have also been found to prey on both juvenile and adult 

Atlantic salmon (Carss et al., 1990; Berry, 1934; Mills, 1967, 1971; Ade, 1989). 

 

Thorstad et al. (2012b) highlighted  that the highest rates of mortality during salmon 

migration occur within the marine environment, during the smolt to post-smolt phase. 

Predators such as harbour seals (Phoca vitulinai, Linnaeus 1785), grey seals 

(Halichoerus gyprus, Linnaeus 1785) and bottlenose dolphins (Delphinus truncates, 

Linnaeus 1785) are highly abundant throughout the northern hemisphere, particularly 

surrounding Great Britain (Carter et al., 2001). Carter et al. (2001) analysed the 

foraging behaviour of both harbour and grey seals, and found that both species utilized 

estuaries in greater abundances during the important migrating seasons 

(winter/spring), therefore, both species experience temporal overlap with migrating 

Atlantic salmon smolts, and retuning adults post spawning. Although, studies have 

been conducted on seal diets, observational data is limited to surface foraging and 

further studies are required to investigate full foraging behaviour to understand 

foraging strategies and the implications on Atlantic salmon populations.  
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Furthermore, various piscivorous species such as Atlantic cod (Gadus morhua, 

Linnaeus 1785) and European Seabass (Dicentrachus labrax, Linnaeus 1785) are 

reported to predate on Atlantic salmon (Hedger et al., 2011). Hedger et al. (2011) 

noted potential evidence of smolt predation strategies emerging in European cod 

populations, finding European cod in Norwegian fjords were engaging in similar 

seasonal migratory patterns to that of Atlantic salmon and utilising the water surface. 

European cod are predominately bottom dwelling species, and changes in their 

migratory behaviour is potential evidence of deviations in foraging strategy in order 

to benefit as a population. 

 

1.5.1.2 Natural standing waters  

Not only do smolts have the difficulty of riverine passage alone to reach estuarine 

environments, but passage to and from natal tributaries may also increase costs 

associated with natural geographical pressures for some populations. Longer journeys 

can further increase the risk of predation and increase energetic costs associated with 

migration. Hanssen et al. (2022), Honkanen et al. (2018, 2021) and Kennedy et al. 

(2018) investigated natural geographical pressures on migrating smolts, such as 

natural standing water passage through lakes/ lochs,  reporting substantial migration 

loss within these system. Riverine catchments which support Atlantic salmon 

populations often flow through large natural standing-waters through which smolts 

must successfully navigate before proceeding seaward (Honkanen et al., 2018). 

Natural standing-waters lack directional surface currents on which smolts likely rely 

on for successful navigation cues, thus high mortality rates have been recorded within 

what are natural geographical landscape barriers. It has been reported smolts have a 

in higher energy expenditure and experience an increased overall migration duration 
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within lakes, further increasing the risk of predation (Hanssen et al., 2022; Honkanen 

et al., 2018, 2021; Jepsen et al., 1998; Thorstad et al., 2012b). 

 

Riverine migration has been well studied, it has been reported that smolts utilize 

riverine discharge not only to initiate migratory behaviour but as a navigation cue to 

migrate towards marine environments (Thorstad et al., 2012b; Davidsen et al., 2009; 

Lacroix et al., 2004a,b; Svendsen et al., 2007). In contrast, the cues smolts require to 

successfully migrate through lakes remains poorly understood.  

 

1.5.2 Anthropogenic pressures  

1.5.2.1 Climate change  

Increased greenhouse gas emissions over the last century have been found to correlate 

with increase surface water temperatures both in the riverine and marine environments 

(Beaugrand et al., 2002). Warmer surface temperatures across natal rivers have been 

shown to correlate with smolting occurring earlier in the season, further correlating to 

increased growth rate parameters, which is thought to aid in predator avoidance 

strategies (Friedland et al., 2000, 2003; Pepin, 1991).  

 

The optimal sea surface temperature for early marine entry is approximately 8 – 10ºC 

(Friedland et al., 2000), however, smolts emigrating early in the season are likely to 

be exposed to lower temperatures during their migration into marine waters. Friedland 

et al. (2000) reported smolts emigrating out of the River Figgjo in Northern Norway 

had a higher rate of survival when marine surface temperatures were higher during 

their first month of migrating throughout the marine environment (Friedland et al., 

2003; Kennedy & Crozier, 2010). 
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Not only is the smolt phase impacted, but researchers have reported climatic impacts 

due to surface temperatures being highly correlated with declining abundances of 

MSW Atlantic salmon returning to natal tributaries (Friedland et al., 2003; 

Scarnecchia, 1984; Thorstad et al., 2021). Surface temperatures have also been 

postulated to impact adult Atlantic salmon maturity in the marine environment 

(Friedland et al., 2003). Studies found a reduction of MSW salmon of 51%, 81% and 

88%, in populations in the N-NEAC (Northern North-East Atlantic Commission), S-

NEAC (Southern North-East Atlantic Commission) and NAC (North American 

Commission) areas respectively (Martin & Mitchill, 1985; Saunders et al., 1983; 

Scarnecchia, 1984), though increases in in 1SW Atlantic salmon have also been 

reported (Chaput, 2012).  

 

Researchers propose that the decline recorded in MSW Atlantic salmon is partially a 

consequence of a shift in prey availability in the feeding grounds off the West coast 

of Greenland (Todd et al., 2008). Climate shifts have been recorded to heavily impact 

the distribution and production of zooplankton with the northward shift of cooler 

waters recorded in 1990 linked with a reduction in Capelin (Mallotus villosus, Müller 

1776), a main food source of Atlantic salmon (Buren et al., 2014). The shift in prey 

availability to post-smolts has likely resulted in the increase of Atlantic salmon 

maturing after one year at sea (1SW) (Utne et al., 2022).  

 

1.5.2.2 Artificial infrastructure  

Habitat fragmentation has been found to be one of the leading causes of Atlantic 

salmon population declines (Richter et al., 1997; Lucas & Baras, 2001; Deinet et al., 

2020). Across riverine environments, anthropogenic riverine fragmentation is caused 

by construction of in-stream river-spanning infrastructure such as hydropower dams, 
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low head weirs and culverts (Birnie-Gauvin et al., 2017a,b; Rosenberg et al., 2000; 

Lucas & Baras, 2001; Ceballos & Ehrlich, 2002; Limburg & Waldman, 2009; 

Baguette et al., 2013; Hill et al., 2019). Due to river habitat connectivity being 

primarily longitudinal confined to the river corridor (Newton et al., 2019), species 

which have complex life cycles are most likely to be affected due to single 

impoundments potentially isolating adjacent habitats required for particular life stage 

requirements to be facilitated (Hill et al., 2019).  

 

Hydropower dams are the largest global renewable electricity source (International 

Energy Agency 2012; Havn et al., 2017; Pringle, 2001) with over 59,000 dams higher 

than 15m having been built (ICOLD 2018). Hindar et al. (2004) and Riddell & Tautz  

(2003) speculate hydropower dams are one of the leading causes of increased 

mortality of Atlantic salmon (Hindar et al., 2004; Riddell & Tautz , 2003) via both 

direct impacts such as turbine blade strikes and indirect impacts such as delayed 

migration and predation. As a result of increased delays found to occur at hydropower 

structures,  correlated energy expenditure of migration through the riverine system is 

found to increase (Thorstad et al., 2012b), thus increasing the costs associated with 

migration.  

 

Weirs are used for a variety of reasons such as flood prevention, hydropower 

production, water discharge measures, boat navigation and fish farming (Havn et al., 

2020). Weirs not only restrict fish populations’ essential life stage connectivity but 

may also impact habitat by altering downstream flux of water, temperature, sediment 

and nutrient movements within river ecosystems (Antonio et al., 2007; Branco et al., 

2012; Gauld et al., 2013). A national walkover survey, estimated there are 

approximately 66,381 barriers to migration across Great Britain river systems, 
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indicating >97% of UK river networks are fragmented, with 1% of catchments within 

Great Britain being free form artificial infrastructure (Jones et al., 2019). Although 

the size and scale of in-river barriers is highly variable (Tetzlaff et al., 2007), all in-

river spanning infrastructure have the potential to partially and/or fully impede 

migration.  

 

The38igrlogical consequences of38igrationon delays to Atlantic salmon are still 

unclear and require investigation, although Newton et al. (2018) hypothesised smolts 

will increase movement and searching behaviours when faced with an impassable or 

temporarily impassable in-river structure, looking for the most direct passage route 

are most likely to incur energy expenditure costs. There are various examples of 

increased energy expenditure negatively impacting migration success of anadromous 

species (Gowans et al., 2003; Caudill et al., 2007; Frank et al., 2009; Dodd et al., 

2018). Studies on Atlantic salmon in Danish river systems showed negative effects 

resulting from increased delays and mortality seen at low-head weirs (Aarestrup & 

Koed, 2003). O’Connor et al. (2006) highlighted other anadromous species such as 

murray cod (Maccullochella peels, Mitchell 1838) and golden perch (Macquaria 

ambigua, Richardson 1845) have been shown to be impacted by river obstructions. 

Studies conducted by O’Connor et al. (2006) in Australia, found that these river 

species exhibited behavioural reluctance to move past low-head weirs when migrating 

downstream. However, research conducted by Hansen & Jonsson (1985) and 

Davidsen et al. (2005) found that when Atlantic salmon smolts enter accelerated flow 

fields close to river obstructions, such as weirs, smolts have adapted their behaviour 

to turn against the current to establish control of movement and reduce injury. 
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Passage across weir structures relies on variations in environmental conditions, in 

combination with fish characteristics (e.g., body size (fork length, FL) and species) 

which create discrete periods during which fish passage is successful (Kemp &  

O’Hanley, 2010). River flow is essential for successful passage: if water levels are too 

low, movement of fish is impeded, conversely, elevated levels can have negative 

effects, as when water velocity is too high it can exceed the swimming capability of 

fish (Fraser et al., 2015; KLTAP, 2015; Dodd et al., 2018), incurring potential injury 

and increased stress responses in Atlantic salmon. Havn et al. (2020) assessed the 

impact of river-spanning infrastructure (weir and power station) presence on mortality 

rates along the River Sieg, finding the potential causes of induced mortality was not 

due to the presence or physical properties of the Buisdorf weir (i.e., height or length) 

but due to the physical damage suffered by individuals when passing over the weir. 

This in turn caused an increased delay in migration which led to increased predation 

vulnerability. It has also been suggested that obstacles can result in negative 

behavioural consequences after passage when smolts accumulate in a location if they 

have been stunned, stressed, or disorientated (Stich et al., 2015; Havn et al., 2020).  

 

Barriers can also negatively impact upstream migration behaviours and female 

Atlantic salmon have been found to reproduce downstream in the nearest habitat 

which resembles their natal spawning grounds where clean gravel substrates and high 

velocity flows are present (Bardonnet & Bagliniere, 2000; Fleming & Einum, 2011; 

Hendry & Cragg-Hine, 2003).  In some cases they have be found to abandon spawning 

all together (Thorstad et al., 2008) indicating a potential reduction in spawning 

population size may occur. When females are forced to spawn downstream of the 

artificial in-river infrastructure, redds were significantly closer to each other, 

compared with what was found upstream in their natal spawning grounds in areas with 
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unrestricted access across a 15-year study period (Tentelier & Piou, 2011). As a result 

of impassable structures resulting in downstream spawning adult amalgamations, 

there is increased disease prevalence probability within a population (Fujihara & 

Hungate, 1971; Thorstad et al., 2008). This also has further implications for potential 

population size and the future status of regional stocks.  

 

Considerable efforts have been made to develop ways in which fish can pass obstacals 

through the installation of fish passages (Larinier, 1998; Guiny et al., 2005; Bunt et 

al., 2012). In Europe, policy and legislation exists such as the Water Framework 

Directive (WFD; 2000/60/EC) and EU Eel Regulation (EC No. 1100/2007) which 

requires the provision of free passage for all migratory fish species that require access 

to specific upstream/downstream habitat in order to complete essential life stages 

(Gauld et al., 2013; Newton et al., 2018, 2019; Dodds et al., 2018). Failure to comply 

with the WFD regulations can result in the waterbody being deemed to be of less than 

“Good Ecological Status”. There are various types of fish passages that have been 

explored in the scientific literature, these include bypasses, spill gates/spillways and 

low sloping turbine intake racks. Nygvist et al. (2018) suggest that the efficiency of 

fish passage installations is questionable, as most migrating fish still experience 

migratory failure, potentially suffering direct or delayed mortality as an effect of spill, 

bypass, or turbine passage (Muir et al., 2001; Ferguson, 2005; Ferguson et al., 2006; 

Nyqvist et al., 2017). Kärgenberg et al. (2020) found that Atlantic salmon smolt 

mortality (acute or delayed) was lowest when using the bypass which best mimics the 

river channel regardless of the low water flow throughout. They found fewer smolts 

migrated over dam spillways indicating spillways are not an efficient alternative 

passage route. 
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Gaps within literature regarding Atlantic salmon smolt passage across artificial 

structures, with or without fish passes remain high regarding UK river systems. 

Further research is required to understand the delay implications for various life stages 

(smolt/returning spawner) across artificial structures to aid in management , 

mitigation and construction of in-river infrastructure (Newton et al., 2018).  

 

1.6 Where are the current declines during migration occurring? 

The transition between freshwater and saltwater environments is a critical life phase 

for Atlantic salmon (Gross, 1987; Kennedy & Crozier, 2010; Hoar, 1976), and it is 

heavily associated with high mortality rates (Halfyard et al., 2012) particularly during 

the outward smolt migration. Reports of high mortality rates throughout juvenile life 

stages are not uncommon throughout the published literature (Thorstad et al., 2012b, 

2011; Dieperink et al., 2002), although spatial data relating to migration mortality 

rates in riverine systems is limited. Atlantic salmon smolts from the River Bush, 

Ireland, studied by Flávio et al., (2020) found significant temporal variation in 

survival rates of smolts throughout the study site, where across three years (2014, 

2017 – 2018) survival rates were 70%, 39%, 26% respectively. Moreover, Flávio et 

al. (2020) found there was spatial variation in mortality rates, whereby smolts released 

downstream, closer to saltwater habitat had a greater loss rate compared to smolts 

released upstream which suffered an average mortality rate of 0.4%.km-1 in 2015, 

4%.km-1 in 2017, and 10.3%.km-1 in 2018. This analysis showed decreasing temporal 

survival probability of smolts throughout the riverine system. In 2014 it was proposed 

that environmental factors such as high-water flow was a contributing factor to the 

high survival probability recorded. Fluctuating flow regimes throughout the riverine 

environment may impact smolt survival chances, directly by the following: i) a current 

assisted increase in speed reducing overall duration spent in a river environment; ii) 
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reducing visibility in the water column; and iii) increasing the number of smolts 

simultaneously migrating downstream (Hvidsten et al., 1995; Jonsson & Jonsson, 

2009). 

Additionally, Flávio et al. (2020) alluded to the requirement of environmental cues 

for smolts when approaching the marine environment. The lack of salinity or 

temperature gradients River Bush smolts endure provide little or no environmental 

cues to signal that they are approaching the marine environment, inducing stress 

responses and reducing circadian patterns when entering the sea (Kennedy & Crozier, 

2010) which increase predation pressure when entering the sea during daylight hours 

(Kennedy & Greer, 1988).  

The published scientific literature still remains limited as to the exact points within 

the riverine/estuarine environment at which migration mortality is at its highest and 

further investigation is required to differentiate spatial mortality rates. Additionally, 

the potential for differential impacts of the riverine and estuarine environments on 

smolts requires further investigation, potentially unearthing bottleneck zones within 

the transitional phase. It is this smolt and post-smolt migration phase that this study 

will focus on.  

 

1.7 Smolt migration  

McCormick (2013) and Zydlewski et al. (2014) have categorised the smolt migration 

into four categories: 1) initiation; 2) downstream migration,; 3) estuary migration; and 

4) ocean migration, with the full smolt migration taking approximately 3–6 weeks. 

The timing of the initiation of migration is vital for migration success and marine 

survival (Hoar, 1976; McCormick et al., 1998), and it is hypothesised to be heavily 
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influenced by photoperiod, water temperature and river discharge (McCormick, 2013; 

Zydlewski et al., 2005). Once smolts have undergone the required physiological, 

behavioural, and morphological changes to adapt them to high salinity environments 

(Thorstad et al., 2012a; Handeland et al., 1998), they begin their downstream 

migration. Havn et al. (2017) suggested that smolt migration was via passive 

displacement by river currents, but several studies have now documented that active 

migration occurs, with smolts swimming faster than river currents (Davidsen et al., 

2005; Svendsen et al., 2007). Thorstad et al. (2012b) and Vollset et al. (2021) also 

linked latitudinal variation to the timing of downstream migration, where southern 

populations were found to migrate earlier compared to northern populations of 

Atlantic salmon smolts. 

 

During the downstream migration further physiological changes allow smolts to adapt 

to the early marine environment, with researchers finding smolts increased their 

shoaling behaviour upon exit of their natal tributary which has been hypothesised as 

a predator avoidance strategy (Olsén et al., 1998; Riley, 2007). 

 

1.8 Post-smolt migration  

Upon initial entry to the estuary, smolts have been found to rapidly increase speed 

throughout the system, moving at ca.0.4–1.2 body length per second (BL.s-1) to 

migrate into the early marine environment, utilising ebb tide and dark hours to 

emigrate (Hedger et al., 2008; Martin et al., 2009; Moore et al., 1998; Thorstad et al., 

2012b). Once smolts leave their natal rivers they are referred to as “post-smolts”. 

Behavioural changes observed in post-smolts within estuarine environments such as 

increase swimming speeds is hypothesized to be a predator avoidance strategy 

(Plantalech Manel‐la et al., 2011), where post-smolts are reported to engage in active 
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swimming behaviour whilst also gaining advantage by swimming with surface 

currents (Hedger et al., 2011; Mork et al., 2012; Økland et al., 2006).  

 

1.9 Studying migration  

In order to study species migration and assess migration success (Welch et al., 2008; 

Klimley et al., 2013) various studies have incorporated biotelemetry as a primary 

method based on three technologies; i) acoustic; ii) radio; and iii) satellite (Hussey et 

al. 2015). Biotelemetry has been used in marine and freshwater ecology research for 

over 50 years (Gray & Haynes, 1977; Westerberg, 1982; Voegeli et al., 1998; Arnold 

& Dewar, 2001; Sibert & Nielsen, 2001; Clements et al., 2005). It has revolutionised 

the way in which migration can be observed (Klinard et al., 2019) across various 

habitats where visibility is poor, in cases where individuals are in constant motion and 

it can be used to identify key areas in which mortality is high. Prior to recent 

advancements, ecologists relied heavily on mark-recapture techniques which provides 

only minimal data (capture data and location) and which was also exceedingly labour 

intensive. 

 

Advances in electronic telemetry technologies has permitted tracking of a wide variety 

of species ranging in size from 10cm (e.g., salmon smolts) to 29m (e.g., blue whales 

genus sp.) in freshwater, brackish and marine environments (Bailey et al., 2009; 

Rechisky et al., 2013; Abecasis et al., 2018). Acoustic telemetry, which involves the 

use of an acoustic transmitter to transmit a signal detected on acoustic receivers 

distributed throughout the species range (Hussey et al., 2015). This method has 

become popular to investigate fish migration patterns, site fidelity, diel movement 

patterns and predation events (Heupel et al., 2010; Hitt et al., 2011; Rowell et al., 

2015; Hussey et al., 2015). Tags have also been developed to also collect a wide array 
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of various environmental and physiological data such as temperature, heart rate, 

salinity, and individual acceleration in the wild (Figure 1.5). Both passive and active 

tracking can occur (Crossin et al., 2017). Passive tracking requires continuously 

monitoring acoustic receivers with data logging capabilities to be located in fixed 

positions along a suspected species range whereby a migrating fish can be logged with 

individual unique ID codes for future analysis (Hussey et al., 2015). Additionally, 

active tracking can be conducted using a hydrophone to actively locate an individual, 

providing the individuals unique ID code (Crossin et al., 2017; Chavarie et al., 2022).  

 

 

Figure 1.5 Examples of acoustic tags that can be used for tracking an individual Atlantic salmon smolt (©Greene 
et al., 2009). 

 

Acoustic telemetry is the most commonly used method of tracking salmonids, in 

particular Atlantic salmon (Thorstad et al., 2011) due to the small tag size possible 

(12mm/0.65g), thus, allowing for various life stages to be tracked (Cooke et al., 2013; 

Honkanen et al., 2018). However, environmental property fluctuations can often limit 

the appropriateness of acoustic telemetry, such as increased water currents during 

transmitter deployment, increase noise audio of the water and potential unknown 
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barriers below the surface water which can all adversely affect the tag signal, reducing 

detection efficiency (Sanderson et al., 2017; Halfyard et al., 2013) further limiting the 

amount of data the collected.  

 

In order for acoustic telemetry to track Atlantic salmon successfully, ecologists using 

these methods must work under the assumption that all tagged fish are representative 

of the general population and that tagged fish do not display abnormal behaviour due 

to the insertion and burden of the tag itself (Zale et al., 2005; Moore et al., 1990). 

Behavioural defects (reduction in swimming speed) as a direct impact associated with 

acoustic tagging has been described in previous literature, though deficits are greatly 

reduced when the weight of the smolts tagged are considered (Lacroix et al., 2004a). 

 

In telemetry studies the tag weight which is deemed appropriate for each individual is 

much debated. Winter (1996) proposed the ‘2% rule’ which states that the tag weight 

should not exceed “2%” of a fish’s bodyweight in air. The ‘2% rule’ aims to minimise 

the risk of altered behaviour or increased chance of mortality caused by tagging. This 

issue is also known as the ‘tag burden effect’(McCleave & Stred, 1975; Ross & 

McCormick, 1981; Adams et al., 1998; Honkanen et al., 2018; Lothian et al., 2018). 

The ‘2% rule’ has however been challenged, with suggestions that the ratio of tag 

mass to body mass could be extended to approximately 6% - 12% (Brown et al., 1999; 

Rechisky & Welch, 2010; Newton et al., 2016; Chaput et al., 2019).  

 

Furthermore, the circumstances around the capture and tagging of wild Atlantic 

salmon affects the probability of return as adults is also of concern (Riley et al., 2018). 

Riley et al. (2018) reviewed the effects of tags on the survival of Atlantic salmon and 

their return rates to freshwater, they found that particular environmental factors such 
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as temperature and lunar events impacted the return rates. Those individuals that 

migrated in mild winters and during the night had a lower return rate, compared to 

years where weather conditions and temperature were normal, concluding capture 

handling and tagging did not affect future return rates. However, it should be noted 

that the effects brought on by acoustic tagging differ between species, their life history 

characteristics and on a population level, therefore, it is important to consider these 

before choosing a tagging procedure (Thorstad et al., 2000). 

1.10 Study site  

Despite the large volume of research on salmon within freshwater systems, there 

remain considerable gaps in our knowledge of natural and anthropogenic factors 

which could impact salmon in rivers. 

 

The River Derwent in the northwest England supports Atlantic salmon and is a 

designated PSR. River Derwent catchment is ca.50km in length, where the River 

Greta confluxes with water draining from the Derwentwater Lake resulting in the 

River Derwent which further runs through Bassenthwaite Lake, and travelling through 

urbanised areas (Cockermouth and Workington) before discharging to the Port of 

Workington where it drains west into the Solway Firth and then into the Irish Sea 

(Figure 1.6). The River Derwent has been designated as a Special Area of 

Conservation (SAC) legally underpinned by multiple Sites of Special Scientific 

Interest (SSS’'s) (Figure 1.7) where  Annex II species river lamprey (Lampetra 

fluviatilis, Linnaeus 1785), Brooke lamprey (Lampetra planeri, Bloch 1784), Sea 

lamprey (Petromyzon marinus, Linnaeus 1785) and Atlantic salmon are detailed as a 

qualifying features. To ensure the integrity of The River Derwent is maintained and/or 

restored to ensure contribution to achieving “Favourable Conservation Status” for all 

qualifying features, the conservation objectives state maintaining or restoring; i) The 



 48 

extent and distribution of qualifying natural habitats and habitats of qualifying 

species; ii) The structure and function (including typical species) of qualifying natural 

habitats; iii) The structure and function of the habitats of qualifying species; iv) The 

supporting processes on which qualifying natural habitats and the habitats of 

qualifying species rely; v) The populations of qualifying species; and vi) The 

distribution of qualifying species within the site.  

Figure 1.6 River Derwent Catchment 
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Figure 1.7 River Derwent and Bassenthwaite Lake Special Area of Conservation statutory designation.  

 

Atlantic salmon smolt numbers on the River Derwent have been recorded for several 

years by the West Cumbrian Rivers Trust (Figure 1.8) and the Environment Agency 

has recorded a 77% reduction in rod catch across a 10-year period (Figure 1.9). 

Though, there is little information on smolt migration behaviour, the rate of success 

and the migration costs associated within this system. No previous research has been 

conducted on the River Derwent to examine zones where migration mortality may be 

high and to understand if mortality is equal across the whole catchment or whether 

specific stressors are a contributing factor to migration success.  
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Figure 1.8  Atlantic salmon rotary screw trap data from: A-2017; B-2020; C-2021; and D-2022 captured by West 
Cumbria Rivers Trust, displaying salmon smolts (1++) and salmon parr (0++). 
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The River Derwent has many features that may have negative impacts on Atlantic 

salmon smolts during their seaward migration, including natural pressures such as a 

large natural standing water (Bassenthwaite Lake), and two anthropogenic pressures; 

Coops Weir and Yearl Weir located at the lower extent of the River Derwent 

catchment in Workington. Though, there is little information on smolt migration 

behaviour, the rate of success and the migration costs associated with in the system. 

No previous research has been conducted on the River Derwent to examine zones 

where migration mortality may be high and to understand if mortality is equal across 

the whole catchment or whether specific stressors are a contributing factor to 

migration success. 

 

 

Figure 1.9 Rod catch data from Atlantic salmon across the Cumbria catchment between 2007 and 2017. River 
Derwent declined significantly (77%) over the period. 

 

1.11 Study aims  

The general aim of the work presented in this thesis is to add to our understanding of 

ecology and the status of Atlantic salmon migration along the River Derwent. This 
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thesis comprises five separate studies each provides novel information concerning the 

riverine and early marine migration of Atlantic salmon smolts/post-smolts migrating 

from the River Derwent, Cumbria. These studies are: 

 

Chapter 2: There is limited understanding of potential temporal and spatial variation 

riverine migration behaviours. Using acoustic telemetry combined with modelling, 

this study examines the temporal and spatial differences on smolt survival rate and 

rate of movement in River Derwent.  

 

Chapter 3: Cues which aid in successful migration through natural standing waters are 

still poorly understood. This study aims to investigate potential behavioural factors 

that differentiate successful from unsuccessful lake migrants and identify influences 

of environment factors on migration. 

 

Chapter 4: Knowledge of fish behaviour around engineered structures within riverine 

environments is still poorly understood, particularly during the smolt phase. This 

study investigates and describes the impact of weirs on passage choice and the 

potential costs associated with passage to the marine environment.  

 

Chapter 5: This study details successful smolt passage through the early marine 

environment in 2020, describing the longest detected smolt migration in Europe to 

date.  

 

Chapter 6: Early-marine migration is poorly understood. Current understanding is that 

smolts from west-coast UK tributaries migrate towards the continental slope edge. 

However, there is limited information of early marine phase survival rates and marine 
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trajectory choice. This study will investigate the marine trajectory choices and the 

temporal differences in both pathways and survival rates from 2020 to 2022, utilizing 

data collected from five marine projects throughout the Irish Sea and off the west-

coast of Scotland.  

 

Lastly, Chapter 7 provides a summary of the previous chapters and highlights the 

knowledge gaps filled by this thesis. In addition, it provides a summary of current 

stressors faced by Atlantic salmon and suggestions for future research.  
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Chapter 2: Temporal patterns of spatial variation in 

migration success of Atlantic salmon in a riverine 

environment. 
 

Abstract 

The Atlantic salmon, Salmo salar (Linnaeus 1758), is an anadromous species that has 

faced dramatic declines throughout its range across both riverine and marine 

environments. There is currently a lack of information on the spatial and temporal 

variation in migration success within river systems to help determine potential 

bottleneck zones for out-migrating smolts. This study provides baseline data on 

migration success rates of Atlantic salmon smolts within the River Derwent, Cumbria, 

across a three-year study period (2020-2022). It shows river sections which may be 

contributing to reduced migration success, potential mechanisms of tag loss across 

the riverine environment and inter-annual variation of smolt migration success 

through the riverine system. Consistent with some recent research, migration success 

rates from two release groups (“St Johns Beck” and “Trap and Transport”) were low 

(2020: 8% (n=8), 2021: 27.1% (n=40), 2022: 41.7% (n=48)). Migration speed (Rate 

of Movement (m.s-1) and ground speed (km.day-1) varied across river section and 

year. Survival and rate of movement was low in upstream sections (1 and 2). The year 

2021 was found to be a significantly different year when predicting rate of movement 

compared to 2020 and 2022, which is consistent with high water discharge during 

tagging and release in 2021. Future work needs to identify river section characteristics 

which may impact on migration to assess whether riverine migration success and 

speeds found in the River Derwent are site specific or more widely applicable.  

 

Key words: Smolt, Riverine, Migration, Mortality, Duration 
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2.1 Introduction 

In the UK, Atlantic salmon (Salmo salar, Linnaeus 1758) populations are declining 

(Condron et al., 2005; Adams et al., 2022b). In England and Wales, rod catche data 

showed an 88% decline rate of wild Atlantic salmon between 1988 and 2019, with 

86% of the principal salmon rivers being predicted to be at risk by 2025 (CEFAS, 

2019). There is growing concern that at least some of the underlying causes of this 

decline are within riverine systems.  

 

Migration is a fundamental life history strategy for diadromous species (Limburg & 

Waldman, 2009; Lothian et al., 2018; Alerstam et al., 2003; Roff, 1988). Atlantic 

salmon leave their natal nursery habitats during the smolt phase, migrating 

downstream toward feeding areas in the sea. Between one and eight years in 

freshwater (Thorstad et al., 2012a), juvenile Atlantic salmon undergo morphological, 

behavioural, and physiological changes which pre-adapts individuals to estuarine and 

marine high salinity environments (McCormick et al., 1985; Thorstad et al., 2012a; 

Zydlewski et al., 2014; Hoar, 1976; Klemetsen et al., 2003; Metcalfe et al., 1989; 

Lothian et al., 2018; Stich et al., 2015); this transformation is known as smolting. The 

smolt phase is thought to be a particularly challenging period for Atlantic salmon 

partly because of the rapid and fundamental ontogenetic changes that occur (Nyqvist 

et al., 2017). 

 

Smolt migration can be described as being either passive or active, requiring 

environmental cues such as water temperature, river discharge and photoperiod to 

initiate migratory behaviour (Riley et al., 2012). Passive movements can be defined 

as the displacement of an individual that is driven solely by water flow (Hedger et al., 

2008; Lilly et al., 2022). In contrast, active movement is the influence of directional 



 56 

swimming in the direction and rate of displacement (Finstad et al., 2005; Hedger et 

al., 2008; Lilly et al., 2022; Davidsen et al., 2008; Fängstam, 1993). Lothian et al. 

(2018), Martin et al. (2009) and Thorstad et al. (2012b), detail riverine migration of 

Atlantic salmon smolts as being mostly passive, with fish migrating at a similar speed 

and direction as the river water discharge. Though this hypothesis has been 

contradicted, and additional research found that active migration is occurring, with 

smolts swimming faster than the currents (Davidsen et al., 2005; Svendsen et al., 

2007; Havn et al., 2017). Costs associated with both passive and active migration 

differ between populations, potentially resulting in increased mortality rates (Bonte et 

al., 2012; Adams et al., 2022b). Thorstad et al. (2012b) highlighted there being 

potential mechanisms that may result in differential mortality rates between river 

systems. Mortality rates during migration within riverine environments has been 

shown to vary between 0.3% to 7.0% per km (%.km-1) (Thorstad et al., 2012b). High 

avian predation is one of the mechanisms that has been implicated in mortality in river 

systems, though predation has been found to differ based on predator species presence 

(Thorstad et al., 2012b; Koed et al., 2006; Jepsen et al., 2010; Chavarie et al., 2022) 

with the some of the most common avian predators in the UK found throughout 

literature being Cormorants (Phalacrocorax carbo carbo, Linnaeus 1785) and 

Goosanders (Mergus merganser, Linnaeus 1785). 

 

Increased anthropogenic pressures such as artificial infrastructure (hydropower dams, 

weirs and culverts) on specific river systems has also gained attention as a potential 

mechanism for increasing mortality (Rand et al., 2006; Welch et al., 2008). Newton 

et al. (2018) and Lothian et al. (2018) found evidence to suggest that artificial 

infrastructure induces migration delays or in some cases, completely halts migration 

due to their partial or fully impassable structures under specific environmental flow 
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regimes. Such effects have been found to impact across all life stages, and in some 

circumstances may significantly impact spawning due to reduced habitat connectivity 

(Hill et al., 2019; Tetzlaff et al., 2007; Thorstad et al., 2008). 

 

In addition to potential barriers to the migration of wild Atlantic salmon smolts, some 

elements of the condition of the migrating fish have been shown to affect migration 

success. Research has shown that smolts with higher condition factor, and of greater 

length, are more likely to successfully migrate. This is probably due to their enhanced 

ability to endure long distance migrations and larger fish having greater ability to 

evade predation within riverine environments (Tucker et al., 2016). For example, a 

study conducted by Antonsson et al. (2010) found that longer smolts had a significant 

advantage, showing higher survival rates compared to small or middle-aged sized 

smolts (i.e., in the middle part of the freshwater age distribution) within riverine 

environments. 

 

Despite acoustic telemetry providing some understanding of the potential mechanisms 

contributing to Atlantic salmon smolt migration success, we have little knowledge of 

the underlying nature of the specific components of spatial variation in migration 

success of Atlantic salmon smolts in riverine systems. Additionally, long time-series 

temporal data on migration success is lacking in the literature. To improve our 

understanding, there is need to examine individual movement patterns in finer detail 

(Drenner et al., 2012; Hussey et al., 2015; Welch et al., 2008; Klimley et al., 2013; 

Klinard et al., 2019; Heupel et al., 2010; Hitt et al., 2011; Rowell et al., 2015). 

 

In this study, I used acoustic telemetry to investigate inter-annual migration success 

and the mechanisms that may influence migration success in River Derwent smolts, 
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during their initial migration to sea, through the riverine environment. I had three main 

objectives to: 1) Assess the inter-annual temporal variation in migration success 

across three years; 2) Compare the spatial variation in smolt migration success through 

the River Derwent; and 3) Assess the potential biotic and environmental factors which 

are associated with riverine migration success.  

 

Within these three general objectives, I tested four specific hypotheses related to smolt 

riverine migration: i) Loss rate is higher in river sections associated with 

anthropogenic development; ii) Successfully migrating smolts have a higher rate of 

movement than those that were not successful; iii) Migration duration is greater over 

longer river sections; and iv) Higher periods of average rainfall would increase rate of 

movement and decrease migration duration in a river section.  

 
2.2 Methodology  

2.2.1 Description of study site 

The River Derwent catchment (Cumbria, North-West England) is 679km² in area and 

supports a population of wild Atlantic salmon. The River Greta, a tributary of the 

Derwent system, flows west through the town of Keswick where it intercepts the 

outflow of the lake, Derwentwater (54°36’07.1”N 3°09’10.1”W), to join the River 

Derwent. The River Derwent flows north, before flowing into Bassenthwaite Lake. 

Bassenthwaite Lake is the most northerly un-impounded lake in the Derwent 

catchment, it is 7.7km in length with a maximum depth of 21.3m. Upon exit of 

Bassenthwaite Lake, the River Derwent drains west flowing through the urbanised 

areas of Cockermouth and Workington before draining into the outer Solway Firth at 

the Port of Workington (54°38’58.2”N 3°34’07.9”W). The River Derwent is partially 

impounded by two large weirs, approximately 1.5km upstream of Workington harbour 
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is Yearl Weir (~190m length) and 1.2km further upstream is Coops Weir (~90m 

length). These two weirs are currently the only river-spanning infrastructures along 

the River Derwent (Figure 2.1). 

Figure 2.1 River Derwent Catchment  

2.2.2 Acoustic receiver deployment  

In order to track the seaward migration of Derwent smolts from the upper reaches of 

the Derwent catchment (St Johns Beck; 54°36’38.1”N 3°03’42.0”W) to the river 

discharge point into the Solway Firth at the Workington harbour, acoustic telemetry 

was used. Fixed receivers were placed throughout the River Derwent in three 

consecutive years (2020 – 2022). In 2020, 27 receivers were deployed (Figure 2.2A), 

44 in 2021 (Figure 2.2B) and 24 in 2022 (Figure 2.2C), respectively. Receivers 

deployed comprised of two types (VR2W and VR2Tx), both operating at 69kHz 

(Innovasea Ltd., Nova Scotia, Canada). Receivers were attached to a mooring 

comprised of a vertical steel rod attached on a 20–40kg weight. All river receivers 

were attached by chain to the riverbank, where suitable, for added security. Within 
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Bassenthwaite Lake in 2020, receivers were deployed ca.1m above the bed of the lake, 

attached to a subsurface buoy (to keep them upright) and weighed down by ca.40kg 

weights with an additional surface buoy attachment to aid in recovery. In 2021, all 

receivers were attached to a vertical steel rod welded to a steel weight (30–40kg) with 

a surface buoy attachment included. No receivers were deployed in Bassenthwaite 

Lake as part of the 2022 study. 

 

A) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 
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C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2 Receiver placement throughout the River Derwent, across a three-year study period. A in 2020 
(n=27), B in 2021 (n=44), C in 2022 (n=24). 
 

2.2.3 Smolt capture and acoustic tagging procedure  
 

Between 2020 and 2022 Atlantic salmon smolts were captured during spring (April to 

May) using a 1.2m rotary screw trap during the downstream migration, at St Johns 

Beck, Threkheld (54°36’38.1”N 3°03’42.0”W). In 2020, 100 fish were tagged 

between 1st and 5th May, in 2021 150 were tagged between 14th April and 5th May and 

finally in 2022 150 smolts were tagged between 5th May and 25th May. Across the 

three study years, in additional to a rotary screw trap, a fyke net was used to increase 

catches. All trapping apparatus were checked and emptied daily to ensure smolts did 

not remain trapped for extended periods of time. Fish captured were anaesthetized by 

immersing them in a bucket containing MS222 (Tricaine Methane sulfonate) and 

sodium bicarbonate solution (0.6g/6L river water for each). It took approximately 

three minutes for smolts to lose equilibrium (stage three of anaesthesia) which is 

required for the tagging procedure to be conducted. Fork length (LF, mm) and weight 

(g) were examined, and only fish greater than 130mm LF and 20g weight were tagged. 

Additionally, scale samples were taken. All surgical equipment was disinfected using 
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Reprodis/distilled water (1:20 ratio) and rinsed with distilled water. During surgery, 

fish were given low level anaesthesia (0.125g/2L) and river water was constantly 

applied across the gills to ensure fish remained sedated. A 10mm ventral incision was 

made anterior to the pelvic girdle. A V7-2L (69kHz) coded transmitter (VEMCO Ltd, 

7mm diameter, 1.7g in air) was surgically placed inside the peritoneal cavity. The V7-

2L tags had a nominal delay of 18–45 seconds and an estimated tag life of ca.75 days. 

The incision was closed by applying two interrupted surgeon knots with 4/0 Ethilon 

nylon sutures. Smolts were then placed into a recovery container on land for 

approximately 20 minutes to ensure normal swimming behaviour was exhibited 

(equilibrium restored). Fish were then placed into a river perforated container 

downstream from the rotary screw trap with good water flow throughout and given a 

further 40 minutes recovery.  

 

2.2.3.1 Release group  
 

Tagged fish were released at two different release sites in 2021 and 2022, either at the 

trapping site or at a site further downstream during daytime hours. This was to ensure 

that a large enough sample size of fish reached the lower catchment of the River 

Derwent and to increase the probability of ultimate river migration success. 

 

In 2020 100% of tagged smolts were released immediately downstream of the trap at 

St Johns Beck. In 2021, 62% (n=93) of tagged individuals were released at St Johns 

Beck, the remaining 38% (n=57) were transported to be released in the river 

downstream of Bassenthwaite Lake. In 2022 100% (n=115) of fish captured and 

tagged at St Johns Beck were transported downstream of Bassenthwaite Lake, these 

are to be referred to as Trap and Transported release group (TT). All fish released at 

St Johns Beck are subsequently referred to as the St Johns Beck release group (SJB).  
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For the transportation, fish were allowed 40+ minutes of recovery in a perforated 

holding tank St Johns Beck, then in 2021 tagged fish (n=57) were placed into a large 

transport box with continuous aeration. In 2022 tagged fish (n=115) were placed in 

large bags and filled with oxygen and sealed before transportation. In both years 

smolts were transported ca.25km from St Johns Beck to a release site downstream of 

Bassenthwaite Lake (54°41’14.7”N 3°17’52.3”W). The journey took an average of 25 

minutes. Smolts were transported in groups of at least five to minimise predation risk 

once released. Fish were transported on six days in 2021 and eight days in 2022. All 

fish were checked at the release site for any signs of stress or poor swimming ability. 

Fish were placed into an in-river recovery container and given 30 minutes in flowing 

water to recover before final release.  

 

2.2.4 Ethical statement  
 

All tagging was conducted by a personal licence holder (UK Home Office PIL 

70/8794) using procedures which complied with the UK Home Office regulations and 

UK Home Office project licence number PP0483054. Replacement, reduction, and 

refinement was considered for this study. All fish were cared for, and monitored, 

throughout the procedure where stress and suffering were reduced at all times. 

 

2.2.5 Statistical analysis  

2.2.5.1 False detection filtering 

Data analysis was conducted using R software version 4.0.2 (R Core Team, 2019). In 

order to ensure all detections were real detections, filtering for false detections was 

conducted using the R package Glatos (Holbrook et al., 2018; Pincock, 2012) which 

filtered using the short-interval criterion. Short-interval criterion filters all single 
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detections that occurred at one receiver station within a fixed duration which is set at 

30 times the average signal delay of the tag (in this study this duration was 840 

seconds) (Hayden et al., 2016; Kneebone et al., 2014; Lilly et al., 2021, 2022) those 

detections above this set duration period were deemed false, additionally, signals 

detected during a duration which is less than the tags minimum signal delay (18 

seconds) were deemed false (Hanssen et al., 2022). 

 

In total, in 2020, 1.02% of detections were considered false, therefore, 1,533,102 

detections were used for analyses. In 2021, 0.71% of detections were considered false, 

therefore, 1,251,308 detections were used for analyses. Finally, in 2022, 0.14% of 

detections were considered false, therefore, 842,137 detections were used for 

analyses. 

 

2.2.5.2 Descriptive analysis 

Descriptive data from across the three-year study period were derived from the R 

package Actel (Flávio & Baktoft, 2021). Flávio & Baktoft (2021) state that Actel 

provides a systematic conditional pipeline to filter and analyse acoustic telemetry data 

in a reproducible fashion, for fish moving between receiver arrays. It also allows for 

detection efficiency estimations to be made for each receiver station. Additionally, 

Actel allows diel movement patterns to be observed by defining the arrival time 

recorded at each individual receiver. 

 

2.2.5.3 Migration success estimates 
 

To assess migration success rates, survival likelihood through different riverine 

sections over the downstream migration route were calculated in Actel (Flávio & 

Baktoft, 2021). Those individuals that were detected at the last riverine receiver 
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(54°38’47.1”N 3°32’34.7”W) were deemed to be successful river migrants. Riverine 

migration success per km (%.km-1) was calculated as the proportion of fish which 

were successful in reaching the finale River Derwent receiver, divided by the direct 

minimum distance travelled (MDT). Due to the release groups migrating across 

different distances (St Johns Beck smolts MDT=ca.49.12km, Trap and Transported 

smolts MDT=ca.24km) groups were not compared against each other and only St 

Johns Beck release group 2020 and 2021 were compared and similarly, Trap and 

Transport release group 2021 and 2022 migration success rates were compared. The 

MDT to the final River Derwent receiver is based on the minimum river distance from 

the first riverine receiver where smolts could be detected to the final River Derwent 

receiver.  

 

In order to examine spatial variability in migration success, the river was split into 

three sections for analysis purposes (Figure 2.3). Section 1 extended ca.12.52km from 

the St Johns Beck release site (54°36’38.1”N 3°03’42.0”W) to the entrance of the 

river to Bassenthwaite Lake (54°37’51.4”N 3°11’06.4”W). Section 2 stretched 

ca.7.15km from Bassenthwaite Lake entrance point to the lake outflow (54°40’39.1”N 

3°14’36.9”W). Finally, section 3 for the St Johns Beck release group smolts covered 

ca.29.44km from the lake outflow to the final River Derwent receiver. For fish from 

the Trap and Transport release group, the total distance travelled was ca.23.77km. 

Riverine migration success rate per section (%) was calculated as the proportion of 

fish which were successful in reaching the final section receiver, migration success 

rate per distance of that section (%.km-1) was calculated as the proportion of fish 

which were successful in reaching the finale section receiver divided by the direct 

MDT.  
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Figure 2.3 Section divisions across River Derwent catchment. Section 1=12.52km, Section 2=7.15km and Section 
3=29.45km for St Johns Beck released smolts and 23.77km for Trap and Transported released smolts. 

 
The detection efficiency of river acoustic receivers was not always 100% due to 

ambient noise, fast water currents increasing smolt speed and potential submerged 

barriers, such as logs and therefore, efficiency must be assessed when providing 

estimates of survival (Halfyard et al., 2013; Lilly et al., 2022). Efficiency is assessed 

by the number of smolts detected at a downstream receiver as a proportion of those 

not detected at the receiver upstream. In the River Derwent, there are a number of 

alternative river channels and thus alternative routes that could have allowed for 

migration were taken into consideration when detection efficiency was calculated. 

 

2.2.5.4 Non-residency events  

To establish the number of individual movements undertaken by each fish between 

receiver stations during River Derwent migration, non-residency events were 

calculated using the R package Vtrack (Campbell et al., 2012) 

RunresidenceExtraction function. This function provides timestamps for each receiver 

and is used to determine the duration of riverine migration. 
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Once the non-residency event function in R was conducted it provided smolt rate of 

movement (ROM). ROM in meters per second (m.s-1) was calculated for riverine 

migration by dividing the MDT (m) by the total duration (seconds) taken to migrate 

from one receiver to another. Release groups were split for analysis to compare the St 

Johns Beck release group (2020–2021) and the Trap and Transport release group 

smolts (2021–2022).  

 

2.2.5.5 Modelling 

2.2.5.5.1 Migration success rate  

A general linear model (GLM) was tested to establish if river section or year impacted 

riverine migration success rate.  

 

Initial model: 

glm(Migration Success Rate ~ river section + year) 

 

Significant factors highlighted by the GLM where further investigated for significant 

categorical factors. The R package multcomp (Hothorn et al., 2016) was used for 

ANOVA testing with Post Hoc Tukey HSD Test in order to compare potential 

differences within categorical data sets (e.g., river section).  

 

2.2.5.5.2 Survival  

General linear modelling (GLM) was undertaken to determine if biotic factors such 

as fork length (LF, mm), release group (St Johns Beck or Trap and Transport), and day 

of year contributed to successful migration. For analysis, only data collected in 2021 

was used due to it including both release groups. The GLM was fitted with a binomial 
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error structure and the identity link function using the R Package lme4 (Bates et al., 

2014). Survival (dependent variable) was coded as 1 for fish detected on a receiver or 

0 for an assumed failed migration.  

 

Initial model:  

glm(Survival ~ LF + Day of Year + Release group, family = binomial (link = 

“identity”)) 

 

Furthermore, in order to establish if year would be statistically significant in 

understanding the temporal disparities in survival, release group was split prior to 

modelling and a GLM of survival was conducted on St Johns Beck release group 

(2020–2021) (SJB) and a separate GLM was conducted on Trap and Transported 

released smolts (TT) (2021–2022). 

 

Initial models;  

glm(Survival ~ LF + Year+ Day of Year, data= SJB, family = binomial (link = 

“identity”)) 

 

and 

 

glm(Survival ~ LF + Year+ Day of Year, data= TT, family = binomial (link = 

“identity”)) 

 

2.2.5.6 ROM  

In order to determine if Rate of Movement (ROM) (m.s-1) was being impacted by 

biotic factors such as LF (mm), release group (St Johns Beck or Trap and Transport), 
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river section, day of year and year, a general linear mixed model was constructed using 

the R package lme4 (Bates et al., 2014). The GLMM was fitted with a gamma error 

structure and log link function with ROM being the dependent variables and FishID 

as a random effect. 

 

Initial model:  

glmer(ROM ~ River Section + Release Group + LF +Day of Year + Year 

(1|TRANSMITTERID) , family = Gamma(link = “log”) 

 

2.2.5.7 Environmental predictors  

Hourly water flow discharge (m3/s) data was provided by the Ouse Bridge gauging 

station (54°40′41″N, 003°14′41″W). In order to investigate the impact water flow had 

on the survival rate of migrating smolts and if water flow discharge impacted ROM 

between receiver stations, hourly water flow discharge data (m3/s) was modelled. 

Using a general linear model (GLM) with the R package lme4 (Bates et al., 2014), 

survival was fitted with a binomial error structure and the identity link function. 

Survival (dependent variable) was coded as 1 for fish detected on a receiver or 0 for 

an assumed failed migration. ROM was modelled using a generalised linear mixed 

model (GLMM) with ROM being the dependent variables and FishID as a random 

effect. Year was also included for both models. 

 

Initial model for survival:  

glm(Survival ~ Water Flow + ROM + Year, family = binomial (link = “identity”)) 
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Initial model for ROM:  

glmer(ROM ~ Water Flow + Year + (1|TRANSMITTERID) , family = Gamma (link 

= “log”) 

 

2.3 Results  

2.3.1 Tagging summary 

In total, 365 Atlantic salmon smolts were tagged between 2020-2022. LF (mm), weight 

(g) and tag burden (%) averages are summarised in Table 2.1. 

Table 2.1 Summary data for River Derwent tagged Atlantic salmon smolts between 2020–2022. Summary of mean 
LF (mm), weight (g) and tag burden (%) for each year and release group: SJB- St Johns Beck release group, TT-
Trap and Transport release group. Tag burden is calculated by dividing the weight of the tag in air (1.7g) by the 
weight of the individual* 100.  

 

 

 

 

 

2.3.2 Migration success  

Out of all tagged smolts, 8% in 2020 (n=8), 27.3% in 2021 (n=41) and 41.7% in 2022 

(n=48) were deemed to have made a successful river migration, having been detected 

at the final River Derwent receiver, located at Workington harbour, thus indicating 

likely entrance into the Solway Firth. Within section 1 (Figure 2.3), riverine migration 

success was particularly low. In 2020, only 32% (n=32) of smolts made a successful 

migration through section 1 (thus, 68% failed to migrate through this area) this had a 

migration success rate of 2.55%.km-1. In contrast, 2021 migration success in section 

1 was 64.5% (n=60) with a migration success rate of 5.15%.km-1 (Figure 2.4, Table 

2.2). In 2022 all smolts were released at the start of section 3, thus there is no measure 

of migration success for this section in 2022. 

Year LF (mm) ± SD (range) Weight (g) ± SD (range) Tag Burden (%) ± SD (range) 

2020 (SJB) 139.4 ± 0.65 (130–157) 27.89 ± 0.42 (21.4–41.4) 5.1 ± 0.07 (3.5–6.7) 

2021 (SJB) 141.9 ± 8.4 (130–164) 29.4 ± 5.5 (21.5–44.5) 4.9 ± 0.61 (3.6–6.1) 

2021 (TT) 141.0 ± 7.7 (130–164) 29.8 ± 5.1 (21.5–44.5) 4.8 ± 0.55 (3.6–6.1) 

2022 (TT) 138.7 ± 6.6 (130–161) 27.4 ± 4.1 (21.2–40.4) 5.1 ± 0.5 (3.9–6.2)  
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For the 32 individuals that migrated into Bassenthwaite Lake (Section 2/Figure 2.3) 

in 2020, only 47% (n=15) of individuals successfully migrated through the lake 

(6.57%.km-1 migration success rate). Similarly, in 2021, 60 individuals successfully 

entered Bassenthwaite Lake, 65% (n=39) of individuals successfully migrating out of 

Bassenthwaite Lake (migration success rate of 9.09%.km-1) (Figure 2.4, Table 2.2).  

 

Section 3 was the longest section, at ca.29.44km for St Johns Beck released smolts 

and ca.23.77km for Trap and Transported released smolts (Figure 2.3). In 2020, 53% 

(n=8) out of 15 smolts which entered section 3 made a successful migration, which 

gave a migration success rate of 1.8%.km-1 (thus, 46.6% failed to migrate through this 

area). In 2021 46.1% (n=17) of smolts from St Johns Beck release group made a 

successful migration (1.56%.km-1 migration success rate) through this area. For Trap 

and Transported smolts, in 2021, 42.1% (n=23) of smolts had a successful riverine 

migration through section 3, making it to Workington harbour (1.77%.km-1 migration 

success rate). Nevertheless, in 2022 there was a migration success rate of 1.75%.km-

1 with 41.7% (n=48) making a successful migration through section 3 (thus, 58.2% 

migration failure). Across both years where Trap and Transport was conducted there 

was relatively similar success rates and failure (%.km-1), which is likely due to initial 

post tagging mortality affects (data is summarised in Table 2.2 and shown in Figure 

2.4). 

Table 2.2 Summary table of section migration success rates (%) and migration success rate per km (%.km-1) for 
Atlantic salmon smolts tagged between 2020 – 2022 on the River Derwent. Release group: SJB- St Johns Beck 
release group, TT-Trap and Transport release group. 
 

Year Section 1 Section 2 Section 3  

2020 (SJB) (n=100) 32 (2.55%.km-1) 47 (6.57%.km-1) 53 (1.8%.km-1) 

2021 (SJB) (n=93) 64.5 (5.15%.km-1) 65 (9.09%.km-1) 46.1 (1.56%.km-1) 

2021 (TT) (n=57) - - 42.1 (1.77%.km-1) 
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Figure 2.4 Migration success rate (%) of Atlantic salmon smolts migrating through each analysis section across 
the three years of the study (2020–2022) through the River Derwent. Release group: SJB- St Johns Beck release 
group, TT-Trap and Transport release group. 
 

 
The modelling of migration success rate across three years showed section as a 

significant factor (p=0.004) on migration success rates of Atlantic salmon smolts 

through the River Derwent. This was strongly driven by migration success in sections 

1 and 2 (section 1; p=0.02, section 2; p=0.02, section 3; p=0.07). Additionally, year 

was not found to be significant (p=0.7) (Figure 2.4). Fish LF did not predict migration 

success through a section (p=0.92). However, release group was a significant predictor 

(p=0.002). Due to only 2021 having both release groups present, release group data 

was compared using 2021 data only to see if St Johns Beck release group had a 

different total migration success rate compared to the Trap and Transported released 

smolts. Looking at full riverine migration success, Trap and Transported smolts 

2022 (TT) (n=115) - - 41.7 (1.75%.km-1) 
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migration success rate was significantly higher (p=0.006). In 2021, 42% (n=23) of the 

individuals from the Trap and Transport release group made a successful river 

migration, compared to 19% (n=17) of the individuals from smolts released in the St 

Johns Beck release group.  

 

In order to understand the temporal disparities of migration success along the River 

Derwent, modelling showed that for smolts released at St Johns Beck in 2020 and 

2021, Year was not significant in predicting survival (p=0.47, p=0.08). However, 

smolts released from the Trap and Transport release group were found to have 

significantly higher migration success in 2022 (p=0.02) compared to 2021 (p=0.54) 

(Table 2.3). 

 
Table 2.3 Summary table of the temporal variation of migration success rate (%) across two release groups. 
Release group: SJB- St Johns Beck release group, TT-Trap and Transport release group. * significance level 
(<0.05). 
 

 
 
 
 
 
 
 
 
 
2.3.3 Rate of movement  

Modelling ROM through the River Derwent showed that there was spatial and 

temporal variability in the ROM of migrating smolts. Mean rates of movement for 

all sections across the three years are summarised in Table 2.4.  

 

 

 

 

Year Migration Success (MSR %) p value  

2020 (SJB) 8 (8%) 0.470 

2021 (SJB) 17 (19%) 0.088 

2021 (TT) 23 (42%) 0.541 

2022 (TT) 48 (41%) 0.028* 
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Table 2.4 Summary table of section migration rate of movement (ROM) (m.s-1) and km per day-1 taken to migrate 
for Atlantic salmon smolts tagged between 2020 – 2022 on the River Derwent. Release group: SJB- St Johns Beck 
release group, TT-Trap and Transport release group. 

 

 

Spatial variability in ROM was noted through the sections. Section 1 showed the 

slowest ROM along the River Derwent (Table 2.4). Both section 2 and 3 were 

significantly faster (p=0.0001). But when analysing the differences, section 3 was 

substantially slower than section 2 when taking into account section size (Table 2.4, 

Table 2.5).  

 

Release Group was found to significantly predict ROM, whereby St Johns Beck 

released smolts were significantly faster than Trap and Transported release smolts 

across the three years (p=0.0001) across the whole of the River Derwent. Additionally, 

smolts that were released later in the tagging season per year had a higher ROM 

(p=0.001). Fork length was significant in predicting ROM (p=0.018) whereby larger 

smolts had a faster ROM compared to smaller smolts across both release groups 

(Table 2.5).  

Table 2.5 Rate of Movement (ROM) (m.s-1) generalised linear mixed model output, displaying significant 
predictors of ROM using p value, T value and overall Effect Size for Atlantic salmon smolts tagged between 2020-
2022 on the River Derwent. Release group: SJB- St Johns Beck release group.  
 

 

Year Section 1 Section 2 Section 3  

ROM (m.s-1) km.day-1 ROM 

(m.s-1) 

km.day-1 ROM (m.s-1) km.day-1 

2020 (SJB) 0.012 0.9 0.038 3.29 0.094 8.18 

2021 (SJB) 0.024 2.09 0.017 1.47 0.051 4.44 

2021 (TT) - - 0.058 4.94 

2022 (TT) - - 0.020 1.73 

Predictor of ROM p value T value Effect Size 

Section 1 (Intercept)  -275.93 0 

Section 2 0.0001 198.06 99.95 

Section 3 0.0001 139.32 9.45 

Day of Year 0.001 149.12 1.01 
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2.3.4 Environmental predicators of survival and rate of movement 

To determine if environmental factors were predictors of smolt survival and the ROM 

during their downstream migration water flow discharge and year were modelled.  

 

Year was a significant predictor for ROM (p=<0.001). When looking further into how 

flow rate impacts on ROM, an ANOVA and Post Hoc Tukey test were performed and 

found the year 2021 was significant (p=<0.001) which coincides with high rainfall 

noted during 2021 smolt tagging. However, flow discharge (m3/s) did not predict 

smolt migration success in the River Derwent (p=0.221). 

 

2.4 Discussion 

2.4.1 Migration success 

The probability of Atlantic salmon smolts successfully migrating through riverine 

systems at a sensitive life cycle stage is low (Aarestrup & Koed, 2003; Halfyard et al., 

2012; Thorstad et al., 2012a). Multiple interacting factors are a probable cause of low 

migration success rates found throughout literature (Flávio et al., 2020), though 

migration success is likely to be geographically specific. Moore et al. (1995) reported 

migration success through the River Conwy (Wales) to be as high as 97%. 

Additionally, studies conducted on the River Skjern (Denmark) by Dieperink et al. 

(2002) also reported a high migration success rate of 89%. The recorded overall smolt 

migration success in the River Derwent was substantially lower (8%, 41%, 48%) in 

the three-years studied, though Flávio et al. (2020) recorded low migration success 

rates of Atlantic salmon smolts on rivers Tea and Minho (Portugal). Flavio et al. 

Release Group: SJB 0.0001 170.96 16.91 

Fork Length (LF, mm) 0.018 11.15 0.98 
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(2020) found migration success to be below 55% across a three-year study period with 

the lowest period of 30% migration success. Likewise, Lothian et al. (2018) conducted 

an acoustic telemetry study along the River Deveron (Scotland) finding migration 

success rates declined along the River Deveron with only 40% survival (0.41%.km-1). 

It has been suggested that increased migration success rates are correlated with 

relatively longer riverine migration distances (Lothian et al., 2018).  This is simply 

not the case for River Derwent smolts and suggests differing migration success rates 

could be a factor of varying catchment attributes with differing physical and 

encironment characteristics. Nevertheless, literature remains limited as to the potential 

temporal and spatial differences throughout riverine systems which may be 

contributing to declines in migration success rates of Atlantic salmon smolts.  

 

The study presented here shows exceedingly strong evidence of spatial variation in 

migration success rates of Atlantic salmon smolts. Throughout the three sections of 

the River Derwent, distinctive patterns of migration success are prevalent across the 

three-year study period. Calculated migrations success rate (%.km-1) along the River 

Derwent indicates there may be considerable pressures existing within section 1 and 

2 leading to assumed tag loss, which Trap and Transported released smolts avoided.  

It is possible that the potential tagging effects “tag burden” impacted on smolt 

migration success estimates during initial migration through section 1. Brown et al. 

(2011) and Wilson et al. (2017) proposed tag loss during the riverine phase is due to 

altering behaviours by delaying growth, reducing swimming speeds and consistently 

lowering activity levels (Zale et al., 2005; Welch et al., 2007; Rechisky & Welch, 

2010) which corresponds with the reduced ROM experienced within section 1. 

However, Newton et al. (2016) found no associated effects of increased tag burden 
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and Atlantic salmon smolt fork length. It is possible larger smolts have the ability to 

increase rate of movement throughout the riverine environment, reducing predation 

risk and increasing migration success rate estimates in comparison to smaller sized 

smolts. Though, in this study fork length did not predict migration success rate 

through the River Derwent, unlike other studies such as Flávio et al. (2020) which 

found that large smolts were more likely to be successful than smaller smolts (also: 

Chaput et al., 2019; Davidsen et al., 2009; Flávio et al., 2019; Jepsen et al., 1998). In 

this study only smolts above a minimum fork length and weight threshold were 

tagged, therefore there is the possibility of size bias playing a role in the lack of 

association between smolt fork length and migration success estimates recorded.  

Section 2 presented a low migration success rate per km for both 2020 and 2021 smolts 

(2020: 47%.km-1, 2021: 65%.km-1). Bassenthwaite Lake is a large standing water and 

lakes are commonly associated with inhibiting migratory success due to the lack of 

directional currents which smolts require to initiate migration and reduce navigational 

error (Honkanen et al., 2018). Often migration success is low in natural standing 

waters due to the increased migration duration, incurring increased energy 

expenditure costs and predation pressures. Honkanen et al. (2021) found a migration 

failure rate of 24.6%.km-1 within Loch Garve (Scotland). However, other studies have 

found migration success to be exceedingly lower than UK based studies (0.3 to 

9.4%.km-1) (Thorstad et al., 2012a), leading us to assume migration success through 

standing waters is geographically/regionally specific, and further investigation into 

the key differences is required.  

 

Section 3 was the longest riverine stretch throughout the River Derwent study system 

and was found to have the high migration success rates in comparison to the previous 
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two sections. St Johns Beck smolts were found to have a success rate of 53% (1.8%. 

km) in 2020 and 31.5% (1.56%.km-1) in 2021. Trap and Transported smolts had a high 

success rate in 2021 of 42.1% (1.77%.km-1) and 41.7% (1.75%.km-1) in 2022.  

 

The trap and transportation of smolts around Bassenthwaite Lake provided evidence 

in allowing for the assumption that the reduction in km to migrate faced by smolts is 

associated with increased migration success rates found along the River Derwent. 

Trapping of migrating smolts and transporting around high migration failure zones 

(bottleneck zones) is a common mitigation strategy since 1970’s (Chapman et al., 

1997). However, trap and transport studies have primarily focused on hatchery reared 

fish, and growing concerns of long-term effects on wild populations are becoming 

more prevalent. Such concerns include potential disruption to smolting, increased 

predation pressures at release site and altered phenology which has the ability to 

reduce overall smolt size which can impair vigilance when entering high salinity 

environments (Chapman et al., 1997; Muir et al., 2006; Tipping, 1998). Nevertheless, 

Muir et al. (2006) assessed chinook salmon (Oncorhynchus tshawytscha, Walbaum 

1792) mortality rates when undergoing transportation as a proposed management 

strategy and reported approximately 100% survival during transport around the 

Bonneville dam (Columbia), providing evidence to suggest transporting fish around 

associated bottleneck zones associated with high migration failure is a viable way to 

increase immediate freshwater survival rates. Trap and transport conducted on the 

River Derwent saw survival rates remain high in 2021 (42%) and 2022 (41%) in 

comparison to St Johns Beck smolts released in 2020 (8%) and 2021 (19%). Our 

findings correlate with that of Lilly et al. (2022) where Atlantic salmon smolts which 

were transported around Loch Lomond appeared to increase overall survival 

likelihood, particularly in the Clyde Estuary (n=18; 3.32%.km–1) compared to 
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‘naturally’ released smolts (n=11; 2.83%.km–1). However, it should be noted studies 

evaluating return rates of transported fish are disproportionately low when compared 

to natural migrants (Muir et al., 2006). This allows for the assumption that trap and 

transported smolts are at a disadvantage due to lack of imprinting and physiological 

preparation for their marine migration (Keefer et al., 2008; Rechisky et al., 2012; 

Mills, 1994; Muir et al., 2006). Migration into marine environment requires 

physiological and morphological preparation (Keefer et al., 2008) may be 

compromised in trap and transported fish. Studies have found size disparities between 

river migrants (SJB) and transported migrants (TT), with river migrants having a LF 

6–8mm longer than transported migrants (Muir et al., 2006). This is assumed to be as 

a result of transported fish skipping large riverine sections which provide 

opportunities to feed and increase body condition (Jutila & Jokikokko, 2008). Further 

investigation into the long-term effects and return rate impacts of trap and transported 

methods of Atlantic salmon is required before it can be regarded as a safe 

enhancement measure to increase a populations size and future success. Though, 

based on the size disparity between the riverine sections it would be concluded that 

avoidance of section 1 and 2 would promote increased survival ratios of Atlantic 

salmon smolts.  

 

2.4.2 Mechanisms of migration failure  

Smolt migration failure may be associated with increased anthropogenic 

modifications through the riverine system, resulting in habitat fragmentation. Previous 

research found a migration failure rate of 37% for Atlantic salmon smolts when 

passing over a partial passable barrier under certain environmental conditions (i.e high 

water discharge), with 75% of the migration failure being of immediate effect, post 

impact (Thorstad et al., 2012a). This demonstrates the potential impact on smolt 
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migration when faced with anthropogenic river-spanning infrastructure such as the 

weirs at Workington. Aarestrup & Koed (2003) detailed the impact of two weirs along 

River Salten and found 53% of Atlantic smolts survived weir passage though indicated 

delays and predation were a leading cause of losses. Much like natural standing 

waters, in-river barriers increase migration delays, reduce rate of movement and are a 

potential bottleneck zone for high predation pressures.  

 

One of the leading mechanisms associated with mortality is increased predation 

pressure by avian and piscine species (Thorstad et al., 2012b; Koed et al., 2006; 

Jepsen et al., 2010, 2000, 1988) which is a common source of mortality within rivers 

(Carter et al., 2001; Dieperink et al., 2002; Heggenes & Borgstrom, 1988; Hvidsten 

& Møkkelgjerd, 1987; McCormick et al., 1998; Thorstad et al., 2012a). The Derwent 

catchment supports a variety of predatory fish, e.g., pike (Esox lucius, Linnaeus 1785), 

brown trout (Salmo trutta, Linnaeus 1785), and a variety of avian species. One of the 

most common species along the River Derwent is cormorants (Phalacrocorax carbo 

carbo, Linnaeus 1785). Moreover, researchers have found a correlation between in-

river barriers and increased predation rates and smolt stress (Koed et al., 2002; 

Thorstad et al., 2008). Chavarie et al. (2022) measured smolt predation during 

migration along the Endrick Water, Scotland using an active tracking approach and 

found avian predators to be the main cause of mortality (42%), though considerable 

piscivorous fish predation was also recorded (14%). 

 

R Package Actel (Flávio & Baktoft, 2021) provided substantial evidence to help aid 

in determining levels of bird predation of Derwent smolts across the three-year study. 

Smolts which were found to migrate considerable distances with a rate of movement 

unsustainable for natural migration were removed from analysis from the point prior 
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to the excessive move. This was commonly found within section 1 prior to 

Bassenthwaite Lake entry. Smolts were found to rapidly appear upstream (ca.12km) 

from their final monitoring point (Bassenthwaite Lake entrance). Lothian et al. (2018) 

states that we must assume that when smolts are not detected throughout the riverine 

array after tagging, that they did not return upstream as a result of de-smolting. Initial 

migration is time sensitive, when morphological, behavioural, and physiological pre-

adaptions of individuals occur, smolts have a limited amount of time in which to exit 

their riverine system (Hoar, 1976; McCormick et al., 1998).  

 

2.4.3 Rate of movement  

The ROM (m.s-1) of migration Atlantic salmon smolts across the three-year study 

period alluded to spatial variation and also inter-annual variation in the River 

Derwent. ROM was found to be considerably slower in section 1 across the two years 

when smolts migrated through this system, though ROM in 2020 (0.012m.s-1) was 

considerably slower than 2021 findings (0.024m.s-1). ROM within Bassenthwaite 

Lake was significantly lower in 2021 than in 2020 (2020: 0.038, 2021: 0.0170m.s-1). 

ROM was predominately higher in section 3 compared to other sections. ROM is often 

accelerated when nearing the marine environment as smolt physiological development 

matures (Whalen et al., 1999; Stich et al., 2015). For Trap and Transported smolts 

which covered a distance of 23.77km along the River Derwent, smolts migrating in 

2021 had a mean ROM of 0.05m.s-1 (4.94km.day-1), under similar environmental 

pressures 2022 smolts had a speed of 0.02m.s-1 (1.73km.day-1). St Johns Beck released 

smolts which travelled 29.44km were considerably faster compared to the Trap and 

Transport release group, where in 2020 smolts were found to travel at 0.094m.s-1 

(8.18km.day-1) and 0.05m.s-1 (4.44km.day-1) in 2021. It is plausible that smolts which 

were transported had a lower ROM through section 3 due to lagged tagging effects 
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which may have reduced swimming speeds and consistently loweried activity levels 

(Zale et al., 2005; Welch et al., 2007; Rechisky & Welch, 2010; Wilson et al., 2017).  

 

Additionally, it is plausible that high flow regimes recorded during 2021 contributed 

to a greater mean ROM of Atlantic salmon smolts in section 1 and section 3. 

Researchers have speculated that increased flow regimes may impact smolt migration 

by the following processes: 1) smolts utilise current- to increase speed, reducing the 

overall duration spent in the riverine environment; 2) reducing visibility in the water 

column; and 3) increasing the number of smolts simultaneously migrating 

downstream (Hvidsten et al., 1995; Jonsson & Jonsson, 2009). This coincides with 

the significant findings of the ROM model regarding flow regimes during 2021.  

 

The ground speed (km.day-1) of Atlantic salmon smolt downstream migration has 

been found to vary considerably between populations in recent literature, with the 

predominant influences on increase rate of movements being river discharge and 

photoperiod (Martin et al., 2009; McCormick et al., 1998; Rand et al., 2006; Thorstad 

et al., 2012a). The ground speed of the River Derwent smolts differed both spatially 

and temporally. Section 1 recorded ground speeds of 0.9km.day-1 in 2020 and 

2.09km.day-1 in 2021. Section 2 ground speed in 2020 was 3.29km.day-1 and 

1.47km.day-1 in 2021, all of which is deemed to be at the lower end of the range 

reported by previous studies, which range from 0.2 to 60km.day-1 (Thorstad et al., 

2012a). In section 3, 2020 ground speeds were 8.18km.day-1, in 2021 4.44km.day-1 

for St Johns Beck released smolts and 4.94km.day-1 for Trap and Transported smolts 

in 2021, though in 2022 ground speed was drastically slower at 1.73km.day-1. It is 

most likely that migration speed in the study was heavily influenced by water 
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discharge at the time of migration where flow rate was found to significantly impact 

ROM in the lower sections of the River Derwent.  

 

2.5 Conclusion 

This study increases current knowledge on riverine migration of wild Atlantic salmon 

smolts and mortality of smolts throughout the River Derwent and around potential 

bottleneck zones. The work also provides evidence that Atlantic salmon smolts 

exhibited a higher mortality rate during the initial migration phase through section 1, 

though temporal and spatial variation was observed be occurring throughout the River 

Derwent catchment, a finding that has not been observed in other Atlantic salmon 

populations. Smolts also experienced a greater swimming velocity within the lower 

catchment regions, potentially accelerating towards marine environments when 

smolting pre-adaptions and external factors are optimal. This is the first description of 

Atlantic salmon smolt behaviour and swimming trajectories throughout the River 

Derwent. Future research should focus on determining the underlying mechanisms of 

smolt mortality and the further elucidate to the temporal and spatial differences within 

the catchment.  
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Chapter 3: Investigating the Behaviour of Atlantic salmon 

smolts through Bassenthwaite Lake. 
 

Abstract 

The anadromous Atlantic salmon, (Salmo salar, Linnaeus 1785) is listed in Annex II 

of the European Union’s Habitats Directive and has seen a dramatic decline 

throughout its range. We know from a few recent studies that migration success 

through natural lakes is often poor but not how universal that effect might be or how 

and why it happens. The potential drivers associated with lake survivor likelihood are 

unclear, so in this study we use acoustic telemetry to examine phenotypic, behavioural 

and environmental factors that distinguish successful lake migrants from unsuccessful 

lake migrants through Bassenthwaite Lake, Cumbria. We also determine if we can 

identify an area in which cues are just right for smolt exit from a lake which is referred 

to as “Goldilocks Zone”. Similar to other studies we found high tag loss within the 

lake (33%, n=20). Migration speeds throughout the lake were similarly slow in 

Bassenthwaite Lake (0.16m.s-1) when compared to other studies conducted in UK 

lakes. Individual migration trajectories also frequently diverted away from the lake 

exit. No evidence of phenotypic (fork length: p=0.417), behavioural (p=0.28) or 

environmental (wind direction: Easterly; p=0.32, Westerly; p=0.76) effects that 

distinguished successful from unsuccessful smolts were identified. This suggests that 

migration success in Bassenthwaite Lake was random, which supports the findings of 

other acoustic telemetry studies. We determined that the “Goldilocks Zone” is 

applicable to Bassenthwaite Lake at an average estimated minimum distance of 0.72 

± 0.6km (mean ± SD; range: 0.13–1.24) from the lake exit, though it remains unclear 

if the “Goldilocks Zone” is applicable to all standing waters or if its specific to only 

natural lake systems. 
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3.1 Introduction 

Migration is commonly described as a regular seasonal movement pattern across 

different temporal and spatial scales (Roshier & Reid, 2003). During migration, 

species transition across different environments, undergoing varied periods of 

residency within a habitat, which is dependent on the current life stage and species 

(Mueller & Fagan, 2008; Avgar et al., 2014; Lilly et al., 2021). Migration is often 

driven by opportunities to increase foraging and growth potential, resulting in 

increased likelihood of higher fecundity (Hendry et al., 2004; Dingle & Drake, 2007; 

Avgar et al., 2014; Mueller & Fagan, 2008; Tamario et al., 2019; Lucas & Baras, 

2001; Quinn & Myers, 2004). High costs are commonly associated with migration, 

including, for example, increased predation pressure (Mueller & Fagan, 2008; 

Alerstam et al., 2003; Horton et al., 2020; Vogel et al., 2021; Lilly et al., 2021.  

Understanding the risks that are associated with particular elements of a species’ 

migration behaviour can be important for effective management.  

 

The Atlantic salmon, Salmo salar, Linnaeus 1785, is an anadromous fish which 

undergoes long-distance migrations between freshwater and saltwater environments 

(Limburg & Waldman, 2009; Gilbey et al., 2021; Thorstad et al., 2008). Seaward 

migration is an important life stage (Mueller & Fagan, 2008; Thorstad et al., 2012b; 

Avgar et al., 2014), however, it is associated with high mortality rate in this species, 

especially within the riverine migration phase. Atlantic salmon have shown rapid 

declines throughout their range over several decades (ICES, 2018; Chaput, 2012; 

Russell et al., 2012; Condron et al., 2005; Adams et al., 2022a,b) and have since been 

declared as ‘Near Threatened’ on the ICUN Red List (2023). CEFAS (2019) reported 

an 88% decline of Atlantic salmon caught from all methods in England and Wales. 

One stressor that has been shown to have an effect on salmon populations is habitat 
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fragmentation by disrupting connectivity to important areas which support different 

life stages (Richter et al., 1997; Lucas & Baras, 2001; Deinet et al., 2020). 

Anthropogenic riverine habitat fragmentation is common in Great Britain, with 97% 

of riverine networks being fragmented by the construction of artificial river-spanning 

infrastructure such as hydropower dams, low head weirs and culverts (Jones et al., 

2019; Rosenberg et al., 2000; Lucas & Baras, 2001; Baguette et al., 2013; Pringle, 

2001) which impede fish movements. However, not only is river spanning 

infrastructure a barrier to movement by anadromous fish, but a number of natural 

features may also prevent or delay riverine migration. One of these is natural standing 

waters such as lakes, which have been associated with low migration success, as fish 

navigate through these natural features to reach the marine environment (Honkanen 

et al., 2018, 2021; Limburg & Waldman, 2009; Nunn & Cowx, 2012; Lilly et al., 

2021). 

 

Large standing waters like lakes are an important habitat for Atlantic salmon 

(Kennedy et al., 2018), providing key habitat for juvenile stages, providing an area 

for temperature regulation and important feeding areas for juveniles (Hartman 1973; 

Halvorsen & Jørgensen, 1996; Hutchings et al., 2019). Previous examining riverine 

migration of Atlantic salmon smolts, has shown that directional water flow is used to 

aid navigation as the fish tend to travel passively with the current, though there is also 

evidence of active swimming during riverine migration (Honkanen et al., 2021; 

Lacroix et al., 2004a,b; Svendsen et al., 2007; Davidsen et al., 2009; Fängstam, 1993; 

Lilly et al., 2021). Thus, it is likely that large standing bodies of water impose a risk 

to successful riverine migration, in that natural standing waters often lack directional 

currents and are likely to provide less useful directional cues (Honkanen et al., 2018). 

Many studies have shown that the rate of movement (ROM) through standing waters 
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in salmon smolts is much slower in comparison to migration along the rest of the river 

system. Honkanen et al. (2018) studied the movements of Atlantic salmon smolts 

within Loch Lomond, Scotland, and found that smolts were travelling on average at 

~0.05m.s-1, (a relatively slow rate of travel compared with river migration) and that 

the migration failure rate was as high as 60% and high migration failure rates have 

also been shown in other studies (Aarestrup et al., 1999; Berry, 1934; Bourgeois & 

O’Connell, 1988; Jepsen et al., 1998; McCormick et al., 1998; Thorpe et al., 1981; 

Honkanen et al., 2021; Lilly et al., 2021). The high loss rates within lakes necessitates 

further for research into the fine scale behavioural movements of smolts within 

standing water environments.  

 

It has been shown that migration through natural standing waters is not unidirectional, 

with smolts often undertaking long and convoluted migrations. Lilly et al. (2021) for 

example found a salmon smolt that travelled an estimated 250km in total to cover a 

direct route of ca.9km through Loch Lomond. Furthermore, it is not uncommon for 

smolts to show frequent directional movements away from the exit point of the lake 

(Honkanen et al., 2018; Lilly et al., 2021). It has been proposed that these seemingly 

random movements around standing waters will increase the energy expenditure costs 

of smolt migration and increases the risk of predation (Hanssen et al., 2022; Honkanen 

et al., 2018, 2021; Jepsen et al., 1998). However, we have a limited understanding of 

the cues and behaviours smolts require to successfully migrate through standing 

waters (Hanssen et al., 2022; Honkanen et al., 2018; Lennox et al., 2021). This 

understanding is required to provide mitigation for future construction of artificial 

standing waters to ensure migration success is not impeded. 
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Lilly et al. (2021) analysed the point in which cues are “just right” for smolt exit from 

Loch Lomond and referred to this zone as “Goldilocks Zone”, and in that study this 

occurred when smolts entered an area approximately 1.75 ± 0.80km (mean ± SD; 

range: 1.19–4.27) from the outflowing River Leven. Within that zone, 67% of smolts 

made a direct movement into the outflowing River Leven (and thus out of the standing 

water). A total of 29% of smolts made frequent movements within the Goldilocks 

Zone and also made distinctive backwards movements, back into Loch Lomond (that 

is away from the entrance to the draining river) before eventually exiting the lake. The 

remaining 4% did not exit the lake successfully. Additionally, Lilly et al. (2021) 

assessed if smolt fork length was a significant predictor of migration success through 

the lake and found no correlation, despite that other work has previously suggested 

that larger smolts are more likely to be successful migrants due to their increased 

ability to endure long distance migrations and evade predators (Kennedy et al., 2007; 

Tucker et al., 2016; Lilly et al., 2021). No other study has looked into applying the 

Goldilocks Zone concept to different lake systems.  

 

Passive acoustic telemetry is a relatively new technique which allow for the  

investigation fish migration patterns, site fidelity, diel movement patterns and 

predation events (Heupel et al., 2010; Hitt et al., 2011; Rowell et al., 2015; Hussey et 

al., 2015; Honkanen et al., 2018, 2021; Hanssen et al., 2022; Lilly et al., 2021). 

Relatively few studies have utilised acoustic telemetry techniques in standing waters 

to assess smolt migration success rates, migration behaviours, smolt ROM and cues 

associated with successful exit (i.e., Aarestrup et al., 1999; Honkanen et al., 2018; 

Thorstad et al., 2011; Lilly et al., 2021).  
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In this study, I used acoustic telemetry to investigate migration through Bassenthwaite 

Lake, Cumbria. Bassenthwaite Lake (7.15km in length) is the most northern lake 

situated along the River Derwent catchment. We assess migration success rates of 

River Derwent smolts and describe their migration behaviours through Bassenthwaite 

Lake. Additionally, I looked to see if the Goldilocks Zone can also be identified in 

Bassenthwaite Lake and if it is geographically different to that described for Loch 

Lomond and lake specific. In addition, I looked to see if smolt characteristics (i.e., 

fork length) is a significant predictor in migration success through natural standing 

waters.  

 

There are four main hypotheses in this study: i) Migration failure rate in 

Bassenthwaite Lake is consistent in magnitude with other standing water studies in 

the UK (~60%); ii) Larger smolts (LF, mm) have higher migration success through 

Bassenthwaite Lake than smaller smolts; iii) Both successful and unsuccessful 

migrating smolts exhibit indirect migration trajectories in Bassenthwaite Lake; and 

iv) Smolts which enter the Goldilocks Zone are more likely to orientate towards 

Bassenthwaite Lake outlet.  

 
 
3.2 Methodology 

3.2.1 Description of study site 

The River Derwent catchment (Cumbria, North-West England) is 679km² in area and 

supports a population of wild Atlantic salmon. The River Greta, a tributary of the 

Derwent system, flows west through the town of Keswick where it intercepts the 

outflow of Derwentwater Lake, (54°36’07.1”N 3°09’10.1”W), to join the River 

Derwent. The River Derwent flows north, before entering Bassenthwaite Lake. 

Bassenthwaite Lake is the most northerly un-impounded lake in the Derwent 
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catchment, it is 7.7km in length, with a maximum depth of 21.3m. Upon exiting 

Bassenthwaite Lake, the River Derwent drains west flowing through the urbanised 

areas of Cockermouth and Workington, where two low-head weirs (Coops and Yearl 

Weir) are present, before draining into the outer Solway Firth at the Port of 

Workington (54°38’58.2”N 3°34’07.9”W) (Figure 3.1). 

Figure 3.1 River Derwent Catchment 

 

3.2.2 Acoustic receiver deployment  

Acoustic receivers were deployed in the River Greta and River Derwent in order to 

track the seaward migration of Atlantic salmon smolts from the upper reaches of the 

Derwent catchment (St Johns Beck; 54°36’38.1”N 3°03’42.0”W) (Figure 3.2). 

Receivers deployed comprised of two types (VR2W and VR2Tx), both operating at 

69kHz (Innovasea Ltd., Nova Scotia, Canada). Receivers deployed in 2021 in the river 

consisted of VR2W’s (Greta: n=2, Derwent: n=4) and VR2Tx’s (Greta: n=1), while 
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acoustic receivers deployed in Bassenthwaite Lake consisted of only VR2Tx’s (n=22) 

(Figure 3.1). Acoustic receivers were deployed through the River Greta, River 

Derwent and Bassenthwaite Lake from 23rd March 2021 to March 25th 2021. Acoustic 

receivers were deployed in a grid-like system in 2021 to increase our understanding 

of small-scale spatial movements within the lake and positions were chosen based on 

published literature range testing results (Newton et al., 2016, 2021). Receivers within 

both the River Greta and River Derwent were attached to a mooring comprised of a 

vertical steel rod attached on a 20–40kg weight. All river receivers were attached by 

chain to the riverbank where suitable, for added security. In Bassenthwaite Lake in 

2021, all receivers were attached to a vertical steel rod welded to a steel weight (30–

40kg) with a surface buoy attachment included. All acoustic receivers were recovered 

on 8th August 2021 and it was noted receivers were moved from their original position 

though the date of this remained unknown, thus, analysis was conducted from the 

receivers’ position when collected. 

 

Figure 3.2 Map illustrating receiver layout throughout Bassenthwaite Lake consisting of VR2Tx’s (n=22) and 
VR2W’s (n=2) receivers, positioned at both the entrance and exit of Bassenthwaite Lake. 
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3.2.3 Smolt capture and acoustic tagging procedure  
 

Atlantic salmon smolts were captured during spring (April to May 2021) during their 

downstream migration using a 1.2m rotary screw trap, at St Johns Beck, Threkheld 

(54°36’38.1”N 3°03’42.0”W). In 2021, 93 fish were tagged between 14th April and 

5th May. In addition to a rotary screw trap, a fyke net was used to increase catches. All 

trapping apparatus was checked and emptied daily to ensure smolts did not remain in 

the trap for extended periods of time. Fish captured were anaesthetized by immersing 

them in a bucket containing MS222 (Tricaine Methane sulfonate) and sodium 

bicarbonate solution (0.6g/6L river water for each). It took approximately three 

minutes for smolts to lose equilibrium (stage three of anaesthesia) which is required 

for the tagging procedure to be conducted. Fork length (LF, mm) and weight (g) were 

determined, and only fish greater than 130mm LF and 20g weight were tagged. 

Additionally, scale samples were taken. All surgical equipment was disinfected using 

Reprodis/distilled water (1:20 ratio) and rinsed with distilled water. During surgery, 

fish were given low level anaesthesia (0.125g/2L) and river water was constantly 

applied across the gills to ensure fish remained sedated. A 10mm ventral incision was 

made anterior to the pelvic girdle. A V7-2L (69kHz) coded transmitter (VEMCO Ltd, 

7mm diameter, 1.7g in air) was surgically placed inside the peritoneal cavity. The V7-

2L tags had a nominal delay of 18–45 seconds and an estimated tag life of ca.75 days. 

The incision was closed by applying two interrupted surgeon knots with 4/0 Ethilon 

nylon sutures. Smolts were then placed into a recovery container on land for 

approximately 20 minutes to ensure normal swimming behaviour was exhibited 

(equilibrium restored). Fish were then placed into a perforated river container 

downstream from the rotary screw trap with good water flow throughout and given a 

further 40 minutes recovery before being released.  

 



 94 

3.2.4 Ethical statement  
 

All tagging was conducted by a personal licence holder (UK Home Office PIL 

70/8794) using procedures which complied with the UK Home Office regulations and 

UK Home Office project licence number PP0483054. Replacement, reduction, and 

refinement was considered for this study. All fish were cared for and monitored, 

throughout the procedure where stress and suffering were reduced at all times. 

 

3.2.5 Statistical analysis 

3.2.5.1 False detections  

All analysis was conducted using R software version 4.2.3 (R Core Team, 2019). 

Using raw VEMCO receiver data, all data was filtered to only include fish tagged in 

2021. Additionally, from the filtered detections, a further filter to remove false 

detections was conducted using the package Glatos (Holbrook et al., 2018) using the 

short-term interval criterion. Short-interval criterion filters all single detections that 

occurred at one receiver station within a fixed duration which is set at 30 times the 

average signal delay of the tag (in this study this duration was 840 seconds (s)) 

(Hayden et al., 2016; Kneebone et al., 2014; Lilly et al., 2021, 2022). Detections 

above this fixed duration period were deemed false detections. Additionally, signals 

detected within a duration which is less than the tag’s minimum signal delay (18s) 

were also deemed false detections and removed from further analysis (Hanssen et al., 

2022). 0.96% of detections were considered false and removed, therefore, 853,352 

detections were used for analyses.  

 

3.2.5.2 Descriptive analysis 

Descriptive results from 2021 data were calculated using the R package Actel (Flávio 

& Baktoft, 2021), which provides a systematic conditional pipeline to filter and 
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analyse acoustic telemetry data in a reproducible fashion, for fish moving between 

receiver arrays. It also allows for detection efficiency estimations to be made for each 

receiver station. Additionally, Actel allows diel movement patterns to be observed by 

defining the arrival time recorded at each individual receiver using the circular R 

package (Agostinelli & Lund, 2022; Jammalamadaka & SenGupta, 2001). 

 

3.2.5.3 Timing of migration 

Using the r.test function in the CircStats package (Lund & Agostinelli, 2018) a 

Rayleigh test of uniformity was performed to determine if migration both into and out 

of Bassenthwaite Lake was evenly distributed throughout all hours of the day. Hour 

of the day was converted to radians prior to performing the test using the hms2rad 

function in the package astroFns in R (Harris, 2012). 

 

3.2.5.4 Migration success and failure  

To assess migration success and failure rate, a smolt was deemed to be a successful 

lake migrant if it was first detected entering the lake (54°37’50.9”N 3°11’06.0”W) 

and later detected at the first receiver in the river flowing out of Bassenthwaite Lake 

(54°40’39.3”N 3°14’37.7”W). Unsuccessful migrants were detected entering the lake 

but not subsequently detected at the Bassenthwaite Lake outflow receiver. These 

categories of migration success were calculated using descriptive data from the R 

package Actel (Flávio & Baktoft, 2021) output. Migration success rate per km (%.km-

1) was calculated as the percentage of successful migrating smolts (using Actel 

output), divided by the direct minimum distance travelled (MDT) through 

Bassenthwaite Lake (7.15km). This was also repeated on unsuccessful migrants using 

the percent of unsuccessful smolts divided by the direct MDT of Bassenthwaite Lake. 
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The detection efficiency of acoustic receivers across Bassenthwaite Lake varied and 

was not always 100% due to receiver layout and ambient noise from recreational lake 

activities, therefore, efficiency was assessed to provide estimates of survival (Halfyard 

et al., 2013; Lilly et al., 2022). Efficiency was assessed as the number of smolts 

detected at any downstream receiver expressed as a proportion of those not detected 

at the receiver upstream. Due to the range of receivers throughout Bassenthwaite 

Lake, there is the possibility that fish were not detected on any given receiver due to 

placement, this was taken into consideration when detection efficiency was calculated. 

 
3.2.5.5 Phenotype 

To determine if migration success or failure rates were related to Atlantic salmon 

smolt phenotype, three metrics were used: this included fork length (LF, mm), weight 

(g) and tag burden (%). Tag burden was calculated by dividing the weight of a tag in 

air (1.7g) by the weight of the tagged Atlantic salmon smolt x 100 (Brown et al., 

2012).  

 

General linear modelling (GLM) was undertaken to determine if phenotypic factors 

such as LF (mm), weight (g) and tag burden (%) contributed to successful migration. 

Additionally, smolt average rate of movement (ROM) was analysed to see if smolt 

ROM contributed to migration success. The GLM was fitted with a binomial error 

structure and the identity link function using the R Package lme4 (Bates et al., 2014). 

Survival (dependent variable) was coded as 1 for fish detected on a receiver which 

exits Bassenthwaite Lake or 0 for an assumed failed lake migration.  

Initial model:  

glm(Survival ~ LF + Weight + Tag Burden + ROM, family = binomial (link = 

“identity”) 
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3.2.5.6 Centre of activity 

To analyse Atlantic salmon smolt behaviour, centre of activity (COA) was calculated 

both for successful and unsuccessful lake migrants to determine the location of smolt 

activity within Bassenthwaite Lake, using the Animal Tracking Tool in R package 

Vtrack (Udyawer et al., 2018). COA positions are a mean two-dimensional position 

measure (providing latitude and longitude) of a smolt determined through weighting 

the detections of a smolt between adjacent acoustic receivers which have non-

overlapping ranges during a specified duration of time (Simpfendorfer et al., 2002; 

Espinoza et al., 2015; Lilly et al., 2021). The duration used for determining COA 

positions in this study was 15 minutes. This was determined using the methods 

outlined in Villegas-Rios et al. (2015) using data from smolts that were deemed 

successful and migrated out of Bassenthwaite Lake (n=40). COA position data was 

further used to calculate non-residency events (Campbell et al., 2012), behavioural 

metrics and space used in Bassenthwaite Lake. A non-residency event was defined as 

the movement of an individual between two COA positions which was calculated 

using RunResidenceExtraction function in the Vtrack package in R (Campbell et al., 

2012). 

 

3.2.5.7 Space use 

In order to evaluate Atlantic salmon smolt space use of Bassenthwaite Lake, core 

(50%) and extended (90%) home ranges (Brownian Bridge Kernel Utilisation 

Distribution (BBKUD)) were calculated using the Animal Tracking Tool in R package 

Vtrack (Udyawer et al., 2018).  
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Using previously defined methodology (Lilly et al., 2021), the final migration 

trajectory of successful smolts was extracted based on a direct migration pathway 

from Bassenthwaite Lake into the River Derwent. The mean distance from which 

successful smolts initiated a direct migration pathway out of Bassenthwaite Lake and 

into the River Derwent at the northern exit point was determined by using the 

ComputeDistance function in the R package Vtrack (Campbell et al., 2012), This 

marked the outer edge of the “Goldilocks Zone” (a reference to the fact that the cues 

enabling the fish to find the lake exit (i.e., the entrance to the River Derwent) were, at 

this point presumed to be “just right” (Lilly et al., 2021). 

 

3.2.5.8 Comparisons of space use  

The comparison between the size of core (50% BBKUD) and extended (95% 

BBKUD) home ranges of successful and unsuccessful migrants were made using a 

Wilcoxon rank sum test.  

 

To determine if the Goldilocks Zone served as a defined region utilized by successful 

smolts, the proportion of unsuccessful migrants that entered this area was calculated. 

Additionally, once successful smolts entered the Goldilocks Zone, the proportion of 

movements that occurred in this zone was compared to the number of movements that 

resulted in movement southwards and thus away from the lake exit and out of this 

zone, using a paired Wilcoxon signed-rank test. 

 

In order to determine if space use of Atlantic salmon smolts was predominately along 

the easterly or westerly side of the lake within the Goldilocks Zone, the zone was split 

into two groups: Easterly (E) or Westerly (W). Using the Non-residency detections on 

receivers within the Goldilocks Zone, smolt detections were allocated to either E or 
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W dependent on where they were detected within the Goldilocks Zone. A Wilcoxon 

signed-rank test was conducted to compare the space use of both successful and 

unsuccessful smolts. Additionally, in order to determine if environmental factors such 

as wind (o) is a significant predictor in space use within the Goldilocks Zone, wind 

direction was modelled hourly. Using the package Circular (Agostinelli & Lund, 

2022), wind direction was converted into degrees and tested using the Watson.test () 

function to determine if the circular data differed from a specified reference direction 

(in this case 0 degrees). Using Non-residency detections on receivers within the 

Goldilocks Zone, wind direction in degrees were matched to the specific timestamp 

of each detection in hours. A generalised linear mixed model (GLMM) was 

constructed using the R package lme4 (Bates et al., 2014) fitted with a binomial error 

structure and the identity link, where space use (dependent variable) was coded as E 

for fish detected within the easterly half or W for those detected in the westerly half, 

using FishID as a random effect.  

 

Initial model: 

glmer(Space Use ~ Wind Direction + (1|FISHID) , family = Binomial(link = 

"identity") 

 

3.3 Results 

3.3.1 Tagging summary  

In total, 93 Atlantic salmon smolts were tagged in 2021. The mean recorded LF (mm) 

of smolts tagged at St Johns Beck in 2021 was 141.9 ± 8.4 (mean ± SD; range: 130 - 

164), weight (g) was 29.4 ± 5.5 (mean ± SD; range: 21–5-44.5) and tag burden (%) 

was 5.3 ± 0.91 (mean ± SD; range 3.5–7.0).  
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3.3.2 Migration failure rate 

From the 93 smolts that were successfully tagged at St Johns Beck, only 64% (n=60) 

successfully migrated the river distance of 12.5km and entered Bassenthwaite Lake 

(river loss rate of 2.87%.km-1). Of the 60 individuals that successfully entered 

Bassenthwaite Lake, 66% (n=40) individuals successfully migrated out of the lake. 

Therefore, there was a loss rate of 9.3%.km-1 in Bassenthwaite Lake. 

 

The mean LF of successful Atlantic salmon lake migrants (n=40) was 142.4 ± 7.99 

mm (mean ± SD; range:131–164) and for unsuccessful lake migrants (n=20) mean LF 

was 138.7 ± 7.13mm (mean ± SD; range:130–159). A binomial regression model 

(GLM) testing the influence phenotypic factors on migration success through the lake 

was conducted. Both weight and tag burden were highly correlated with LF, so for 

analysis only LF was used. Migration success was not dependent on smolt LF (p=0.41), 

however, smolt rate of movement (ROM) did significantly predict migration success 

(p=0.001) with those smolts that had a greater ROM being more likely to be successful 

lake migrants.  

 

3.3.3 Migration timing 

Successful lake migrants had an estimated mean rate of movement (ROM) of 0.16 ± 

0.05m.s-1 (mean ± SD; range: 0.13-0.27) over a mean travel duration of 6 ± 5 days 

(mean ± SD; range: 1–35). Migration into Bassenthwaite Lake (n=60) was dependent 

on the time of the day (entrance: Rayleigh test; r.bar = 0.34, p=< 0.01) and occurred 

primarily during the night and early morning hours between 20:00 and 05:00am, with 

a mean time of movement being 00:30am. No smolts were found to migrate into 

Bassenthwaite Lake between 06:00am and 17:30pm British Summer Time (BST, 

GMT + 1) (Figure 3.3).  



 101 

 

 

 

 

Figure 3.3 Circular plots generated using R package ‘Actel’ using the plotTimes() function depicting the hour 
(British Summer Time; BST) when smolts both entered Bassenthwaite Lake at receiver A7 (n=60) and exited 
(n=40) Bassenthwaite Lake at receiver A30.. The mean time of movement is highlight within the outer circle. Each 
bar sum to 100%. The number of smolts included in the analysis are presented. The shaded zone indicates the 
average sunset and sunrise which occurred during May - June 2021.  
 

However, smolt departure from Bassenthwaite Lake (n=40) was not dependent on the 

time of the day (entrance: Rayleigh test; r.bar =0.19, p=0.96), with smolts found to 

exit the lake at varied times of day. The mean time of movements out of the lake was 

09:00am British Summer Time (BST, GMT + 1) (Figure 3.3).  

 

3.3.4 Home range 

Successful (n=40) and unsuccessful (n=20) lake migrants did not differ in their space 

use of Bassenthwaite Lake, utilising both the lower, middle and upper regions of the 

lake. Using the BBKUD of both successful and unsuccessful lake migrants, a 

Wilcoxon sum rank test confirmed there was no significant difference between 

average core (50%) space use distributions of successful (4.68 ± 2.33km-2) and 

unsuccessful lake migrants (4.42 ± 2.97km-2) (p=0.56). Additionally, there was no 

significant difference in the average extended (90%) space use distributions of 

successful (7.98 ± 6.03km-2) and unsuccessful lake migrants (8.02 ± 7.66km-2) 
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(p=0.35). Examples of BBKUD space use of successful and unsuccessful smolts can 

be found in Figure 3.5. 

 

3.3.5 Migration trajectories  

Successful lake migrants (n=40) travelled on average an estimated minimum total 

distance (km) of 56.11 ± 30.28 (mean ± SD; range: 8–125.09) and were detected for 

6 ± 5 days (mean ± SD; range: 1–35) in the lake. Both successful and non-successful 

lake migrants displayed varied directional migration pathways throughout and utilised 

both the lower (southern), middle and upper (northern) regions of the lake. There was 

no distinct migration trajectory through Bassenthwaite Lake that was unique to 

successful lake migrants. Smolt lake migration duration, ROM and migration 

direction differed across successful smolts; for example one smolt (ID: 43122) after 

entering Bassenthwaite Lake took a southern migration pathway, being detected on 

(A9, Figure 3.2) and spent ca.2 days within the southern region of the lake before 

making a direct exit out of Bassenthwaite Lake, having travelled a total distance of 

19.97km over 2.48 days in total with an average ROM of 0.08m.s-1 (Figure 3.4a). This 

fish had an overall greater 50% BBKUD in the northern region of Bassenthwaite Lake 

than the mid or south regions (Figure 3.5a). Another successful individual (ID: 35928) 

also took an initially southern migration pathway and then migrated north. Within the 

northern region, smolt ID:35928 reached the most northernly receiver prior to the lake 

exit (A29, Figure 3.2), although it displayed a complex movement behaviour (not 

unidirectional) travelling both forward and backwards across a minimum estimated 

distance of 80.60km, taking this individual 5.9 days at an average ROM of 0.19m.s-1 

(Figure 3.4b); its BBKUD was predominately within the middle and southern region 

of Bassenthwaite Lake (Figure 3.5b). Lastly, smolt ID:43087 was the only smolt 

found to take a northern trajectory once it migrated into Bassenthwaite Lake, it 
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showed rapid forwards and backwards migration behaviour when migrating within 

the southern region on the lake, travelling an estimated minimum distance of 58.5km 

over 4.04 days at a ROM of 0.18m.s-1 (Figure 3.4c); it had a BBKUD predominantly 

within the middle and southernly regions (Figure 3.5c).  

 

Unsuccessful smolts also displayed varied migration pathways before assumed loss 

within the lake, though a vast proportion of time was spent within the southern region 

of the lake. After exiting the River Derwent and entering Bassenthwaite Lake, one 

smolt (ID: 43081) took a southern trajectory, although it did explore the northern 

regions before making a backwards movement and remaining at A11 which is within 

the middle region of the lake. This smolt then made multiple attempts to exit the lake 

and being detected on the final lake receiver (A29, Figure 3.2). In total this smolt 

travelled an estimated maximum distance of 87.5km at a ROM of 0.16m.s-1 (Figure 

3.4d); its BBKUD was within the middle and upper southern region of the lake (Figure 

3.5d). A second smolt (ID: 43076) remained in the south of the lake and had a BBKUD 

only within the southerly region of the lake, travelling an estimated maximum distance 

of 53km at a ROM of 0.04m.s-1 (Figure 3.4e/3.5e). Lastly, one smolt (ID: 43116), like 

the majority of smolts, took a southernly trajectory before migrating north, though this 

smolt travelled an estimated maximum distance of 247km at a ROM of 0.05m.s-1. This 

smolt primarily migrated within the northern region of the lake (Figure 3.5f) where it 

displayed complex migration behaviours which were not unidirectional, though it 

ultimately did not successfully migrate out of Bassenthwaite Lake (Figure 3.4f). 
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Figure 3.4 Individual detection plots generated using Actel, plotDectections() function, showing successful (3.4a-
c) and unsuccessful smolts (3.4d-f). The vertical dashed lines show time in which smolts entered Bassenthwaite 
Lake, whereas the vertical grey dashed lines detail the assigned movements when exiting or assumed tag loss from 
the study site. The dots represent when a fish was detected at a given receiver, orange for the first receiver (A7) 
and green for the exit receiver (A30) all those detailed in blue are receivers deployed across Bassenthwaite Lake. 
All detection plots detail individual timestamps. Receivers are found along the y axis. 
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Figure 3.5 Examples of comparison of activity spaces between successful (n=40)(3.5a-c) and unsuccessful 
(n=20)(3.5d-f) lake migrates across Bassenthwaite Lake. Centres of activity (15-minute time step, coloured 
crosses) Minimum convex polygons (broken coloured polygons) and Brownian Bridge Kernel Utilisation 
Distributions (50% contour = filled dark polygons; 90% contour = filled light polygons). Black points represent 
receiver locations of both VR2Tx’s and VR2W’s deployed throughout Bassenthwaite Lake.  

 

3.3.6 Goldilocks Zone 

Once smolts re-entered the River Derwent at the northern exit point of Bassenthwaite 

Lake, they were deemed as successful lake migrants, with four individuals later 

detected re-entering the lake (smolt IDs: 35891, 35921, 35927, 43131). For all 

successful lake migrants (n=40), movement into the River Derwent occurred at a 

mean estimated minimum distance (km) of 0.72 ± 0.6 (mean ± SD; range: 0.13–1.24) 

away from the exit point. We define this point as representing the outer bounds of the 

Goldilocks Zone (Lilly et al., 2021). These direct exit trajectories out of the 

Goldilocks Zone and into the River Derwent, took a mean duration (hrs) of 3 ± 15.6 

(mean ± SD; range: 0.89–46.3). Once fish entered the Goldilocks Zone, 95% (n=38) 

remained within the Goldilocks Zone, making non-unidirectional movements 

throughout the zone prior to migrating out of Bassenthwaite Lake. The remaining 5% 

(n=2) of smolts made a southern migration, leaving the zone and moving further away 

from the exit of Bassenthwaite Lake. Within the Goldilocks Zone, successful Atlantic 
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salmon smolts (n=40) made a number of complex migration trajectories which were 

not unidirectional (12.4 ± 13.8 (range; 1–19)) that resulted in southerly migration 

(backwards movement) out of the Goldilocks Zone (7.5 ± 1.9 (range; 1–13)) (paired 

Wilcoxon signed rank test; W=85, p=0.02). Additionally, 70% (n=14) of unsuccessful 

lake migrants did enter the Goldilocks Zone, and thus entry into the zone did not 

guarantee successful migration out of the lake. We define the outer bounds of the 

Goldilocks Zone in Figure 3.6.  

 

Figure 3.6 The Goldilocks Zone is represented by the area above the yellow line. The outer boundary of the 
Goldilocks Zone was defined as the mean distance (mean ± SD; 0.72 ± 0.6km) that successful smolts (n=40) 
engaged in their final movements into the River Derwent.  
 

Atlantic salmon space use was not found to be significantly predicted by wind 

direction at the time of detection (p=0.28) and the Wilcoxon sum rank test confirmed 

there was no significant difference between space use of successful and unsuccessful 

lake migrants using the easterly half (W=45, p=0.32) or the westerly half (W=19, 

p=0.76) within the Goldilocks Zone.  
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3.4 Discussion 

Previous research has highlighted the high loss rates which are found to commonly 

occur in natural standing waters; up to 88% loss has been recorded (Jepsen et al., 

1998). Here we provide evidence that the loss rate of Atlantic salmon smolts in the 

Bassenthwaite Lake is consistent with previous studies (Aarestrup et al., 1999; Berry, 

1934; Thorpe et al., 1981; Bourgeois & O’Connell, 1988; Honkanen et al., 2021; Lilly 

et al., 2021). Atlantic salmon smolts tagged and released in 2021 (n=93) showed a 

low likelihood of successful lake migration through Bassenthwaite Lake, with only 

43% (n=40) being detected entering the River Derwent at the northern end of 

Bassenthwaite Lake (exit). Loss rate prior to entering Bassenthwaite Lake was high 

when comparing to other UK riverine systems. In a 2020 baseline study in this system, 

the loss rate in the River Derwent prior to entering Bassenthwaite Lake (a distance of 

12.5km) was as high as 70% (migration loss rate of 5.59%.km-1). In 2021 there was a 

considerable increase in survivorship, but migration loss rate was still considered high 

at 35.5% (migration loss rate of 2.8%.km-1) which is consistent with loss rate findings 

from studies for example in the Endrick Water, Scotland (Honkanen et al., 2018; 

3.17%.km-1, Lilly et al., 2021; 3.25%.km-1) and also in Lough Erne, Northern Ireland 

(Kennedy et al., 2018; 0 and 9.4%.km-1) which are all similar to previous levels 

observed in a range of other river systems 0.3–7.0%.km-1 (Thorstad et al., 2012a). 

Recent studies have highlighted potential reasons for smolt mortality within riverine 

systems showing that there can be high rates of avian and piscine predation (Chavarie 

et al., 2022). The high loss rates of Atlantic salmon smolts occurring in Bassenthwaite 

Lake may partly also be associated with predation pressures within natural standing 

waters. Both goosanders (Mergus merganser, Linnaeus 1785) and cormorants 

(Phalacrocoracidae carbo carbo, Linnaeus 1785) are known to target salmon smolt 
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spring migration periods (Boström, 2013; Falkegård et al., 2023). Thus, disruption of 

key foraging behaviour of these avian species may result in an increased likelihood of 

successful smolt migration outcomes within both riverine and natural standing water 

environments (Hawkes et al., 2013; Kennedy & Greer, 1988). However, a study 

conducted through the Lough Erne catchment, Northern Ireland by Kennedy et al. 

(2018) postulated that high rates of assumed tag loss was associated with piscine 

predation attributed to pike (Esox lucius, Linnaeus 1785) which are also found to be 

present in Bassenthwaite Lake, where behaviour of pike predation has been noted as 

such in smolt ID: 43076 (Figure 3.5e) where slow latitudinal movements within a 

small area were recorded. The termination of detections from an unsuccessful 

individual may also be attributed to a variety of factors, such as poor detection 

efficiency, tag loss, tag failure, mortality due to predation by another aquatic predator 

or stress induced by the capture and acoustic tagging procedure (Cooke et al., 2011; 

Klinard & Matley, 2020; Lilly et al., 2021).  

 

Migration from the River Derwent into Bassenthwaite Lake was found to take place 

primarily during night hours, correlating with other studies (Kennedy et al., 2018; 

Haraldstad et al., 2017; Ibbotson et al., 2011, 2006), which is thought to be a predator 

avoidance strategy. This is a consistent pattern observed by smolts migrating through 

Norwegian lakes and Loch Lomond, Scotland (Hanssen et al., 2022; Haraldstad et al., 

2017; Kennedy et al., 2018; Lilly et al., 2021). However, if this is a predator avoidance 

strategy used by Derwent smolts, their slow speeds upon entry (minimum estimates) 

and lack of unidirectional migration throughout Bassenthwaite Lake would likely 

diminish the benefits of migrating during night hours and energy expenditure costs 

are likely to increase due to increased duration in environments where there is lack of 

currents aiding in migration, further delaying exit from the lake (Jepsen et al., 1998) 
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and ultimately impacting on lake survivorship. Virtanen & Forsman (1987) reported 

maximum sustainable smolt swimming speeds of 0.50m.s−1, which is well above the 

minimum estimated average swimming speeds detected in Bassenthwaite Lake here. 

Successful lake migrants from 2021 migrated at an estimated average swimming 

speed of 0.16m.s-1 over 5.85 days. This finding is consistent with Scottish lake 

migrants from two studies, where Lilly et al. (2021) reported smolts travelled at a 

minimum estimated average speed of 0.13m.s−1 over 5.23 days in Loch Lomond, 

Scotland and Honkanen et al. (2018) reported minimum estimated average migration 

speed through three lakes in Scotland varied between 0.09 and 0.15m.s−1. The 

observed slow minimum estimated average swimming speed could be due to either of 

two possibilities: 1) the lack of unidirectional movements in Bassenthwaite Lake 

where smolts did not take the most direct route to exit the lake upon entrance and were 

not moving in a straight line between receivers, though this could be due to receiver 

layout ; or 2) the assumed slow average speeds (minimum estimates) may be because 

of potential predator loss and with tags are being detected in either the predators’ 

stomach or after expulsion and are within range of receivers on the lake bed (Lilly et 

al., 2021). Migration behaviour in Bassenthwaite Lake of both successful and 

unsuccessful smolts appeared not to be unidirectional, although once smolts entered 

an area within ~0.7km from the lake exit, smolts were found to have a higher 

possibility of successful exit, which is referred to as Bassenthwaite Lake’s Goldilocks 

Zone. This finding could suggest the Goldilocks Zone is present in all standing waters 

regardless of size, and thus, investigations incorporating the Goldilocks Zone theory 

should be explored across a variety of lake/standing waters to determine if the 

Goldilocks Zone is more widely applicable.  
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Surface currents are important to Atlantic salmon smolts migrating within the riverine 

environment (Hedger et al., 2008; Lothian et al., 2018; Mcilvenny et al., 2021; 

Thorstad et al., 2012b) providing energy saving navigational cues and directing them 

downstream (Newton et al., 2021; Silva et al., 2020; Coutant, 2001; Montgomery et 

al., 2000; Silva et al., 2011). However, researchers postulate that in habitats where 

currents are mostly lacking, such as in natural standing bodies of water, surface 

currents are largely driven by wind (Svendsen et al., 2007, Mcilvenny et al., 2021). 

However, though surface currents may be wind driven in Bassenthwaite Lake, the 

results from this study suggest they may not be strong enough for smolts to follow 

(both successful and unsuccessful). This could also be a result of receiver layout and 

wind data being poor, therefore quality information to detect the effect of wind on 

migration trajectories in Bassenthwaite is lacking. We found that space utilisation in 

the lake was random, and we can hypothesise this is because there are a lack of cues 

or poor-quality cues available to lake migrants, which provide no direct pathway to 

exit these systems.  

 

3.5 Conclusion 

Based on the evidence of this study, we can conclude that survivorship likelihood of 

individual Atlantic salmon smolts in Bassenthwaite Lake is very likely random and 

does not appear to be dependent on fish phenotype, behaviour characteristics or 

environmental factors (wind direction). Our study provided evidence to suggest the 

Goldilocks Zone is applicable to Bassenthwaite Lake although it is still unclear if the 

Goldilocks Zone is more widely applicable to all standing waters or if its specific to 

only natural lake systems. Determining the cues associated with successful migration 

through these natural standing systems is required to aid in conservation and habitat 

protection of migrating smolts. 



 111 

Chapter 4: Assessing spatial pathway choice of Atlantic 

salmon smolts during seaward migration across weirs in 

the River Derwent, Cumbria. 
Abstract 
 
One of the leading causes of Atlantic salmon declines is increased habitat 

fragmentation, particularly through the construction of artificial river-spanning 

infrastructure such as low-head weirs. Throughout England and Wales there are 

approximately 66,381 river-spanning obstacles, indicating that greater than 97% of 

English and Welsh river networks are fragmented. One such fragmented river is the 

River Derwent, Cumbria, where two low-head weirs are located in the Workington 

area (Coops Weir and Yearl Weir). The downstream migration and migration failure 

rates of Atlantic salmon smolts were studied in this area across a three-year period 

(2020-2022) with 365 smolts tagged using V7-2L (69kHz) coded transmitters and 

released in two groups: St Johns Beck and Trap and Transported. Migration failure 

rates of tagged smolts differed across the weirs, with Coops Weir having a failure rate 

of 2.24-9%.km-1 and between 0–32.2%.km-1 for Yearl Weir. These findings are 

considerably higher than those reported in other studies and with overall riverine 

failure rates analysed within the River Derwent. Additionally, there was little disparity 

in migration failure rates between St Johns Beck and Trap and Transport release 

smolts. Both temporal and spatial differences were found to occur across both weirs 

when analysing migration failure rate. Duration spent above the weirs was random, 

with water flow discharge (m3/s) having no significant impact on the time spent there. 

Additionally, evidence was found to suggest that smolts had the ability to choose their 

migration routes away from the main water channel, although time spent above the 

weirs and route choice was random. It remains unclear whether migration failure rate 
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was due to lack of preparedness for salinity environments, injury or 

disorientation/stress as a result of passage or predation. 
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4.1 Introduction 

Habitat fragmentation, which limits the connectivity between adjacent habitats is one 

of the leading causes of salmonid population declines (Ceballos & Ehrlich, 2002; 

Baguette et al., 2013; Richter et al., 1997; Lucas & Baras, 2001; Deinet et al., 2020). 

The increase in riverine construction of artificial river-spanning infrastructure such as 

low-head weirs, dams and hydro facilities are have a particularly adverse effect on 

species with complex life cycles, which require to move between habitats for 

particular life stages to be facilitated (Jager et al., 2001; Cote et al., 2009; Branco et 

al., 2012; Hill et al., 2019). It has been estimated that throughout England and Wales 

there are approximately 66,381 river spanning obstacles, indicating greater than 97% 

of English and Welsh river networks are fragmented (Jones et al., 2019). 

 

Atlantic salmon, Salmo salar, Linnaeus 1785, are highly mobile anadromous fish 

which has been found to be highly vulnerable to riverine habitat fragmentation both 

during upstream and downstream migration (Newton et al., 2018; Baras et al., 1994; 

Lucas & Frear, 1997; Jager et al., 2001; O’Hanley & Tomberlin, 2005; Kemp et 

al., 2008). Literature has highlighted the impact that large scale infrastructure (>5m 

hydraulic head height) has had on downstream migrating Atlantic salmon (Gowans et 

al., 2003; Antonio et al., 2007; Meixler et al., 2009; Branco et al., 2012; Newton et 

al., 2018) and other migrating species. This increases the importance of current 

mitigation and legislation measures, by requiring that all EU member states ensure 

that fish passage is enabled through all aspects of the EU Water Framework Directive 

(Directive 2000/60/EC), and EU Eel Regulation (EC No. 1100/2007) (Newton et al., 

2018). The literature regarding the impact of low-head river-spanning infrastructure 

on fish migration is relatively sparse. It is assumed that barriers such as weirs may 

present significant obstacles to migrating Atlantic salmon and thus impact on 
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migration success (Lucas and Frear, 1997; Ovidio and Philippart, 2002; O’Connor et 

al., 2006). This simply may not be the case for all river spanning infrastructure, 

however. 

 

Weir structures are commonly found across UK river networks, where they provide a 

means of flood prevention, hydropower production, water discharge measures, boat 

navigation and fish farm production (Gauld et al., 2013; Havn et al., 2020; Newton et 

al., 2018; Lothian et al., 2018). Such structures have not only been found to impact 

upon essential life stage movements of migrating species, but weir presence can also 

alter the water flow, temperature, sediment and nutrient movements throughout the 

riverine environment (Antonio et al., 2007; Branco et al., 2012; Gauld et al., 2013). 

The biological consequences for Atlantic salmon resulting from weir presence is still 

debated.  

 

The increased energy expenditure of both adult and juvenile anadromous fish has been 

found to negatively impact on seasonal migration success (Gowans et al., 2003; 

Caudill et al., 2007; Frank et al., 2009; Dodd et al., 2018). A study conducted in 

Denmark found increased delays and assumed mortality in migrating Atlantic salmon 

in rivers with obstacles (Aarestrup & Koed, 2003). Additionally, studies conducted in 

Australia found other anadromous species such as Murray cod (Maccullochella peeli, 

Mitchell 1838) and golden perch (Macquaria ambigua, Richardson 1845) showed a 

reluctance to move past low-head weir infrastructure when migrating downstream 

(O'Connor et al., 2006) where delays in migration were associated with mortality. Not 

only have low head weirs impacted on energy expenditure and passage reluctance, but 

other behaviours have also been observed (Garcia de Leaniz, 2008; Newton et al., 

2016, 2019; Shaw, 2013; Rahel & McLaughlin, 2018). For example, when salmon 
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smolts enter accelerated flow fields, their behaviour adapts to orientate into the current 

to establish better control of movement and reduce injury (Hansen & Jonsson, 1985; 

Davidsen et al., 2005). 

 

Successful passage across weir structures relies on a combination of water discharge, 

fish characteristics (e.g., body size (fork length) and species) and various 

environmental conditions which create discrete periods when fish passage is 

successful (Kemp & O’Hanley, 2010) . The balance of the specific river flow regimes 

is essential for successful passage: if water levels are too low, movement of fish over 

a weir is impeded, conversely, elevated flow levels can have negative effects, 

particularly upstream of the weir itself. When flow is above the weir construction 

height, it can exceed the swimming capability of fish (Fraser et al., 2015; KLTAP, 

2015; Dodd et al., 2018), incurring potential injury and increased stress responses in 

Atlantic salmon. Additionally, Havn et al. (2020) found that weir mortality was 

predominately caused by the physical damage sustained by an individual during weir 

passage resulting from the physical properties of the weir itself (i.e., height or length) 

and the energy expenditure costs associated with crossing it. 

 

In this study, I used acoustic telemetry to investigate the behaviour of Atlantic salmon 

smolts as they made their downstream migration to sea. Specifically we examine the 

time taken for migrating smolts from the River Derwent to pass across two low-head 

weir structures. The study had three main objectives and these were to; 1) Assess the 

inter-annual variation in migration failure rate across three years from two release 

group (St Johns Beck and Trap and Transport); 2) Compare the spatial variation in 

smolt migration failure rates across two weirs (Coops Weir and Yearl Weir); and 3) 
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Assess the potential biotic and environmental factors which are associated with 

successful weir passage.  

 

Within these three general objectives, we tested four specific hypotheses related to 

smolt migration across the two weirs: i) Loss rate is equal across both weirs (Coops 

Weir and Yearl Weir) and release groups (St Johns Beck and Trap and Transport); ii) 

Smolts which have a prolonged migration delay above the weir will seek alternative 

migration pathways; iii) High flow conditions will allow for smolts to migrate across 

both weirs more quickly; and iv) Migration success across a weir is fork length 

dependent. 

 
4.2 Methodology  
 
4.2.1 Description of study site 

The River Derwent catchment (Cumbria, northwest England) has an area of 679 km² 

in area and supports a population of wild Atlantic salmon. The River Greta, a tributary 

of the Derwent system, flows west through the town of Keswick where it intercepts 

the outflow of the Derwentwater Lake (54’36’0”.1”N 3’09’1”.1”W), to join the River 

Derwent. The River Derwent flows north, before flowing into Bassenthwaite Lake. 

Upon exit of Bassenthwaite Lake, the River Derwent drains west flowing through the 

urbanised areas of Cockermouth and Workington. At Workington the River Derwent 

is partially impounded by two low-head weirs (Coops Weir and Yearl Weir). Coops 

Weir has an approximate width of  ~90m and was designed to feed various mills 

(Salmon Hall, Seaton Mill) and Barepot reservoir, though all are currently unused by 

industry at present. Coops Weir comprises two ‘alternative’ routes, containing good 

flow, with attractive characteristics (more sheltered, good cover substrates 

(bouldering)) though both small channels contain a small weir. Located ca.1.2km 
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downstream is Yearl Weir (~190m Width) designed to divert water to Workington 

Mill (Soapery Beck) which is also unsused by industry at present. The Yearl Weir 

comprises one ‘alternative’ route (Soapery Beck) which contains stagnant water 

where there is limited flow and high siltation throughout. The River Derwent drains 

ca.1.5km west to Workington harbour before draining into the outer Solway Firth 

(54’38’5”.2”N 3’34’0”.9”W) (Figure 4.1). 

Figure 4.1 River Derwent Catchment 

 

4.2.2 Acoustic receiver deployment  

In order to track the seaward migration of Derwent smolts migrating across two low-

head weirs structures in the Derwent catchment (Coops Weir: 54’39’2”.1”N 

3’30’5”.6”W, Yearl Weir; 54°38’52.2”N 3°31’36.3”W) to the river discharge point 

into the Solway Firth at the Workington harbour, acoustic telemetry was used. Fixed 

receivers were placed in the main weir channels (“main routes”) and all possible 
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alternative channels (“alternative routes”) in the River Derwent during three 

consecutive years (2020–2022). In 2020 and 2021, ten receivers were deployed in the 

same fixed positions (Figure 4.2A) and in 2022 ten receivers were deployed and placed 

in the same position as previous years, with an additional five receivers deployed to 

increase detection efficiency (Figure 4.2B), respectively. Receiver positions were 

chosen based on published literature range testing results (Newton et al., 2016, 2021).  

Receivers deployed comprised of two types (VR2W and VR2Tx), both operating at 

69kHz (Innovasea Ltd., Nova Scotia, Canada). Receivers were attached to a mooring 

comprised of a vertical steel rod attached on a 20–40kg weight. All river receivers 

were attached by chain to the riverbank, where suitable, for added security.  

 

Coops Weir is the more upstream river spanning structure, located approximately 

44.63km (direct minimum distance travelled; MDT) downstream from the St Johns 

Beck release location and 19.29km (MDT) from the Trap and Transport release 

location. Yearl Weir is located 1.30km downstream from Coops Weir, thus 45.93km 

from the St Johns Beck release site and 20.59km from the Trap and Transport release 

site.  
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A)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 
 
 
 
 
 
 

Figure 4.2 Map illustrating acoustic receive layout between 2020 (A), 2021 (A) and 2022 (B), analysing Atlantic 
salmon smolt downstream migration. --- refers to the minimum estimate main route across the weir in which smolts 
are hypothesised to take. All river routes not mapped out are referred to as alternative routes (Coops Weir; n=2, 
Yearl Weir; n=1).  
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4.2.3 Smolt capture and acoustic tagging procedure  

Between 2020–2022 Atlantic salmon smolts were captured during spring (April to 

May) using a 1.2m rotary screw trap during the downstream migration, at St Johns 

Beck, Threkheld (54’36’3”.1”N 3’03’4”.0”W). In 2020, 100 fish were tagged between 

1st and 5th May, in 2021 150 were tagged between 14th April and 5th May and finally 

in 2022 150 smolts were tagged between 5th May and 25th May. Across the three study 

years, in addition to a rotary screw trap, a fyke net was used to increase catches. All 

trapping apparatus was checked and emptied daily to ensure smolts did not remain in 

the trap for extended periods of time.  

 

Fish captured were anaesthetized by immersing them in a bucket containing MS222 

(Tricaine Methane sulfonate) and sodium bicarbonate solution (0.6g/6L river water 

for each). It took approximately three minutes for smolts to lose equilibrium (stage 

three of anaesthesia) which is required for the tagging procedure to be conducted. Fork 

length (LF, mm) and weight (g) were measured and only fish greater than 130mm LF 

and 20g weight were tagged. Additionally, scale samples were taken. All surgical 

equipment was disinfected using Reprodis/distilled water (1:20 ratio) and rinsed with 

distilled water. During surgery, fish were given low level anaesthesia (0.125g/2L) and 

river water was constantly applied across the gills to ensure fish remained sedated. A 

10mm ventral incision was made anterior to the pelvic girdle. A V7-2L (69kHz) coded 

transmitter (VEMCO Ltd, 7mm diameter, 1.7g in air) was surgically placed inside the 

peritoneal cavity. The V7-2L tags had a nominal delay of 18–45 seconds and an 

estimated tag life of ca.75 days. The incision was closed by applying two interrupted 

surgeon knots with 4/0 Ethilon nylon sutures. Smolts were then placed into a recovery 

container on land for approximately 20 minutes to ensure normal swimming 

behaviour was exhibited (equilibrium restored). Fish were then placed into a river 
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perforated container downstream from the rotary screw trap with good water flow 

throughout and given a further 40 minutes recovery.  

 

4.2.3.1 Release group  
 

In 2020, 100% of tagged smolts were released immediately downstream of the trap at 

St Johns Beck. Tagged fish were released at two different release sites in 2021 and 

2022, either at the trapping site or at a site further downstream. This was to ensure 

that a large enough sample size of fish reached the lower catchment of the River 

Derwent and to increase the probability of ultimate river migration success. In 2021, 

62% (n=93) of tagged individuals were released at St Johns Beck, the remaining 38% 

(n=57) were transported downstream of Bassenthwaite Lake to be released back into 

the River Derwent at the village Isle (54’41’1”.7”N 3’17’5”.3”W). In 2022 100% of 

fish captured and tagged at St Johns Beck were transported downstream of 

Bassenthwaite Lake, these are to be referred to as Trap and Transport release group 

(TT). All fish released at St Johns Beck are subsequently referred to as the St Johns 

Beck release group (SJB) (refer to Figure 4.1 for release sites).  

 

Fish that were transported were given a minimum of 40 minutes of recovery from the 

tagging procedure in a perforated holding tank in St Johns Beck. In 2021 the recovered 

tagged fish (n=57) were placed into a large transport box with continuous aeration. In 

2022 the tagged fish (n=115) were placed in large bags and filled with oxygen and 

sealed before transportation. In both years smolts were transported ca.25km from St 

Johns Beck to a release site downstream of Bassenthwaite Lake. The journey took an 

average of 25 minutes. Smolts were transported in groups of at least five to minimise 

predation risk once released. Fish were transported over six days in 2021 and eight 

days in 2022. All fish were checked at the release site for any signs of stress or poor 
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swimming ability. Fish were placed into an in-river recovery container and given 30 

minutes in flowing water at the release site to recover before final release.  

 
4.2.4 Ethical statement  

 
All tagging was conducted by a personal licence holder (UK Home Office PIL 

70/8794) using procedures which complied with the UK Home Office regulations and 

UK Home Office project licence number PP0483054. Replacement, reduction, and 

refinement was considered for this study. All fish were cared for, and monitored, 

throughout the procedure where stress and suffering were reduced at all times. 

 

4.2.5 Statistical analysis  

4.2.5.1 False detection filtering 
 
Data analysis was conducted using R software version 4.0.2 (R Core Team, 2019). In 

order to ensure all detections collected from VEMCO receivers were real detections, 

filtering for false detections was conducted using the R package Glatos (Holbrook et 

al., 2018; Pincock, 2012) which filtered using the short-interval criterion. Short-

interval criterion filters all single detections that occurred at one receiver station 

within a fixed duration which is set at 30 times the average signal delay of the tag (in 

this study, this duration was 840 seconds (s)) (Hayden et al., 2016; Kneebone et al., 

2014). Detections above this fixed duration period were deemed false. Additionally, 

signals detected twice during a period which is less than the tags minimum signal 

delay (18s) were also deemed false (Hanssen et al., 2022). In 2020 0.05% of detections 

were considered false, therefore, 38,053 detections were used for analyses. In 2021, 

0.18% of detections were considered false, therefore, 247,235 detections were used 

for analyses. Finally, in 2022, 0.1% of detections were considered false, therefore, 

489,396 detections were used for analyses. 
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4.2.5.2 Non-residency events  

To establish the number of individual movements undertaken by each fish between 

receiver stations during River Derwent migration, non-residency events were 

calculated using the R package Vtrack (Campbell et al., 2012) 

RunresidenceExtraction function. A non-residency event is the movement of a smolt 

from one fixed positioned receiver to another either downstream or upstream. This 

function provides timestamps for each receiver and is used to determine the duration 

and overall success of the riverine migration.  

 

4.2.5.3 Residency events 

In order to estimate the overall duration spent at any given receiver, residency events 

were calculated in Vtrack (Campbell et al., 2012; Breece et al., 2018). A residency 

event is defined as at least two consecutive detections of a smolt at an individual 

receiver where it had not previously been detected or where it was not detected at a 

single receiver for a period of greater than 60 minutes (Newton et al., 2021). Release 

groups were split for analysis to compare the St Johns Beck release group (2020-2021) 

and the Trap and Transport release group smolts (2021-2022).  

 

4.2.5.4 Descriptive analysis 

Using the R package Actel (Flávio & Baktoft, 2021), descriptive data were calculated 

for the three-year study period. Flávio & Baktoft (2021) state that Actel provides a 

systematic conditional pipeline to filter and analyse acoustic telemetry data in a 

reproducible fashion, for fish moving between receiver arrays. It also allows for 

detection efficiency estimations to be made for each receiver station and observing 

diel movement patterns by defining the arrival time recorded at each individual 

receiver.  
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The detection efficiency of river and weir acoustic receivers is not always 100% due 

to ambient noise, fast water currents increasing smolt speed and potential submerged 

barriers, such as logs and therefore, efficiency must be assessed when providing 

estimates of survival (Halfyard et al., 2013; Lilly et al., 2022). Efficiency is assessed 

by the number of smolts detected at a downstream receiver as a proportion of those 

not detected at the receiver upstream. Across each River Derwent weir there are a 

number of alternative routes that could have allowed for successful migration, and 

these were taken into consideration when detection efficiency was calculated. 

 

4.2.5.4 Migration failure across weirs 

Migration failure rate of Atlantic salmon across each weir was calculated using R 

package Actel (Flávio & Baktoft, 2021). Smolts which were detected on a receiver 

upstream of the weir but not detected on any receiver downstream of the weir or on 

an alternative route receiver were deemed unsuccessful weir migrants (%). Migration 

failure per km (%.km-1) was calculated as the proportion of fish which were 

unsuccessful in reaching a receiver downstream of a weir divided by the direct 

minimum distance travelled (MDT). Both release groups were assessed together to 

compare potential release group affects at weir structures. Both weirs include 

alternative routes and therefore smolts which were detected on any alternative route 

receiver but not later detected on any downstream receiver of all possible exit routes 

was deemed unsuccessful. In order to determine if migration failure rate incurred at 

weirs is structure specific, the two weirs were assessed separately. 

 

General linear modelling (GLM) was undertaken to see if abiotic factors such as year, 

release group (St Johns Beck or Trap and Transport), and day of year contributed to 
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successful migration. Release group was split prior to modelling and a GLM of 

survival was conducted on St Johns Beck release group (2020-2021) (SJB) and a 

separate GLM was conducted on Trap and Transported released smolts (TT) (2021-

2022). The GLM was fitted with a binomial error structure and the identity link 

function using the R Package lme4 (Bates et al., 2014). Survival (dependent variable) 

was coded as 1 for fish detected on a receiver or 0 for an assumed failed migration. 

 

Initial models;  

glm(Survival ~ Year + Day of Year, data=SJB, family = binomial (link = “identity”)) 

 

and 

 

glm(Survival ~  Year + Day of Year, data= TT, family = binomial (link = “identity”)) 

 

4.2.5.5 Smolt phenotype 
 

To determine if migration success or failure rates were related to Atlantic salmon 

smolt phenotype, three metrics were used: this included fork length (LF, mm), weight 

(g) and tag burden (%) which was calculated by dividing the weight of a tag in air 

(1.7g) by the weight of the tagged Atlantic salmon smolt (Brown et al., 2012). General 

linear modelling (GLM) was undertaken to determine if phenotypic factors such as 

LF, weight and tag burden contributed to successful weir migration. The GLM was 

fitted with a binomial error structure and the identity link function using the R Package 

lme4 (Bates et al., 2014). Survival (dependent variable) was coded as 1 for fish 

detected on a receiver below the weir or 0 for an assumed failed weir migration. Both 

Coops Weir and Yearl Weir were analysed separately. 

 



 126 

Initial model:  

glm (Survival ~ LF + Weight + Tag Burden, family = binomial (link= “identity”) 

 

4.2.5.6 Timing of migration 

Using the r.test function in the CircStats package (Lund & Agostinelli, 2018) a 

Rayleigh test of uniformity was performed to determine if arrival at the receiver 

situated directly above the weir and the receiver either situated immediately below the 

weir or in an alternative route, were evenly distributed throughout all hours of the day. 

Hour of the day was converted to radians prior to performing the test using the 

hms2rad function in the package astroFns in R (Harris, 2012). 

 

4.2.5.7 Duration 

Biotic factors such as LF (mm), weight (g), tag burden (%), release group (St Johns 

Beck or Trap and Transport) and year were modelled using a general linear model, 

constructed using the R package lme4 (Bates et al., 2014) to determine the significant 

difference each factor had on duration above the weir. The GLM was fitted with a 

gamma error structure and log link function with duration being the dependent 

variable. 

 

Initial model: 

glm(duration ~ LF + Weight + Tag Burden + Release Group + Year, family = 

Gamma(link = “log”) 

 

4.2.5.8 Route choice 

Two logistic regression models (GLM) were tested to establish if route choice was 

impacted by the average duration (hrs) (residency event) above each weir. The GLM’s 
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were fitted with a binomial error structure and logit link function with route choice 

being the dependent variable. The dependent variable represents a categorical 

outcome with two possible values: 1 for choosing the main migration route and 0 for 

choosing any alternative route. Year was also added to assess the temporal disparities 

in route choice of Atlantic salmon smolts. 

 

Initial model: 

glm(Route Choice ~ Duration + Year, family = binomial (link = “logit”) 

 

Additionally, Chi-Squared tests were undertaken per weir to help determine if the 

observed frequencies of migration choice differ significantly from what would be 

expected by chance.  

 

4.2.5.9 Environmental factor analysis  

Hourly water flow discharge (m3/s) data was provided by the Seaton Mill gauging 

station (54°39′02″N, 003°31′19″W) for the main stem of the river which is situated 

ca.1km downstream of Coops Weir and 0.3km upstream of Yearl Weir. In order to 

investigate the impact that water flow had on migration success rates across the weir 

and if water flow discharge impacted duration spent above the weir, hourly water flow 

discharge data (m3/s) was modelled from the main route only. Using a general linear 

model (GLM) with the R package lme4 (Bates et al., 2014) survival was fitted with a 

binomial error structure and the identity link function. Survival (dependent variable) 

was coded as 1 for fish detected on a receiver or 0 for an assumed failed migration. 

Duration (hrs) was modelled with duration being the dependent variable with a gamma 

error structure and log link function. Year was also included for both models. 
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Initial model for survival:  

glm(Survival ~ Water Flow + Duration + Year, family = binomial (link = “identity”)) 

 

Initial model for duration:  

glm(Duration ~ Water Flow + Year, family = Gamma(link = “log”)) 

 

Significant factors highlighted by the GLM where further investigated for significant 

categorical factors. The R package multcomp (Hothorn et al., 2016) was used for 

ANOVA testing with Post Hoc Tukey HSD Test in order to compare potential 

differences within categorical data sets (e.g., Year).  

 

4.3 Results 

4.3.1 Tagging summary  

In total, 365 Atlantic salmon smolts were tagged between 2020-2022. LF (mm), weight 

(g) and tag burden (%) averages are summarised in Table 4.1. 

Table 4.1 Summary data for River Derwent tagged Atlantic salmon smolts between 2020-2022. Summary of mean 
LF (mm), weight (g) and tag burden (%) for each year and release group: SJB- St Johns Beck release group, TT-
Trap and Transport release group. Tag burden is calculated by dividing the weight of the tag in air (1.7g) by the 
weight of the individual *100.  

 
 

 

 

 

 

4.3.2 Weir migration failure rate  

In 2020, 9% (n=9) smolts were detected above Coops Weir. 88% (n=8) smolts were 

later detected downstream and deemed successful. In 2021, 31% (n=29) of smolts 

from the St Johns Beck release group and 63% (n=36) of Trap and Transported smolts 

Year LF (mm) ± SD (range) Weight (g) ± SD (range) Tag Burden (%) ± SD (range) 

2020 (SJB) (n=100) 139.4 ± 0.65 (130-157) 27.89 ± 0.42 (21.4-41.4) 5.1 ± 0.07 (3.5–6.7) 

2021 (SJB) (n=93) 141.9 ± 8.4 (130-164) 29.4 ± 5.5 (21.5-44.5) 4.9 ± 0.61 (3.6-6.1) 

2021 (TT) (n=57) 141.0 ± 7.7 (134-150) 29.8 ± 5.1 (21.5-44.5) 4.8 ± 0.55 (3.6-6.1) 

2022 (TT) (n=115) 138.7 ± 6.6 (130-161) 27.4 ± 4.1 (21.2- 40.4) 5.1 ± 0.5 (3.9-6.2)  
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were detected above the weir. Of these, 96% (n=28) of St Johns Beck released smolts 

and 91% (n=33) of Trap and Transport released smolts were deemed successful in 

crossing the weir (deemed unsuccessful: SJB 4%, TT 9%). Finally, in 2022 only 52% 

(n=60) smolts were detected above Coops Weir and of those fish, 98% (n=59) were 

deemed successful weir migrants.  

 

In 2020, 8% (n=8) smolts were detected above Yearl Weir. 100% (n=8) of these 

smolts were later detected downstream and therefore deemed successful. In 2021, 

96% (n=28) smolts from the St Johns Beck release group and 91% (n=33) of Trap 

and Transported smolts were detected above the weir. Of these, 60% (n=17) of St 

Johns Beck released smolts and 69% (n=23) of Trap and Transport released smolts 

were deemed successful in crossing the weir (deemed unsuccessful: SJB 40%, TT 

31%). Finally, in 2022 98% (n=59) smolts were detected above Yearl Weir and of 

those, 81% (n=48) smolts were deemed successful weir migrants. Results of 

migration rates for both Coops Weir and Yearl Weir are summarised in Table 4.2. 

Table 4.2 Summary table of the number of smolts detected (n=) and the estimated migration success rate (%) for 
Atlantic salmon smolts tagged between 2020-2022 across both Coops Weir and Yearl Weir. Release group: SJB- 
St Johns Beck release group, TT-Trap and Transport release group.  

 

 

Results of the migration failure rate across weirs GLM found that day of year smolts 

were released was significant (p=<0.0001) in predicting passage. Smolts released later 

each year have a greater success rate compared to those released at the beginning of 

the tagging season. A chi-squared test of independence also concluded this (X2=0.05, 

p=0.004). 

Year Above Coops Weir  Below Coops Weir Above Yearl Weir Below Yearl Weir  

2020 (SJB) n=9  n=8 (88%) n=8  n=8 (100%) 

2021 (SJB) n=29  n=28 (96%) n=28  n=17 (60%) 

2021 (TT) n=36  n=33 (91%) n=33  n=23 (69%) 

2022 (TT) n=60  n=59 (98%) n=59 n=48 (81%) 
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4.3.3 Migration route choice 

From the successful smolts which migrated across Coops Weir in 2020 (n=8, 88%), 

no fish were detected using an alternative route, thus, all 88% are assumed to have 

passed over the weir itself on the main river stem. In 2021, not all smolts were found 

to utilise the main migration route across the weir, with three individuals from both 

groups (total 6) taking an alternative route around Coops Weir while 90% (n=55) of 

successful smolts chose to cross via the main weir route. Additionally, in 2022, 18% 

(n=11) smolts took an alternative route around Coops Weir and the remaining 82% 

(n=48) took the main weir route. All smolts which took an alternative route in 2021 

and 2022 were successful in reaching the Yearl Weir. A chi-squared test of 

independence was run to test whether year significantly impacted on route choice 

chosen by smolts an found route choice was not significantly different between years 

(X2 =2.10, p=0.34).  

 

Of the successful smolts which migrated across/around Yearl Weir in 2020, only 

12.5% (n=1) of smolts utilised an alternative route, thus 87.5% (n=7) of smolts chose 

to cross via the main weir route. In 2021, 5.8% (n=1) of smolts from St Johns Beck 

release group and 17.39% (n=3) of smolts from Trap and Transport release group took 

an alternative route around Yearl Weir. Therefore 94% (n=16) of St Johns Beck 

smolts and 82.6% (n=20) of Trap and Transported smolts choose to take the main 

weir route in 2021. Additionally, in 2022, out of the 48 successful smolts none were 

found to take an alternative route around Yearl Weir. All smolts which took an 

alternative route in 2020 and 2021 were successful in reaching the final River Derwent 

receiver, located ca.0.7km above the exit into the Solway Firth. A chi-squared test of 

independence tested to see if year significantly impacted on route choice 

around/across Yearl Weir found there was no significant difference between years 
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(X2=5.35, p=0.06). Results of route choice across/around both weirs are summarised 

in Table 4.3. 

Table 4.3 Summary table of the number of smolts detected (n=) and the estimated migration route choice rate (%) 
for Atlantic salmon smolts tagged between 2020-2022 across both Coops Weir and Yearl Weir. Release group: 
SJB- St Johns Beck release group, TT-Trap and Transport release group. Percentage for alternative and main 
routes taken is calculated using successful smolts only. Chi-squared (X2) Statistical tests results included for both 
weirs testing the significance of year (p). 
 

 

When comparing the weir migration success rates, based on the above findings, total 

migration success rate across Coops Weir equalled to 95.5%, however, Yearl Weir 

was found to have a much lower migration success rate of 75%, with year not being 

regarded as a significant factor.  

 

4.3.4 Does duration have an impact on route choice? 

The study examined whether the duration (hrs) spent above each weir had any 

significance in determining the route choice for smolts either across or around the 

weir. It was found that across the three-year period combined, average duration spent 

above Coops Weir had no significance in determining the route chosen (Chi-Squared 

test: X2=0.74, p=>0.05; Main route: p=0.33, Alternative route: p=0.85) (Table 4.4). 

Table 4.4 Summary of average duration (hrs) spent above Coops Weir and the significance in duration determining 
smolt route choice (X2, p) across or around Coops Weir between 2020-2022. Release group: SJB- St Johns Beck 
release group, TT-Trap and Transport release group. 
 

Year Coops Weir Yearl Weir  

Main Route Taken Alternative Route Taken  Main Route Taken Alternative Route Taken  

2020 (SJB) n=8 (100%) n=8 (0%) n=7 (87.5%) n=1 (12.5%) 

2021 (SJB) n=25 (89%)  n=3 (11%) n=16 (94.2%)  n=1 (5.8%) 

2021 (TT) n=30 (90%)  n=3 (10%) n=20 (82.6%)  n=3 (17.4%) 

2022 (TT) n=48 (82%) n=11 (18%) n=48 (100%) n=0 (0%) 

Chi-squared (X2) 2.10 5.35 

p value 0.34 0.06 

Year Duration (hrs) ± SD (range) Chi- Squared (X2) p value (p) 

Combined (three- year period) 0.74 >0.05 

2020 (SJB) 0.35 ± 0.53 (0.05–1.69)   
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Similarly, duration spent above Yearl Weir did not have significance in determining 

migration route choice across all three study years combined (Chi-Squared test: 

X2=0.367, p=>0.05; Main route: p=0.96, Alternative route: p=0.82) (Table 4.5). 

However, when comparing weirs, average time spent above Yearl Weir was 

approximately 1.3 hrs longer compared to Coops Weir across all three years. 

Table 4.5 Summary of average duration (hrs) spent above Yearl Weir and the significance in duration determining 
smolt route choice (X2, p) across or around Yearl Weir between 2020 - 2022. Release group: SJB- St Johns Beck 
release group, TT-Trap and Transport release group. 
 

 
 
4.3.5 Environmental influences on route choice  
 

To determine if environmental factors were predictors of route choice and duration at 

both Coops Weir and Yearl Weir, water flow discharge (m3/s) and year were 

modelled. Across both weirs, water discharge differed significantly across years 

(p=<0.001). Further testing by ANOVA and Post Hoc Tukey test were performed, 

finding water discharge significantly differed in 2021 (q=4.22, a=0.05, p=<0.001) 

where smolts faced greater discharge rates (m3/s) compared to the years 2020 and 

2022. This coincides with high rainfall noted during the 2021 study season. However, 

2021 (SJB)  0.98 ± 2.51 (0.02–10.77)   

2021 (TT)  1.29 ± 2.71 (0.03–12.98)   

2022 (TT) 0.25 ± 0.80 (0.01–6.34)   

 Main Route  0.33 

 Alternative Route  0.85 

Year Duration (hrs) ± SD (range) Chi- Squared (X2) p value (p) 

Combined (three- year period) 0.367 >0.05 

2020 (SJB) 2.93 ± 6.47 (0.20–18.24)   

2021 (SJB)  1.67 ± 4.61 (0.09-18.51)   

2021 (TT)  1.64 ± 3.01 (0.28–12.37)   

2022 (TT) 0.29 ± 0.38 (0.02–1.91)    

 Main Route  0.96 

 Alternative Route  0.82 
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when analysing the impact of flow on duration spent above both weirs, it was found 

flow discharge (m3/s) did not predict the duration spent above Coops Weir (p=0.13) 

or Yearl Weir (p=0.49). Based on the findings, overall duration spent above both weirs 

was random and not impacted by flow discharge at the time of migration, however, as 

stated in section 4.3.4, individuals had a greater duration above Yearl Weir compared 

to Coops Weir.  

 
4.3.6 Phenotype  
 

A binomial regression model (GLM) testing the influence of phenotypic factors on 

migration success across Coops Weir and Yearl Weir was conducted separately. Both 

weight and tag burden were highly correlated with smolt LF, so for the analyses only 

LF was used. Smolt LF (mm) of both successful and unsuccessful migrants across 

Coops Weir and Yearl Weir are summarised in Table 4.6. 

Table 4.6 Summary data for successful and unsuccessful Coops Weir and Yearl Weir migrants between 2020-
2022. Summary of mean LF (mm) for each year and release group: SJB- St Johns Beck release group, TT-Trap 
and Transport release group.  

 
 

Migration success across Coops Weir was not dependent on smolt LF (p=0.66). 

However, LF in years 2021 and 2022 did significantly predict smolts route choice 

(2021; p=0.001, 2022; p=0.02). Larger smolts were more likely to utilise alternative 

routes away from the main migration pathway across Coops Weir compared to smaller 

smolts. Migration success across Yearl Weir was also found not to be dependent on 

Year Coops Weir  Yearl Weir 

Successful  

Mean LF (mm) ± SD (range) 

Unsuccessful 

Mean LF (mm) ± SD (range) 

Successful  

Mean LF (mm) ± SD (range) 

Unsuccessful 

Mean LF (mm) ± SD (range) 

2020 (SJB) 141.3 ± 5.44 (134–149) 142 141.3 ± 5.44 (134–149) - 

2021 (SJB) 141.9 ± 7.47 (130–164) 150 141.9 ± 7.47 (130–164 141.7 ± 7.43 (130 -164) 

2021 (TT) 140.9 ± 6.57 (130–159) 141.3 ± 6.89 (130–159) 140.9 ± 6.57 (130–159) 140.9 ± 6.66 (130-159) 

2022 (TT) 139.1 ± 7.04 (130–161) 145 139.1 ± 7.04 (130-161) 141.1 ± 7.45 (131-161) 
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smolt LF (p=0.82). LF did not significantly predict route choice around Yearl Weir 

(p=0.49), thus smolts migrating through the alternative route around Yearl Weir was 

random. 

 

4.3.7 Migration timing 

Variations in the diurnal patterns of migrating smolts across Coops Weir in different 

years were observed (Figure 4.3). In 2020 and 2022, migration was not significantly 

dependent on time of day (Rayleigh test; 2020: r.bar=0.68, p=0.49, 2022: Rayleigh 

test; r.bar=0.97, p=0.86). In 2021, migrating smolts across Coops Weir showed a 

divergence, with trap and transported smolts migration being significantly determined 

by a clear nocturnal preference (Rayleigh test; r.bar=0.27, p=< 0.01).  

 

 

 

 

 

 

 

Figure 4.3 Circular plots generated in Actel using the plotTimes() function depicting the hour (British Summer 
Time; BST) when smolts migrated across Coops Weir. The mean time of movement is highlight within the outer 
circle. Each bar sum to 100%. The number of smolts included in the analysis are presented. The shaded zone 
indicates the average sunset and sunrise which occurred during May- June. St Johns Beck (SJB) released smolts 
are shown in green and Trap and Transport (TT) are displayed in blue. A: 2020 (SJB; n=9), B: 2021 (SJB; n=29, 
TT; n=36), C: 2022 (TT; n=60). 
 
Conversely, in the case of migration across Yearl Weir, results demonstrated both 

similarities and slight differences when compared to Coops Weir diurnal passage 

patterns (Figure 4.4). Migration across Yearl Weir in 2020 and 2022 were not 

significantly dependent on time of day (Rayleigh test; 2020: r.bar=0.72, 

p=<0.22/2022: Rayleigh test; r.bar=0.66, p=0.78). Though in 2022, the meantime of 

A) B) C) 
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movement across Yearl Weir was at 02:15am compared to 21:15pm at Coops Weir. 

Nevertheless, weir passage timing across Yearl Weir in 2022 was still predominately 

random. In 2021, both release groups exhibited different diurnal patterns. Trap and 

Transported smolts were significantly more likely to have a nocturnal preference 

(Rayleigh test; r.bar=0.33, p=0.03).  

 

 

 

 

 

 

  

 
Figure 4.4 Circular plots generated in Actel using the plotTimes() function depicting the hour (British Summer 
Time; BST) when smolts migrated across Yearl Weir. The mean time of movement is highlight within the outer 
circle. Each bar sum to 100%. The number of smolts included in the analysis are presented. The shaded zone 
indicates the average sunset and sunrise which occurred during May-June. St Johns Beck (SJB) released smolts 
are shown in green and Trap and Transport (TT) are displayed in blue. A: 2020 (SJB; n=8), B: 2021 (SJB; n=28, 
TT; n=33), C: 2022 (TT; n=59). 
 

In the year 2021, both Coops Weir and Yearl Weir exhibited analogous outcomes, 

notably with respect to the behaviour of smolts released from the trap and transport 

group. During this period, these smolts demonstrated a pronounced nocturnal 

preference. Though only differences observed in 2022 were that of the mean time of 

movement, it is notable that upon rigorous statistical examination, these differences 

did not attain a level of significance that could be considered statistically different, 

underlining the subtle variations characterising diurnal migration patterns during this 

specific year. Results of mean time of movement and statistical findings are 

summarised in Table 4.7. 

 

A) B) C) 
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Table 4.7 Summary of Rayleigh test results of the diurnal migration patterns across Coops Weir and Yearl Weir 
between 2020-2022 of successful migrating smolts. Displaying mean time of movement (hrs:mm) for all three years 
and each release group: SJB- St Johns Beck release group, TT-Trap and Transport release group.  

 
 
4.4 Discussion  

This study contributes to previous work and provides further evidence illustrating the 

migration failure rate of Atlantic salmon smolts during downstream migration, 

particularly where low head weirs are present (Havn et al., 2020; Newton et al., 2021). 

Migration failure rates in this study across two migration barriers (Coops Weir and 

Yearl Weir) were considerably higher when compared with other studies of riverine 

migration across barriers (Table 4.2) (Havn et al., 2020; Gauld et al., 2013; Aarestrup 

& Koed, 2003; Aarestrup et al., 1999; Baisez et al., 2011; Deng et al., 2015; Meixler 

et al., 2009; Hockersmith et al., 2003; Keefer et al., 2012; Muir et al., 2001, 2006; 

Raymond, 1979, 1988; Smith et al., 2002, 2006; Williams et al., 2001). A review of 

riverine migration literature found failure rate per km (%.km-1) ranged between 0.3-

7%.km-1 (Davidsen et al., 2009; Dieperink et al., 2002; Koed et al., 2002, 2006; 

Martin et al., 2009; Moore et al., 1998; Thorstad et al., 2012a, 2012b). However, 

Gauld et al. (2013) found failure rate per km of salmonids  when riverine barriers were 

present was within ranges observed in other studies (0.55-0.88%.km-1). This is 

consent with the findings from the River Derwent study, showing migration failure 

rates within the observed ranged where Coops Weir was between 1.49-2.24%.km-1 

(successful weir migrant rate: 88-98%), though extremely high migration failure rates 

Year Coops Weir  Yearl Weir 

Mean Time of Movement 

(am/pm)  

Significances ( Rayleigh test: 

r.bar, p) 

Mean Time of Movement 

(am/pm) 

Significances ( Rayleigh test: 

r.bar, p) 

2020 (SJB) 14:30 pm r.bar = 0.68, p= 0.49 14:30 pm r.bar = 0.72, p= < 0.22 

2021 (SJB) 00:30 am r.bar = 0.43, p= 0.06 21:45 pm r.bar = 0.98 , p= 0.87) 

2021 (TT) 01:00 am r.bar = 0.27 , p= < 0.01 01:30 am r.bar = 0.33 , p= 0.03 

2022 (TT) 21:15 pm r.bar = 0.97 , p= 0.86 02:15 am r.bar = 0.66 , p= 0.78 
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per km were experience at Yearl Weir, particularly in 2021 (0–32.2%.km-1 (successful 

weir migrant rate: 60-100%)). Nevertheless, Havn et al. (2020) only found a 0.4%.km-

1 migration failure rate when observing smolt passage across a low-head weir structure 

on River Rhine, Germany. We can assume the variations in migration failure rates 

could be due to site specific geographical features, such as environmental fluctuations 

and predator assemblages and also a result of structure specific impacts. The reasons 

for migration failure in riverine systems, and in particular the River Derwent, still 

remain unclear and could be due to a lack of physiological preparedness for 

environmental transition between freshwater and brackish environments at the Yearl 

Weir or increased predation pressures (Järvi, 1989; Jepsen et al., 2006; Thorstad et 

al., 2012a; Newton et al., 2021).  

 

During smolting, the fish go through morphological, physiological, and behavioural 

changes that prepare them for migration to the marine environment (Milner et al., 

2003; Thorstad et al., 2012b; Zydlewski et al., 2014). Smolts that migrate across Yearl 

Weir immediately switch from freshwater to a brackish environment, therefore if poor 

physiological preparedness for entry into high salinity environments was a primary 

influence in migration failure patterns found at Yearl Weir then it can be assumed 

migration success is positively correlated with day of year which aligns with our 

findings (X2=0.05, p=0.004). Previous research by Stich et al. (2015) and Newton et 

al. (2021) supports this notion, indicating that later migrating smolts may have already 

physiologically adapted themselves to succeed in high salinity environments. 

Therefore, our findings not only highlight the significance of the release date but also 

provide insights into the potential physiological adaptations that influence smolt 

survival during migration.  
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Additionally, not only do physiological pressures impact smolt passage success, but 

there is risk in delay above low-head weir structures where smolts may accumulate 

over time due to the stressful environment (Norrgård et al., 2013; Stich et al., 2015; 

Havn et al., 2020). Chanseau et al. (1999) found specific barrier features (i.e height) 

impacted on potential delays faced to migrating Atlantic salmon, where tall obstacles 

(>2.5m height) stalled migration for several days compared to small structures (<1.5m 

height) which saw <24 hrs delay. However, Newton et al. (2018) found the mean 

delay experienced by migrating Atlantic salmon smolts was not significantly different 

between an impacted (0.17hrs) and an unimpacted (0.16hrs) riverine stretch, although 

temporal variation in the delays experienced were significant. In addition, Renardy et 

al. (2021) reported that median cumulative crossing delays varied between 2.6hrs and 

32.1hrs and was increased as the number of more barriers also increased in number. 

The potential for increased delays incurred at weirs will in turn possibly increase 

predation pressure through the aggregation of Atlantic salmon smolts in a relatively 

small area. Predation from piscine species such as pike (Esox lucius, Linnaeus 1758) 

and avian species such as the great cormorant (Phalacrocorax carbo carbo, Linnaeus 

1758) are a common source of mortality at weir structures and are known to prey on 

Atlantic salmon smolts during spring migrations and in bottleneck zones where 

migration delays are prevalent (Havn et al., 2020; Dieperink et al., 2002; Jepsen et 

al., 1998, 2000; Carter et al., 2001; Heggenes & Borgstrom, 1988; Hvidsten & 

Møkkelgjerd, 1987; McCormick et al., 1998; Thorstad et al., 2012a). However, this 

was not the case at both River Derwent weirs because smolt duration of passage was 

not extended when compared with the free-flowing riverine stretch prior (Chapter 2, 

unpublished). Furthermore, Björnsson et al. (1995, 2010), McCormick (1994) and  

McCormick et al. (2000, 2007, 2002) noted migration is precisely timed with 

photoperiod and river discharge), though, this is simply not the case for River Derwent 
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smolts. Water discharge rates from the main route only, had no significant impact on 

the duration smolts spent above weirs weir passage was random across the three study 

years. Studies regarding weir passage and timings remains extremely limited, with 

current knowledge mostly gained from non-impacted riverine systems. Fernandes et 

al. (2015) found migration out of riverine systems was random and occurred at various 

points throughout the day which is similar to patterns on the River Derwent. Research 

analysing time of day at which smolts approach hydro power structures aids in our 

understanding of time-of-day influences. Moore et al. (2018) found smolts migrated 

towards a hydro structure during nocturnal hours, thus we can assume again approach 

and passage times are structure and site specific, although further research into time-

of-day influence on migration behaviours is required.  

 

It is not uncommon for migratory fish to cross multiple obstructions across many 

riverine systems and the cumulative impact of the obstacles can be significant even 

when loss rate at each is low (Havn et al., 2020; Larinier, 2008; Norrgård et al., 2013; 

Newton et al., 2018). For example, in the River Derwent there are two weirs present 

(Coops and Yearl) and in 2022 the migration failure rate at Coops Weir was 

2.24%.km-1 and 15.32%.km-1 at the Yearl Weir, thus the total migration failure rates 

for downstream migrating smolts to pass both riverine obstructions was 17.56%.km-

1, although this may be a minimum estimated failure rate. Increased failure rates 

observed may be a result of cumulative injuries incurred over time, which do not 

present themselves immediately post barrier passage. This alludes to the false 

narrative that smolts have been successful in the riverine environment when this is 

simply not the case, resulting in a proportional reduction in the number of returning 

spawning adults (Havn et al., 2020). 
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Across the three-year study period, a proportion (86.1%) of Atlantic salmon smolts 

that passed the Coops Weir migrated over the main weir channel instead of utilising 

an alternative route (13.9%) and therefore followed the main  discharge channel. This 

was similar to Yearl Weir where 95.8% of smolts passed via the main route and only 

4.2% took an alternative passage. The results from this study are comparable to other 

research suggesting that the proportion of smolts passing a weir is related to the 

proportion of water discharge available for passage (Hvidsten & Johnsen, 1997; 

Ruggles, 1980; Serrano et al., 2009). There are however, indications from this study 

to suggest that increased water flow did not determine pathway choice across/around 

weirs and that smolts have the ability to actively swim, choosing indirect routes where 

flow may not be as direct (Havn et al., 2017; Hedger et al., 2011; Mork et al., 2012; 

Økland et al., 2006; Ounsley et al., 2020).  

 

4.5 Conclusion  

Based on the evidence of this study we can conclude that low-head weirs present 

throughout the River Derwent are having an impact on migrating smolts, through 

increasing risk of migration mortality. We found the two weirs displayed varying 

migration failure rates, where the Yearl Weir had a greater negative impact on 

migrating smolts across a three-year study period, although this could be due to the 

lack of preparedness of smolts when migrating directly from freshwater to brackish 

water environments as smolts which migrated later (potentially more physiologically 

prepared) had a greater success rate. Additionally, it can be assumed that varying 

failure rates across weirs are location specific and not only due to the weir itself but 

due to potential abiotic factors such as environmental fluctuations and predator 

assemblages. Migration delays above the weirs were consistent with previous 

literature, although failure rates observed across the weirs demonstrated temporal and 
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spatial differences. The work suggests that smolts had the ability to actively swim and 

choose their migration routes even if it was remote from the main water channel and 

regardless of duration spent above the weir.  
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Chapter 5: Evidence of long-distance coastal sea migration 

of Atlantic salmon, Salmo salar, smolts from northwest 

England (River Derwent). 
 
 

Green, A., Honkanen, H.M., Ramsden, P., Shields, B., del Villar-Guerra, D., Fletcher, M., Walton, S., Kennedy, 

R., Rosell, R., O’Maoiléidigh, N. and Barry, J. (2022). Evidence of long-distance coastal sea migration of 

Atlantic salmon, Salmo salar, smolts from northwest England (River Derwent). Animal Biotelemetry, 10(1), 3. 

*Note this chapter is published in Animal Biotelemetry 

Data from this study is included in Lilly et al. (2023) Journal of Fish Biology 101(1) 265-283 

 

Abstract  

Combining data from multiple acoustic telemetry studies has revealed that west coast 

England Atlantic salmon (Salmo salar, Linnaeus 1758) smolts used a northward 

migration pathway through the Irish Sea to reach their feeding grounds. 100 Atlantic 

salmon smolts were captured and tagged in May 2020 in the River Derwent, 

northwest England as part of an Environment Agency/Natural England funded 

project. Three tagged smolts were detected on marine acoustic receivers distributed 

across two separate arrays from different projects in the Irish Sea. One fish had 

migrated approximately 262km in ten days from the river mouth at Workington 

Harbour, Cumbria to the northernmost receiver array operated by the SeaMonitor 

project; this is the longest tracked marine migration of an Atlantic salmon smolt 

migrating from the United Kingdom. This migrating fish displayed behaviours which 

resulted in fast northward migration. The remaining two fish were detected on a 

receiver array operated by a third project: the Collaborative Oceanography and 

Monitoring for Protected Areas and Species (COMPASS). These detections further 

provide evidence that migration to reach marine feeding grounds of at least a 
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proportion of salmon smolts from rivers draining into the Irish Sea is northerly, 

although without a southern marine array it is impossible to conclude that this is the 

only route. The pattern of these detections would not have been possible without the 

collaborative efforts of three distinct and separately funded projects to share data. 

Further work is required to fully understand migration trajectories in this species on 

the west coast of the British Isles.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Key words: Atlantic salmon, post-smolt, marine, migration, telemetry 
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5.1 Background 

For diadromous fish species, that migrate between marine and freshwater habitats, 

there is commonly very considerable disparity in knowledge about their ecology in 

different habitats (Klemetsen et al., 2003; Armstrong et al., 2018). For the 

anadromous Atlantic salmon (Salmo salar, Linnaeus 1758) there is a relatively good 

understanding of the ecology of the freshwater phase of the life cycle in published 

literature; this is in marked contrast to that of the marine phase (post-smolt) (Thorstad 

et al., 2012b; Barry et al., 2020; Flávio et al., 2020). In particular, we have only a 

limited comprehension of their marine habitat use and the migration pathways they 

use to migrate between their natal river and their marine foraging areas in both 

directions (Riley et al., 2014). The limited knowledge gathered for Atlantic salmon 

making their outwards marine migrations and the environments through which they 

migrate comes principally from two approaches: the capture of salmon at sea from 

either targeted (SALSEA-MERGE, 2012; CEFAS, 2019; Ahlbeck-Bergendahl et al., 

2019) or opportunistic (Thorstad et al., 2012a) capture by fisheries vessels and from 

telemetry studies tracking fish tagged in freshwater to marine habitats (Barry et al., 

2020; Went, 1973; Mork et al., 2012; Ounsley et al., 2020; Klimley et al., 2013; 

Lothian et al., 2018; Newton et al., 2018; Chaput et al., 2019).   

 

The former study approach can provide important, spatially explicit, but point source 

data on the presence of migrating salmon (Hitt et al., 2011; Heupel et al., 2010; Rowell 

et al., 2015). This approach has shown us that salmon emanating from rivers in 

southern Europe migrate north to marine feeding grounds in the Norwegian Sea and/or 

to the north-west Atlantic, to the seas off west Greenland (Klemetsen et al., 2003; 

Thorstad et al., 2012b; Dunbar & Thomson, 1979). Using this approach however, it 

is difficult to reconstruct migration pathways and passage speeds, in part because it 
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requires fish collection over an enormous spatial area from which pathways need to 

be inferred.   

 

The telemetry approach applied to seaward migrating smolts has until now, mostly 

centred around tracking using acoustic technology. Acoustic telemetry studies, 

typically using fixed position, continuous monitoring acoustic receivers and fish 

tagged with acoustic transmitters, have rapidly become a common method to 

investigate fish migration patterns (large and small), site fidelity and diel and seasonal 

movements (Hitt et al., 2011; Heupel et al., 2010; Rowell et al., 2015) through both 

freshwater and marine environments. This technique has the advantage that it can 

provide highly precise spatial information and thus more precise migration pathways. 

The disadvantage, when this approach is used to track anadromous species migrating 

into marine systems, is that the financial and logistical costs of maintaining suitably 

positioned receivers increases exponentially with distance from the river from which 

individuals are being tracked. Collaboration amongst global and regional projects, 

often with differing primary aims, allow for fish migration information in the spatially 

extensive marine environments to be obtained in a more cost-effective way (Goulette 

et al., 2014; Gazit et al., 2013).   

 

In one of the few studies to have looked at migration pathways of anadromous Atlantic 

salmon in the Irish Sea using acoustic telemetry, Barry and colleagues (Barry et al., 

2020) analysed fish migrating from Castletown River and the River Boyne, both of 

which discharge into the west of the Irish Sea (on the east of Ireland). They found 

three Atlantic salmon smolts tagged in these tributaries were detected in the north Irish 

Sea, suggesting a northern trajectory after leaving the river mouth, taking them 

towards the North Channel, giving them access to the North Atlantic. Of these, one 
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fish was detected on one of only two marine receivers, 250km to the north, 

approximately 30 days after leaving its natal river. This finding provided the first 

evidence of a northerly marine migration trajectory for Atlantic salmon migrating into 

the Irish Sea. However, because there was no southern marine receiver array, it was 

not possible to completely exclude the possibility of some southern migration 

occurring (Barry et al., 2020).  

 

Here we provide a Telemetry Case Report on sea migrating Atlantic salmon from a 

river in north-west England discharging into the eastern Irish Sea. We show that 

Atlantic salmon smolts once entering the Irish Sea took a northern pathway suggesting 

a northern trajectory towards the North Channel, giving them access to the more open 

North Atlantic. We extend the maximum distance that a post-smolt Atlantic salmon 

has been tracked in acoustic studies in Europe to date. This study also demonstrates 

the need for both collaboration and data sharing between telemetry projects with 

alternative funding sources and project aims and for cross project detection 

compatibility to obtain maximum benefit from highly expensive, logistically 

demanding marine telemetry studies.   

 

5.2 Methods 
 

The River Derwent, Cumbria, North-West England, (catchment: 679km²) supports a 

population of wild Atlantic salmon. As part of a multi-partner project, led by the 

University of Glasgow, 100 Atlantic salmon smolts were captured in May 2020 by 

rotary screw trap and fyke net in St Johns Beck, Threkheld (54°36'38.1"N 

3°03'42.1"W), a tributary in the River Derwent which flows through Bassenthwaite 

Lake, before draining west into the outer Solway Firth at the Port of Workington 

(54°38'58.2"N 3°34'07.9"W) 50km from the trapping site. The smolts were tagged at 
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the capture location under licence (UK Home Office PIL 70/8794) with V7-2L 

(69kHz) coded acoustic transmitters (VEMCO Ltd, 7mm diameter, 1.7g in air, 

average transmission delay of 45 seconds) and released during daylight hours. 

Acoustic receivers (VR2W and VR2Txs (VEMCO Ltd)) were deployed throughout 

the Derwent system (n=29) from the tagging site to where the river discharges to the 

open sea (see Figure 5.1). Two marine arrays were deployed. One, part of the 

Collaborative Oceanography and Monitoring for Protected Areas and Species 

(COMPASS) project, in the Irish Sea, comprised 22 VEMCO VR2ARs receivers, 

deployed as a curtain over 24km from Northern Ireland (54°53'18.6"N 5°39'24.1"W) 

to Scotland (54°58'12.0"N 5°18'54.2"W). The other, deployed by a different project, 

the SeaMonitor project, comprised of six VEMCO VR2ARs, deployed as a curtain 

over a distance of 2km from 55°20'25.0"N 6°34'06.1"W to 55°20'56.9"N 6°32'42.8"W 

(see Figure 5.2). 

 

 

 

 

 

 

 

 

 

Figure 5.1 Map showing the River Derwent Tracking Project receiver locations and the trapping and tagging site 
at St Johns Beck. 
 

 



 148 

 

 

 

 

 

 

 

 

Figure 5.2 The two marine curtain receiver arrays from the two distinct projects (COMPASS and SeaMonitor) 
alongside the smolt tagging site and Derwent system, Cumbria.  
 

5.3 Results 
 

In total, 100 Atlantic salmon smolts were captured using in the upper reaches of the 

River Derwent, northwest England. The mean (± SD) fork length (LF, mm) and mass 

(g) of tagged salmon smolts was 139.36 ± 0.65mm and 27.89 ± 0.42g (range: 157-

130mm, 21.4–41.4g) respectively. The mean (± SD) tag burden (%) was 5.1% ± 

0.07% (range: 3.5%-6.7%). Eight smolts (8% of those tagged) were detected at the 

last River Derwent receiver at the river mouth before Workington port (see Figure 

5.2), equating to a river loss rate of 1.84%.km-1. The mean migration speed of the 

eight successful migrants from the release site to the final receiver before sea entry 

was 0.4km.day-1. The eight successful fish had a mean (± SD) LF and mass of 141.38 

± 5.10mm and 28.84 ± 3.11g compared to the unsuccessful salmon smolts (n=92) 139 

± 6.33mm and 27.48 ± 4.11g, respectively.   

 

37.5% (n=3) of the salmon smolts that entered the marine environment were detected 

on receivers deployed across the Irish Sea. Two smolts (34946 and 34988) were 
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detected on the COMPASS array and another smolt (34920) was detected on the 

SeaMonitor array. Unfortunately, the distances between receivers (ca.1km) exceed the 

presumptive detection ranges (ca.0.4km) (Newton et al., 2021) for both marine arrays, 

therefore it is plausible that more smolts may have passed both arrays undetected.   

 

Tag 34946 was last detected entering Workington harbour from the river on 18th May 

2020 at 16:34pm (UTC) and subsequently detected at both marine arrays. After 

approximately six days at sea, travelling a distance of approximately 138km, this fish 

was detected on the COMPASS array (54°57'16.2"N 5°22'48.5"W) on 31st May 2020 

at 1:38am. This equates to a movement speed of 23 km.day-1 or 1.72 body lengths per 

second (BL.s-1). Seven detections were made of this fish at this site, providing 

confidence that this was not a false detection. This fish left this receiver location on 

31st May 2020 at 1:46am and travelled in a westerly direction to be redetected again 

on the COMPASS array (54°56'34.5"N 5°25'44.2"W) on 31st May 2020 at 4:29am, 

after travelling a further 3.37km at 2.41BL.s-1 (29.77 km.day-1). There was only one 

detection on this receiver at this site (Figure 5.3, Table 5.1). Tag 34988 was last 

detected at Workington on 24th May 2020 at 15:58pm. After approximately nine days 

at sea, travelling a minimum distance of 137.8km, this smolt was detected on the 

COMPASS array (54°56'20.4"N 5°26'42.8"W) on the 3rd June 2020 at 12:49pm, 

having travelled at a speed of 15.3 km.day-1 or 1.08BL.s-1. Tag 34988 was detected 

six times on this receiver (Figure 5.4, Table 5.1).  

 

Tag 34920 was last detected entering the marine environment on the 18th May 2020 

at 16:34pm. Taking ten days to travel at sea, this smolt covered a distance of 262km 

(26.2 km.day -1) at a speed of 1.97BL.s-1. This smolt was the only smolt from the River 

Derwent tracking project to be detected only on the SeaMonitor array (55°34'02.1"N 
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6°56'50.5"W). This smolt must have passed the area of the COMPASS array without 

being detected. This fish was detected twice on the SeaMonitor array (Figure 5.5, 

Table 5.1).  

Table 5.1 2020 Tagged Atlantic salmon smolt characteristics and migration speed metrics for individuals detected 
at the COMPASS and SeaMonitor marine receivers.  

 
 

The overall net movement of all three River Derwent salmon smolts was northwards 

as registered in the marine receiver arrays. Thus, fish effectively must have taken an 

initially westly trajectory towards the Irish coast once they left the riverine 

environment, followed by a northerly trajectory towards the North Channel (Figure 

5.3 to 5.5, Table 5.1). Without a southern receiver array, we cannot completely 

exclude the possibility of southern migration occurring initially for these fish or others 

that were not detected.   

Smolt 
Tag 

Number  

Date 
Tagged  

LF 
(mm)  

W 
(g)  

Tag  
Burden (%) 

  
  

Estimated 
distance 
travelled 

before 
marine 

detection 
(km)  

 
Migration Speed 

  
  

Array  
Detection  

Km.day 
-1  

m.s-1  BL.s-1 Days 
at 

sea  

  
34920  

  
2020-
05-01  

  
146  

  
31.4  

  
4.5  

  
261.88  

  
26.2  

  
0.2876  

  
1.9701  

  
10  

  
SeaMonitor  

  
34946  

  
2020-
05-02  

  
143  

  
30.7  

  
4.6  

  
138.01  

  
23  

  
0.2457  

  
1.7184  

  
6  

  
COMPASS  

  
34988  

  
2020-
05-03  

  
149  

  
32.3  

  
4.3  

  
137.75  

  
15.3  

  
0.1616  

  
1.0843  

  
9  

  
COMPASS  
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Figure 5.3 Minimum theoretical distance travelled by fish (ID:34946), successfully migrating from the River 
Derwent’s last river receiver to the COMPASS array in the Irish Sea. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Minimum theoretical distance travelled by fish (ID:34988), successfully migrating from the River 
Derwent’s last river receiver to the COMPASS array in the Irish Sea.  
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Figure 5.5 Minimum theoretical distance travelled by fish (ID:34920), successfully migrating from the River 
Derwent’s last river receiver to the sites of marine detection on both the COMPASS and SeaMonitor arrays in the 
Irish Sea.  
 

5.4 Discussion 
 

The results presented here provide consistent evidence of northerly movements by 

smolts after entering the marine environment of the Irish Sea. Despite a small sample 

size, the three individuals detected had relatively similar migration speeds over 

varying distances. The average speed recorded for all three salmon smolts (0.23m.s-1 

or 21.5km.day-1) is similar to the findings of Chaput et al. (2019) of 17–22km.day-1 

during Atlantic salmon smolt migration in the Gulf of St Lawrence (North America). 

However, the travel speeds found in the study reported here are considerably higher 

than those reported in the Barry et al. (2020) study, which indicated migration speeds 

of ca.7km.day-1. In their study, Barry et al. (2020) tagged smolts in two rivers in 

Ireland, Castletown River (54°01'36.8"N 6°25'07.8"W) and the River Boyne 

(53°35'02.8"N 6°41'55.4"W), which is at the same latitude as the River Derwent. The 

three river systems which all flow into the Irish Sea, are separated by a channel of 

ca.200km, although the channel narrows to ca.35km further north creating a 
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substantially narrower route for migration to the north. Due to a gradually narrowing 

channel, individuals are more likely to migrate through similar marine habitats and 

theoretically should experience similar environmental conditions. One explanation for 

the difference in the travel speeds noted above, is that migration progression rates are 

influenced by a combination of regional environmental differences and population 

specific features.   

 

The Irish Sea is a semi-enclosed body of water characterised by concurrent action 

tides entering from both the north and the south (Dabrowski et al., 2010; Gaffney, 

2001), creating semi-diurnal tides with areas of both high and low energy mixing 

(Howarth, 2015). However, intra-annual variability has been found there and it is 

known that current direction can change under specific environmental conditions such 

as wind, causing a greater southerly water flow (Barry et al., 2020; Dabrowski et al., 

2010). SALSEA-Merge (2012) showed that post-smolt salmon use such currents 

during migration in marine environments and based on captures of smolts in northern 

Scotland, concluded that post-smolts moved northwards along with the shelf edge 

currents (Shelton et al., 1997). Previous modelling by Mork et al. (2012) indicated 

that the empirical data from the study by SALSEA-Merge (2012) is to be consistent 

with fish following water currents and actively swimming in the direction of those 

currents. Dabrowski et al. (2010) analysed seasonal circulation and flushing of the 

Irish Sea and found that net flow through the Irish Sea varied significantly throughout 

the year, but that annually average flow (2.50km3/d) was northward, though 

southward flows were possible under certain meteorological conditions. The results 

of the study presented here and those of Barry et al. (2020) imply that migrating post-

smolts may well be navigating with the predominant current in this area, however, 

these movements may well be considerably more complex and much more detailed 
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study is required. In contrast however, Newton et al. (2021) used particle tracking to 

show that post-smolt Atlantic salmon were actively migrating in a direction that was 

not following the prevailing currents. The importance of using marine currents by 

migrating post-smolt Atlantic salmon thus requires further investigation.   

 

Alternative possibilities for migratory pathway choice in post-smolts in marine 

environments could include that: i) post-smolts disperse in random directions once the 

open coast is reached; ii) post-smolts take the most direct migratory pathway to reach 

their feeding grounds in the northern hemisphere; and iii) post-smolts use coastlines 

as geographical markers during their migration to their northerly destination. None of 

the three alternative scenarios here can be resolved from the study presented here 

without marine current data, a higher receiver density of detections from more 

receivers located throughout the Irish Sea. For example, marine array in the southern 

Irish Sea would also be required to test if some fish exhibit a southerly migration 

trajectory or that there is random direction dispersal removing all assumptions that 

only a northern migration trajectory is chosen. Additionally, greater receiver density 

along the coastline and on existing marine arrays would be required to analyse if post-

smolts are using coastlines as geographic markers for initial marine migration. This 

would provide increased detection efficiency and lead to greater accurate analysis and 

future understanding of post-smolt migrating behaviour.  

 

Receiver detections not only provide timestamps for individual migration trajectories 

but may also indicate if predation of a tagged fish has occurred. Based on the 

detections in this study we have presumed that all River Derwent fish detected on the 

marine receivers were post-smolt Atlantic salmon and not a tag retained by a predator. 

Although this scenario cannot be completely ruled out, the assumption that detections 
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are those of live post-smolts is supported by the similarity of the swimming speeds of 

detected smolts in this study, compared to other similar studies of Barry et al. (2020) 

and Chaput et al. (2019).   

 

Currently literature on the coastal migration pathways of Atlantic salmon smolts is 

considerably limited. What information does exist particularly that from telemetry 

technology, is important to inform management strategy (Barry et al., 2020; Ounsley 

et al., 2020; Ohashi & Sheng, 2018) and could be used in conjunction with behavioural 

studies on current use and environmental pressures. Thus, this information can 

contribute to assessing overlap with potential threats, such as pelagic fisheries, and 

inform modelling, which can in turn predict future migration routes of a population 

during this important life stage. The findings from this study have also provided, along 

with the results from Barry et al. (2020), insight into future receiver array placements 

within the region, enabling future research on smolt migration pathways within the 

Irish Sea.  

 

5.5 Conclusion 
 

This paper provides the first empirical evidence that west coast England Atlantic 

salmon smolts, adapting to the new marine environment, utilise the broad existing 

hydrodynamic conditions and display a northern migration trajectory in the Irish Sea, 

up to 262km away from their natal river. Future work into understanding Irish Sea 

migration salmon pathways will require tracking a greater number of successful 

migrating individuals from rivers in both the east and west of the Irish Sea and a 

southern marine array is required to test for the potential of southern migration 

routes.   
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Gathering the results of this study has only been possible through cross jurisdictional 

and between research group collaboration. Meaningful and successful long distance 

migration telemetry studies are only possible when such collaborations are in place. 

The results of this study only emerged through the collaboration of three distinct 

jurisdictions and three separate research programmes: The Environment 

Agency/Natural England/University of Glasgow’s River Derwent Tracking Project 

and the EU INTERREG Va funded COMPASS and SeaMonitor projects. Data sharing 

between projects has allowed a much greater insight into the northern migration of 

Atlantic salmon smolts through the Irish Sea from a river on the west coast of England. 

Further collaboration by the research community in this field is required to ensure 

marine migration trajectories are explored further.  
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Chapter 6: Temporal variation in successful seaward 

migration of Atlantic salmon, Salmo salar, post-smolts 

from a UK tributary 
 
 
 
 
 

*Data from this study is included (in part) in Lilly et al. (2023) Journal of Fish Biology 
101(1) 265-283 

 
 
 
 

Abstract 

Combining data from five transboundary acoustic telemetry studies to assess the 

temporal variation in the marine migration trajectories of River Derwent Atlantic 

salmon smolts (Salmo salar, Linnaeus 1758) through the Irish Sea. Data was collected 

from five organisations: 1) SeaMonitor; 2) COMPASS; 3) Atlantic Salmon Trust; 4) 

Marine Scotland; and 5) University of Glasgow from 2020 to 2022. This study has 

assisted in providing further evidence of west coast England Atlantic salmon post-

smolts marine migration trajectories during the early marine phase of migration, 

displaying a northern trajectory through the Solway Firth and Irish Sea. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Key Words: Post-smolt, Marine, Distance, Migration, Mortality 
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6.1 Introduction 
 

Migration is a common strategy in both aquatic and terrestrial species life cycles 

(Baker, 1978; Adams et al., 2022a; Limburg & Waldman, 2009; Lothian et al., 

2018; Alerstam et al., 2003; Roff, 1988). The costs and benefits of migration strategies 

differ between species, but the benefits to migrating fish can include increased 

opportunities for foraging, leading to increased growth rate and improved likelihood 

of higher fecundity, (Hendry et al., 2004; Dingle & Drake, 2007; Lilly et al., 2022) 

which in turn may increase individual fitness. Migration is only maintained when the 

benefits are greater than the costs (Cresswell et al., 2011; Mangel & Satterhwaite, 

2008; Adams et al., 2022a,b). These costs include increased energy expenditure, risk 

to novel diseases, parasites and anthropogenic pressures (Altizer et al., 2011; Holm et 

al., 2006; Shephard & Gargan, 2021; Crozier et al., 2004; Delgado & Ruzzante, 2020; 

Zydlewski et al., 2005).  

 

Knowledge of the migration ecology of diadromous fish which migrate between 

marine and freshwater habitats remains incomplete (Gilbey et al., 2021). Evidence 

from the literature remains limited regarding the early marine migration phase of 

Atlantic salmon (Salmo salar, Linnaeus 1758). Anadromous Atlantic salmon face 

extreme challenges on their first migration from riverine systems to the vast marine 

environment and this migration is commonly thought to be characterised by increased 

mortality (Harvey et al., 2020). Migration from freshwater systems to marine habitats 

is a crucial life cycle phase and is seen as a strategy with adaptive value (Thorstad et 

al., 2008) allowing individuals to maximise fitness by exploiting a range of habitats 

(Lucas & Baras, 2001; Quinn & Myers, 2004; Harvey et al., 2020). Atlantic salmon 

undergo a series of behavioural, morphological, and physiological changes (Metcalfe 

et al., 1989; Crozier et al., 2004; Thorstad et al., 2012b; Delgado & Ruzzante, 2020; 
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Zydlewski et al., 2005) in a process called smolting, which pre-adapts individuals for 

high salinity environments, long distance migration, altered dietary requirements and 

novel predation pressures during their marine migration (Jonsson et al., 1991; Harvey 

et al., 2020).  

 

The limited studies on Atlantic salmon post-smolt (the life stage on first migration to 

seawater) migration to-date, and trawling surveys conducted in north of Ireland 

indicate that fish emanating from southern tributaries in UK utilise currents along 

north European continental shelf (Ounsley et al., 2020; Shelton et al., 1997; Holst et 

al., 2000; SALSEA-Merge, 2012) to migrate north to the Norwegian Sea and/or to 

seas off West Greenland in the North-West Atlantic, to forage at marine feeding 

grounds (Klemetsen et al., 2003; Holm et al., 2000; Jacobsen et al., 2012; Mork et 

al., 2012; Ounsley et al., 2020; Dunbar & Thomson, 1979). Current knowledge of the 

early phase of post-smolt migration patterns throughout the northern hemisphere 

comes predominately from three separate approaches: i) capture at sea through 

targeted or opportunistic catches in commercial fishing or targeted trawling surveys 

(Ahlbeck-Bergendahl et al., 2019; Thorstad et al., 2012a; SALSEA-Merge, 2012; 

Green et al., 2022); ii) telemetry studies tracking fish through both freshwater and 

marine migration phases (Barry et al., 2020; Went, 1973; Klimley et al., 2013; Lothian 

et al., 2018; Chaput et al., 2019); and iii) hydrodynamic particle tracking modelling 

(Ounsley et al., 2020). 

 

Telemetry when used to track migration in Atlantic salmon in marine environments is 

most commonly conducted using acoustic tracking technology. The most popular 

study approach uses the application of fixed position, continuous monitoring acoustic 

receivers and implanted acoustic transmitters to investigate migration (Green et al., 
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2022; Crossin et al., 2017; Heupel et al., 2010; Rowell et al., 2015). Such approaches 

can provide detailed spatial information and allow researchers to investigate potential 

environmental predictors of migration pathway choice and identify mortality sources 

during migration. Studies on the navigational cues used by Atlantic salmon post-

smolts have shown that downstream migration behaviour is initiated by temperature, 

river water discharge and photoperiod (Riley et al., 2012; Gilbey et al., 2021; Lacroix 

et al., 2004a; Thorstad et al., 2012b). Despite this, our understanding of the cues used 

to determine offshore marine migration pathways, migration success or pathway 

choice is limited. Green et al. (2022) hypothesised that for fish migrating through the 

Irish Sea, the difference between successful and unsuccessful marine migrating 

individuals may be the result of regional environmental conditions and population 

specific features. This hypothesis was supported by evidence gathered by SALSEA-

Merge (2012) and Shelton et al. (1997) suggesting that Atlantic salmon post-smolts 

migrating from the Irish Sea area took a northern trajectory using continental shelf 

edge currents to aid migration. Additionally, Mork et al. (2012) used modelling to 

suggest that post-smolts use water currents and passively swim with the prevailing 

current. Dabrowski et al. (2010) further indicated that, although there is variation in 

the Irish Sea currents, the predominant direction is northward, providing further 

indication that post-smolts migrate with the direction of the prevailing current. 

However, though acoustic telemetry has aided in providing answers regarding early 

marine trajectories of Atlantic salmon smolts, there are various draw backs to using 

this technological approach such as altering environment factors (i.e., currents, 

ambient noise) and unknown anthropogenic pressures and their influences on chosen 

migration pathways.  
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Additionally, Genetic approaches are a viable avenue to gain insights into the early 

marine trajectories of Atlantic salmon smolts. A significant portion of our knowledge, 

derived from published literature, originates from studies utilizing a capture-mark-

recapture technique at sea. These investigations, employing genetic markers, enable 

the tracing of post-smolts back to their natal rivers (Harvey et al., 2019; Gilbey et al., 

2021). While offering extensive spatial coverage, these studies are observational in 

nature, providing only a singular data point upon capture and lacking definitive 

information on pre-capture migration routes or speeds. 

 

In this study, I used acoustic telemetry to investigate the migration pathways of 

Atlantic salmon post-smolts from the River Derwent over three separate years through 

the Irish sea. This study was only made possible through collaboration with five 

external organisations. There were three main objectives to: 1) Investigate the 

temporal variation in the choice of migration trajectory once fish reached the marine 

environment; 2) Compare the rate of movement between freshwater and marine 

habitats during the early migration phase; and 3) Compare the migration success of 

Atlantic salmon smolts in riverine systems with post-smolts in marine environments.  

 

I tested five specific hypotheses related to early marine migration: i) There is no 

temporal variation in the characteristics of marine migration (migration pathways, 

duration of success rate) over three years; ii) Migration success rate is lower in the 

marine compared to riverine environment; iii) Larger individuals are more successful 

migrants in the marine environment; iv) Smolts travelling a shorter distance in the 

riverine environment will have higher migration success through the Irish Sea; and v) 

Smolts entering the marine environment early have higher migration success. 
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6.2 Methodology 

6.2.1 Description of study site 

The River Derwent in Cumbria, Northwest England has a total catchment area of 

679km2 and supports wild Atlantic salmon spawning and juvenile nursery areas. St 

Johns Beck is a tributary of the River Greta run west through the town of Keswick 

before intercepting the drainage water of Derwentwater Lake at which point becomes 

the River Derwent (54°36’07.1”N 3°09’10.1”W). The River Derwent flows north 

through Bassenthwaite Lake, which extends 7.15km in length, before flow further 

west through Cockermouth and Workington where the River Derwent drains into the 

Solway Firth (54°38’58.2”N 3°34’07.9”W) (Figure 6.1). The main stem riverine 

section is ca.50km in length.  

Figure 6.1 River Derwent Catchment 
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6.2.2 Acoustic receiver deployment  

6.2.2.1 Riverine deployment  
 

Fixed position acoustic receivers (69kHz; VR2W and VR2Txs (Innovasea Ltd., Nova 

Scotia, Canada)) were deployed throughout the River Derwent system in each of the 

three years between March 3rd and March 5th 2020 (n=27) (Figure 6.2), March 21st 

and 23rd 2021 (n=44) (Figure 6.3) and April 7th to 8th 2022 (n=24) (Figure 6.4). The 

VR2W receivers include a hydrophone and ID logger, whilst VR2Tx receivers allow 

for temperature to be registered at predetermined time intervals according to user 

settings. Receivers were attached to a mooring comprising a vertical steel rod welded 

on to a 20-40kg steel weight. All river receivers were attached by chain to the bank 

margins wherever suitable. In 2020 receivers in Bassenthwaite Lake were attached to 

a subsurface buoy, anchored by ca.40kg steel weight which had an additional surface 

buoy attached to aid in recovery. In 2021, all Bassenthwaite Lake receivers were 

attached to a vertical steel rod welded to a 40kg steel weight with a surface buoy 

attached for recovery. No receivers were deployed in Bassenthwaite Lake in 2022. 

 

6.2.2.2 Marine deployment  
 

Five organisations and research projects deployed separate marine arrays. Here a 

receiver array comprises a linear curtain of receivers through which passing tagged 

fish can be detected. During the period of the study presented here these were: 1) 

Collaborative Oceanography and Monitoring for Protected Areas and Species Project 

(COMPASS); 2) SeaMonitor; 3) Atlantic Salmon Trust; 4) Marine Scotland; and 5) 

University of Glasgow (Figure 6.3-6.4). Each organisation deployed marine acoustic 

receiver arrays between 2020 and 2022 with varying receiver densities. During 2020, 

the COMPASS project deployed a receiver array over ca.24km across the Irish sea 

from Northern Ireland (54°53'18.6"N 5°39'24.1"W) to Scotland (54°58'12.0"N 
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5°18'54.2"W) (Figure 6.2-6.3). This array was redeployed in 2021, however there was 

no deployment in 2022. The SeaMonitor project deployed an array in the north 

channel (where the Irish Sea meets the North Atlantic) between Malin Head and Islay 

(55°22'33.0"N 7°19'43.3"W to 55°40'22.9"N 6°30'12.1"W) (Figure 6.2-6.4). In 2020, 

only ca.3km of the planned array was deployed (a consequence of COVID 

regulations) but this was extended to 64.5km in 2021 and 2022. In a separate project, 

the University of Glasgow deployed marine arrays in 2021 and 2022 which covered 

ca.8.1km, in northwest Arran/Outer Clyde region. The Atlantic Salmon Trust (AST) 

deployed a number of receiver arrays in the sea around the Hebrides and through the 

Minch. Their total receiver coverage stretched ca.137km. Finally, Marine Scotland 

deployed a single receiver on a coastal buoy off the west coast of the outer Hebrides 

(58°05'30.5"N 8°54'48.4"W) (Figure 6.3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2 Detailed map of marine receiver deployment of collaborating telemetry organisations during 2020.  
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Figure 6.3 Detailed map of marine receiver deployment of collaborating telemetry organisations during 2021.  

Figure 6.4 Detailed map of marine receiver deployment of collaborating telemetry organisations during 2022.  
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6.2.3 Smolt capture and acoustic tagging procedure 
 

Atlantic salmon smolts migrating towards sea down the St John Beck were captured 

in a 1.2 m rotary screw trap between 1st and 5th May in 2020 (n=100), 14th April and 

4th May in 2021 (n=150) and 5th May and 25th May in 2022 (n=115). In 2020 

additional downstream fyke nets were deployed and subsequently additional netting 

side wings were added to the rotary screw trap in 2021 and 2022 to improve the 

capture of smolts at lower water levels. The trap was located ca.50km upstream from 

the discharge of the River Derwent into the Solway Firth at Workington harbour. The 

trap was checked and emptied daily to ensure that smolts did not remain in the trap 

for extended periods of time.  

 

Fish captured were anaesthetized by immersing them in river water containing MS222 

(Tricaine Methanesulfonate) and sodium bicarbonate solution (0.6g/6L river water). 

It took approximately three minutes for smolts to lose equilibrium (stage three of 

anaesthesia) which is required for the tagging procedure to be conducted. Fork length 

(LF, mm) and weight (g) were recorded before those sufficiently large enough for 

tagging (>130mm/>20g) were placed onto a damp surgical sponge and scale samples 

were taken. All surgical equipment was disinfected using Reprodis/distilled water 

(1:20 ratio) and rinsed with distilled water. Fish were given low level anaesthesia 

(0.125g/2L) and river water was constantly applied across the gills to ensure fish 

remained sedated. A 10mm ventral incision was made anterior to the pelvic girdle. A 

V7-2L (69kHz) coded transmitter (VEMCO Ltd, 7mm diameter, 1.7g in air) was 

surgically placed inside the peritoneal cavity. The V7-2L tags had a nominal delay of 

18–45 seconds and an estimated tag life of ca.75 days. The incision was closed by 

applying two interrupted surgeon knots with 4/0 Ethilon nylon sutures. Smolts were 

then placed into a recovery container on land for approximately 20 minutes to ensure 



 167 

normal swimming behaviour was exhibited (equilibrium restored). Fish were then 

placed into a river perforated container downstream from the rotary screw trap with 

good water flow throughout and given a further 40 minutes recovery.  

 
6.2.3.1 Release group 
 

Throughout the three-year study, there were two different release sites/groups. Fish 

were either released at the trapping site or at a site further downstream. This was to 

ensure that a large enough sample size of fish reached the lower catchment of the 

River Derwent and to increase the probability of ultimate river migration success, and 

thus a Trap and Transport experiment took place in 2021 and 2022.  

 

In 2020 100% of tagged smolts were released immediately downstream of the trap at 

St Johns Beck. In 2021, 62% (n=93) of tagged individuals were released at St Johns 

Beck, the remaining 38% (n=57) were transported to be released in the river 

downstream of Bassenthwaite Lake. In 2022 100% of fish captured and tagged at St 

Johns Beck were transported downstream of Bassenthwaite Lake. All fish released at 

St Johns Beck are subsequently referred to as the St Johns Beck release group (SJB), 

smolts transported downstream of Bassenthwaite Lake are to be referred to as Trap 

and Transported release group (TT). 

 

After 40+ minutes of recovery in St Johns Beck, all transported fish in 2021 (n=57) 

were placed into a large transport box with continuous aeration. In 2022, transported 

fish (n=115) were placed in large bags which were filled with oxygen and sealed 

before transportation. In both years smolts were transported ca.25km from St Johns 

Beck to a release site downstream of Bassenthwaite Lake (54°41'14.7"N 

3°17'52.3"W). The journey took an average of 25 minutes. Smolts were transported 
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in minimum groups of five to minimise predation risk once released. Fish were 

transported over six days in 2021 and eight days in 2022. All fish were checked at the 

release site for any signs of stress or poor swimming ability. Fish were placed into an 

in-river recovery container and given 30 minutes in flowing water to recover before 

final release.  

 

6.2.4 Ethical statement 
 

To ensure the ethical policies were followed, tagging was conducted by a personal 

licence holder (UK Home Office PIL 70/8794) using procedures which complied with 

the UK Home Office regulations and UK Home Office project licence number 

PP0483054. Replacement, reduction, and refinement was considered for this study. 

All fish were cared for and monitored throughout the procedure where stress and 

suffering were reduced at all times. 

 
6.2.5 Statistical analysis 

6.2.5.1 False detection filtering  

Analysis was conducted using R software version 4.0.2 (R Core Team, 2019). In order 

to ensure all detections being analysed are real detections, filtering for false detections 

was conducted using the R package Glatos (Holbrook et al., 2018; Pincock, 2012) 

which filtered for a short-interval detection criterion. Short interval criterion filters all 

single detections that occurred at one receiver station within a duration which is 

greater than 30 times the average signal delay of the tag (i.e., 840s) (Hayden et al., 

2016; Kneebone et al., 2014; Lilly et al., 2021, 2022). Those above this duration 

period were deemed false detections. Additionally, signals detected during a period 

which was less than the tag’s minimum signal delay (18s) were deemed false (Hanssen 

et al., 2022). 
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6.2.5.2 Descriptive analysis 

Descriptive data from across the 3-year study period were derived from the R package 

Actel (Flávio & Baktoft, 2020, 2021). Flávio & Baktoft (2020, 2021) state that Actel 

provides a systematic conditional pipeline to filter and analyse acoustic telemetry data 

in a reproducible fashion, for fish moving between receiver arrays. It also allows for 

detection efficiency estimations to be made for each receiver station. Additionally, 

Actel allows diel movement patterns to be observed by defining the arrival time 

recorded at each individual receiver. 

  

6.2.5.3 Loss estimates 

To assess loss rates during freshwater migration, survival likelihood throughout the 

various riverine sections throughout the downstream migration route was calculated 

in Actel (Flávio & Baktoft, 2020, 2021). Those individuals that were detected at the 

last riverine receiver were deemed to be successful river migrants. However, the 

detection efficiency of river acoustic receivers is not always 100% due to ambient 

noise, fast water currents increasing smolt speed and potential submerged barriers 

such as logs and therefore, efficiency must be assessed when providing estimates of 

survival (Halfyard et al., 2013; Lilly et al., 2022). Efficiency is assessed by the number 

of smolts detected at a downstream receiver as a proportion of those not detected at 

the receiver upstream. In the River Derwent, there are a number of alternative river 

channels and thus alternative routes that could have allowed for downstream 

migration were taken into consideration when detection efficiency was calculated. 
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6.2.5.4 Non-residency events 

To establish the number of individual movements undertaken by each fish between 

receiver stations throughout the River Derwent, non-residency events were calculated 

using the R package VTrack (Campbell et al., 2012) RunresidenceExtraction function. 

This function provides timestamps for each receiver and is used to determine the 

duration of riverine migration. 

 

6.2.5.5 Migration pathways  

Post-smolt detections in the Irish Sea was visualized by first creating a map of the 

study site using the get_google_map function in the R package ggmap (Kahle & 

Wickham, 2013). A heatmap of the post-smolt density and individual detection points 

across various marine arrays were added to the map using the stat_density_2d function 

in the R package ggplot2 (Wickham, 2011).  

 

6.2.5.6 Migration success 

Total marine migration success of River Derwent post-smolts through the Irish Sea 

was defined as the number of post-smolts which were detected on any one of five 

organisation’s marine arrays (COMPASS, SeaMonitor, Atlantic Salmon Trust, 

Marine Scotland, University of Glasgow) as a proportion of all of the post-smolts that 

left the riverine environment (i.e., successful river migrants). Marine migration 

success rate (%.km-1) was calculated as the proportion of fish which were successful 

in reaching the SeaMonitor array, divided by the direct minimum sea distance 

travelled (ca.260km) to reach the array (Figure 6.2-6.4). The minimum travel distance 

to the SeaMonitor array (Figure 6.2-6.4) is based on the minimum straight-line 

distance from the final River Derwent receiver to the first detection on the SeaMonitor 

array. Only migration through the Irish Sea in a northern direction was assessed using 
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this method. Marine migration success estimates take no account of the possibility 

that post-smolts may have made a southern migration trajectory. Smolts detected on 

the Outer Clyde/ Arran array and then SeaMonitor array were discounted for 

migration success analysis and only overall duration was calculated for those smolts.  

 

6.2.5.7 Migration speed and duration  

Mean migration duration and migration speed were calculated separately for the 

riverine migration phase and the early marine migration phase. This was calculated 

using the finale timestamp of an individual at either the release site (riverine migration 

calculation) or the final River Derwent receiver (early marine migration calculation) 

before reaching their final migration points in either the riverine environment (final 

receiver) or the marine migration (SeaMonitor array). The SeaMonitor array (Figure 

6.2-6.4) was used to determine the early marine migration metrics because of the 

consistent annual deployment between 2020-2022. Mean rate of movement (ROM 

(m.s-1) in kilometres per day (km.day-1) was calculated for riverine and early marine 

migration by dividing the direct minimum distance travelled by the total duration 

(days) to migrate to the final destination point. 

  

6.2.6 Statistical modelling  

6.2.6.1 Survival model 

Generalised linear modelling (GLM) was undertaken to determine if factors such as 

fish fork length (LF, mm), release group type (St Johns Beck or Trap and Transported) 

or year contributed to successful marine migration to the SeaMonitor array. The GLM 

was fitted with a binomial error structure and identity link function using the R 

Package lme4 (Bates et al., 2014). Survival (the dependent variable) was coded as 1 
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for post-smolts detected on a receiver at the SeaMonitor array, and thus assumed to 

be successful migrants or 0 for an assumed unsuccessful for post-smolts migration. 

 

Initial model:  

glm (survival ~ LF + Year +Release Group, , family = binomial(link = "identity")) 

 

6.2.6.2 Marine migration duration model 

In order to determine if marine migration duration (days) was influenced by factors 

such as LF (mm), release group type or year, a general linear model (GLM) was 

produced using the R package lme4 (Bates et al., 2014). Only smolts which were 

detected on the SeaMonitor array were included in the analysis.  

 

Initial model:  

glm (Duration~ LF + Year + Release Group) 

 

Significant factors highlighted by the GLM where further investigated for significant 

categorical factors. The R package multcomp (Hothorn et al., 2016) was used post 

ANOVA testing with a Post Hoc Tukey HSD Test in order to compare potential 

differences within categorical data e.g., year.  

 

6.1 Results  

6.3.1 Tagging summary 

In total, 365 Atlantic salmon smolts were tagged between 2020-2022. Fork length (LF, 

mm), weight (g) and tag burden (%) averages are summarised in Table 6.1. 
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Table 6.1 Summary data for River Derwent tagged Atlantic salmon smolts between 2020-2022. Summary of LF 
(mm), weight (g) and tag burden (%) for each year and release group: SJB- St Johns Beck release group, TT-Trap 
and Transport release group. Tag burden is calculated by dividing the weight of the tag in air (1.7g) by the weight 
of the individual* 100.  
 

 

 

6.3.2 Marine pathways 

In this study, post-smolts migrating from the Workington Harbour through the Solway 

Firth across a three-year temporal scale displayed similar passage position on 

monitoring lines throughout their migration through the Irish Sea. In 2020, 25% of 

smolts (n=2) were detected on the COMPASS array, ca.135km from the River 

Derwent mouth and 12.5% (n=1) detected on SeaMonitor array (ca.260km; the year 

with limited SeaMonitor array deployment). In 2020, post-smolts were detected on 

the COMPASS array in the centre of the north channel and were also found on the 

central portion of the SeaMonitor array (Figure 6.5A). However, in 2021 when the full 

SeaMonitor array was deployed post-smolts were detected nearer the coastline of 

Scotland (Figure 6.5B). In addition, 9% (n=4) of post-smolts were detected migrating 

in the Outer Clyde off the northwest of Arran, although one post-smolt was found to 

migrate out of the area to be later detected in the SeaMonitor array. Across the 

SeaMonitor array, post-smolts were found to cluster either near the coastline of 

Scotland or within the centre of the array at a similar position to the single detection 

in 2020. In 2022 post-smolts transition from the Irish Sea to the North Atlantic were 

not evenly distributed across the SeaMonitor Array as previously seen in previous 

years (Figure 6.5C), with no post-smolts throughout the three-year study period being 

detected travelling through the Minch. 

Year LF (mm) ± SD (range) Weight (g) ± SD (range) Tag Burden (%) ± SD (range) 

2020 (SJB) 139.4 ± 0.65 (130-157) 27.89 ± 0.42 (21.4-41.4) 5.1 ± 0.07 (3.5-6.7) 

2021 (SJB) 141.9 ± 8.4 (130-164) 29.4 ± 5.5 (21.5-44.5) 4.9 ± 0.61 (3.6-6.1) 

2021 (TT) 141.0 ± 7.7 (130-164) 29.8 ± 5.1 (21.5-44.5) 4.8 ± 0.55 (3.6-6.1) 

2022 (TT) 138.7 ± 6.6 (130-161) 27.4 ± 4.1 (21.2-40.4) 5.1 ± 0.5 (3.9-6.2)  
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Figure 6.5 Heatmaps displaying the density of River Derwent Atlantic salmon post-smolt at COMPASS, Arran/ 
Outer Clyde and SeaMonitor marine monitoring lines during the period of this study. A) in 2020; COMPASS n=2, 
SeaMonitor n=1. B) in 2021; Compass  n=11, Outer Clyde/ Arran  n=4, SeaMonitor n=12, Marine Scotland n=1. 
C) In 2022; SeaMonitor n=9. 
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6.3.3 Migration success 
 

Across the three-year study period, approximately 26.5% (n=97) of all River Derwent 

tagged post-smolts (n=365) were found to have entered the Solway Firth at 

Workington harbour. However, approximately only 6% (n=22) of all post-smolts 

tagged and released in the river were detected on the SeaMonitor array, having made 

a successful early marine migration over the ca.260km from the final River Derwent 

receiver to their first detection on the SeaMonitor array. In 2020 only 8% fish (n=8) 

were deemed successful within the riverine environment and 37.5% (n=3) of these 

were later detected marine arrays, two were detected on COMPASS and one post-

smolt being detected on SeaMonitor. Thus, the migration success rate of post-smolts 

in 2020 was 0.77%.km-1 within the marine environments studied here.  

 

In 2021 River Derwent post-smolts were found to have greater riverine success with 

28% (n=40) of post-smolts being deemed successful in the riverine environment 

(42.5% (n=17) St Johns Beck release group; 57.5% (n=23) Trap and Transported 

release group). Out of the 40 that entered the Solway Firth, 30% (n=12) individuals 

were later detected on the SeaMonitor array. The success rate of post-smolts in 2021 

was 0.73%.km-1. In 2022, 42% (n=48) of individuals, all Trap and Transport released 

fish were deemed successful within the riverine environment and were assumed to 

migrate into the Solway Firth. 18.7 % (n=9) of individuals were successfully detected 

on the SeaMonitor array, giving 2022 a migration success rate of 0.69%.km-1. 

 

Early marine migration success was not predicted by year of the study (p=0.87), LF 

(p=0.38) or the release group (p=0.36) of the post-smolts from the River Derwent.  
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6.3.4 Migration duration and speed 
 

Median entry date into the marine environment and mean migration duration differed 

between years. The median entry (days) of post-smolts entry into the Solway Firth for 

2020 was May 22nd ± 7.11 (± IQR; range: May 14th- June 4th), in 2021 it was May 5th 

± 4.5 (± IQR; range: April 27th-May 12th) and in 2022 it was May 18th ± 9.48 (± IQR; 

range: May 10th- June 9th). In order to reach the SeaMonitor array from the final River 

Derwent Receiver, in 2020 a single post-smolt took ca.10 days to travel ca.260km 

(26.2km.day-1) at a minimum speed of 1.97 body lengths per second (BL.s-1) in the 

marine environment. However, in 2021 it took post-smolts on average 32.2 days ± 

9.73 (± SD, range: 10.64-46.39) to travel the minimum early marine travel distance of 

ca.260km, giving an average speed of 9.37km.day-1 (range: 5.6-24.4), with one post-

smolt being later detected on the Marine Scotland receiver (ca.558km from the final 

Derwent river receiver) ca.16 days after entering the Solway Firth, giving a speed of 

34.87km.day-1. Although in 2022, post-smolts were found to have a faster average 

speed compared to 2021 of 17.97km.day-1 (range: 9.95–17.9), taking post-smolts on 

average 19.33 days ± 11.78 (± SD, range: 7.18-45.84) to reach the SeaMonitor array.  

 

Modelling (GLM) migration duration of successful smolts through the Solway 

Firth/Irish Sea showed that year was a significant variable (p=0.007). The Post Hoc 

Tukey HSD test compared the differences between the years, finding that in 2021 

post-smolts were found to have a significantly longer marine migration duration 

(q=1.88, a=0.01, p=0.005) compared to 2020 and 2022 to reach the SeaMonitor array. 

Additionally, duration in 2022 was significantly faster in comparison to 2021 (q=1.46, 

a=0.05, p=0.04). LF was also found to be a significant determinant of migration 

duration in the Irish Sea (p=0.038). Larger post-smolts (LF:140-153mm) taking longer 

(mean: 32.6 days ± 10.69km.day-1) during marine migration in comparison with 
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smaller (LF: 130-139mm) post-smolts (average: 21.24 days ± 16.48km.day-1). The 

release group of post-smolts (St Johns Beck or Trap and Transport) (p=0.14) did not 

significantly improve the model.  

 

6.4 Discussion  

Our understanding of early marine migration of post-smolts is still limited with 

regards to potential trajectories, speed and survival rates (Barry et al., 2020; Green et 

al., 2022; Chaput et al., 2019; Furey et al., 2015). Information from acoustic studies 

and from = behavioural studies on environmental cues is important to inform future  

local and national Atlantic salmon management strategies (Barry et al., 2020; Ounsley 

et al., 2020; Ohashi & Sheng, 2018; Green et al., 2022). The majority of studies 

investigating early marine migration have been conducted using small sample sizes.  

Although, these investigations provide valuable insight into early marine migration 

trajectories, our study highlights the temporal variation in early marine migration from 

a single UK river. This work also provides further evidence for a northerly movement 

through the Irish Sea are occurring for Irish Sea smolts, although at differing rates 

across a temporal scale. The results of this study contribute to assessing overlap with 

potential anthropogenic conflicts, inform modelling of early marine migration which 

will allow for potential predictions of future migration routes of both regional and 

national Atlantic salmon populations during the early marine migration phase (Flye et 

al., 2021; Lilly et al., 2023).  

 

6.4.1 Marine migration speed 

The speeds recorded differed across the three-year study period, 2021 mean speed 

(9.73km.day-1) was consistent with Barry et al. (2020) which indicated migration 

speeds of ca.7km.day-1, although in 2020 and 2022 findings were similar to those 
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recorded by Chaput et al. (2019) where speeds in our study were found to be ca.17-

20km.day-1 through the Irish Sea. It has been suggested that migration speed is 

potentially influenced by tributary location and the environment conditions in which 

smolts migrate through rivers and the marine environment (Green et al., 2022). 

However, there seems to be significant inter-annual variation for fish leaving from the 

same location. 

 

6.4.2 Migration loss rate 
 
The early marine migration is thought to incur additional costs in comparison to 

riverine migration (Thorstad et al., 2012b), where post-smolts experience increased 

salinity, novel predation pressures and new food sources (Klemetsen et al., 2003; 

Thorstad et al., 2011). The rate of unsuccessful migration of River Derwent post-

smolts within the Irish Sea was relatively low in comparison with Barry et al. (2020) 

and Thorstad et al. (2011), ranging from 0.27-0.33%.km-1. Thorstad et al. (2012b) 

found that post-smolt mortality increased with distance from their natal tributary. 

However, telemetry studies can overestimate mortality rates, through the potential of 

capture/handling/post-tagging effects and limited receiver layout reducing detection 

levels at sea. Increased unsuccessful migration rates of Atlantic salmon post-smolts is 

associated with predation. High abundance of predators such as harbour seals (Phoca 

vitulinai, Linnaeus 1758), bottlenose dolphins (Delphinus truncates, Montagu 1821) 

and a variety of piscivorous bird species were present within and surrounding river 

mouths during key migration periods when salmonids are in high abundance, 

suggesting that they may utilise them as a prey source (Allegue et al., 2020; Arso Civil 

et al., 2019; Carter et al., 2001; Kennedy & Crozier, 2010; Thorstad, et al., 2012a,b; 

Wilson et al., 1997; Lilly et al., 2023), although species distribution and impact on 

migrating smolts remains unknown during early post-smolt marine migration (Brown 
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et al., 2012; Flávio et al., 2020; Kennedy & Crozier, 2010; Kierly et al., 2000; Mackey 

et al., 2004; Righton et al., 2001; Lilly et al., 2023). Nonetheless, we are unable to 

determine with certainty if detections in this study are of a true post-smolt or those of 

a predator (Lilly et al., 2023). Research has found that acoustic tags are able to 

continue to signal from the predator’s stomach, if a predator remains in the water, and 

could remain within the predator’s stomach for up to 47 days (average 29 days) 

(Thorstad et al., 2012a). Yet, it has been found that some predators, particularly fish 

show movements that are similar to those expected by post-smolts, however, depth of 

movement was significantly different. Future studies should utilise predation/depth 

sensor tags to provide a more accurate depiction of true smolt and post-smolt 

behaviour compared to their predators (Thorstad et al., 2012a; Gibson et al., 2015; 

Hanssen et al., 2022; Lennox et al., 2021; Nash et al., 2022). We assume that 

detections are those of a post-smolt based on swimming speeds and chosen marine 

trajectories which is comparable with other early migration studies within the Irish 

Sea (Barry et al., 2020; Green et al., 2022; Lilly et al., 2023). 

 

Mortality during early marine migration by post-smolts may also be due to 

anthropogenic impacts, such as diseases and parasites from fish farms and climate 

change (Forseth et al., 2017). Due to the potential low detection efficiency across the 

marine arrays we can assume a likely higher survival rate exists in River Derwent 

post-smolts during early marine migration.  

 

 

6.4.3 Migration pathways 
 
The results presented here provide consistent evidence of a generally northern 

trajectory of movement by post-smolts after entering the Solway Firth during the early 
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marine migration phase from the River Derwent. The Irish Sea is a semi-enclosed 

body of water characterised by concurrent action tides entering from both the north 

and south (Dabrowski et al., 2010; Gaffney, 2001; Green et al., 2022), this in turn 

creates semi-diurnal currents, allowing for both high and low energy mixing to occur 

(Howarth, 2015). Conversely, specific environmental conditions allow for inter-

annual variability regarding current direction to alter within the Irish sea. Post-smolts 

have been found to use such currents during early marine migration (SALSEA-Merge, 

2012). Through the recapture of post-smolts in northern Scotland and marine 

migration modelling conducted by Mork et al. (2012), movements of post-smolts were 

found to be occurring with the continental shelf edge currents (Shelton et al., 1997) 

and they found active swimming to occur towards the direction of these currents. The 

River Derwent post-smolt early marine migration analysis implies that post-smolts are 

likely navigating with the predominant current in the Solway Firth and move through 

the Irish sea in a northerly direction. However, post-smolt movements within the early 

marine phase have been detailed as more complex and a study with greater spatial 

detail is required to differentiate current influence on post-smolt trajectory choice. 

Newton et al. (2021) found with the use of particle tracking, post-smolts actively 

migrated by swimming in a direction that did not follow the prevailing currents. 

Therefore, there is potential of alternative migration strategy at a population specific 

level occurring and more detailed investigations are required (Green et al., 2022).  

 

Green et al. (2022) states there are potential alternative possibilities for post-smolt 

migration choice within the early marine migration phase which include: i) post-

smolts disperse in random directions once the open coast is reached; ii) post-smolts 

take the most direct migratory pathway to reach their feeding grounds in the northern 

hemisphere; and iii) post-smolts use coastlines as geographical markers during their 
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migration to their northerly destination. However, without hydrographic data on 

marine currents and greater acoustic receiver density within the Solway Firth and Irish 

Sea, it is impossible to resolve any of these potential hypotheses. Due to lack of a 

southern array we can only assume that all smolts which entered the Solway Firth 

chose a northern trajectory. Increased receiver density across a broader range will help  

resolve the assumptions of a general northern trajectory route or if random dispersal 

of post-smolts exists.  

 

6.5 Conclusion 

In conclusion, this study has assisted in providing further evidence of west coast 

England Atlantic salmon post-smolts marine migration trajectories during the early 

marine phase of migration, displaying a northern trajectory through the Solway Firth 

and Irish Sea. We show pathways up to ca.558km from their natal river. Here we have 

provided substantial baseline data for survival (%.km-1) and smolt speed/duration 

showing inter annual variation of early marine migrating post-smolts from the River 

Derwent. Further investigation into understanding Irish sea migration pathways of 

post-smolts will require a greater density of post-smolt detections from more 

tributaries throughout the Irish Sea, with greater southernly receiver densities to test 

for potential southern migration pathway choice. Data gathered within this study has 

only been possible through cross jurisdictional, and between research group, 

collaboration between the Environment Agency, Natural England, University of 

Glasgow, COMPASS, SeaMonitor, Atlantic Salmon Trust and Marine Scotland 

projects. Data sharing between these projects has allowed detailed mapping and 

analysis of post-smolt early marine migration trajectories from a west coast England 

tributary. Further collaborative efforts will allow for greater insight into trajectory 

choice of Atlantic salmon and help inform potential future management strategies. 
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Chapter 7: General Discussion 
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7.1 Thesis Justification 

The River Derwent is a site of European Importance,  classified as a principal salmon 

river, with a Special Area of Conservation (SAC) designation detailing Annex II 

species Atlantic salmon (Salmo salar, Linnaeus 1758) as a qualifying features. 

Atlantic salmon are well studied due to their economical, ecological, and cultural 

importance across Europe, Scandinavia, and North America (Hansen et al., 1993; 

Thorstad et al., 2012b; Havn et al., 2020). In recent decades there has been a 

significant decline in the populations of anadromous Atlantic salmon, and various 

studies have indicated population abundances may be at historic lows where a ~30-

50% decline has been recorded across UK populations since 2006 (Dadswell et al., 

2022; ICES, 2023, 2021; Chaput, 2012; Jutila et al., 2003; Mills 1991; Parrish et al., 

1998; Aas et al., 2010), resulting in recent reassessment by the IUCN Red List of 

Threatened Species, where Atlantic salmon have been reclassified from ‘Least 

Concern’ to ‘Endangered’ in the UK. Previously, declines were frequently linked to 

distinct natural and anthropogenic conflicts such as: i) habitat fragmentation as a result 

of hydropower dams, canal construction and low-head weirs; ii) pollution run off from 

industrial and agricultural means; and iii) both commercial and recreational 

overfishing activities (Duncan and Lockwood, 2001; Fenkes et al., 2016; Belliard et 

al., 2018; Brink et al., 2018). However, due to the complexity of the Atlantic salmon 

life cycle, migrating through both freshwater and saltwater environments, 

governmental bodies such as Environment Agency, Natural England and CEFAS, 

have sustained ongoing management challenges, as not only are there threats 

associated with riverine environments but also marine.  

 

Due to the River Derwent’s importance in supporting a UK Atlantic salmon  

population, the central focus of this thesis was to emphasize how riverine systems, 
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such as the River Derwent, have the ability to affect migrating Atlantic salmon smolts 

and the potential costs associated with migration. In addition, this thesis analyses the 

natural and anthropogenic bottleneck zones such as standing waters and low-head 

weirs which are present throughout the River Derwent, which have been identified 

throughout literature as some of the leading causes of Atlantic salmon populations 

declines, causing costly delays and increasing the likelihood of predation (Gauld et 

al., 2013; Thorstad et al., 2012b; Larinier, 2001, 2000; Marschall et al., 2011 Newton 

et al., 2018; Moore et al., 2013). Whist we have a decent grasp of the challenges 

smolts face during migration, there is limited knowledge regarding the interannual 

and spatial variations in these challenges. 

 

Furthermore, less emphasis has been put on investigating the success of the early 

marine migration of post-smolts, particularly from English rivers. Due to the lack of 

clarity in literature regarding marine impacts on migrating Atlantic salmon, 

influencing the future use and management of the marine environment is challenging. 

By gathering baseline data for English Atlantic salmon populations and undertaking 

analysis to improve our understanding of the impacts potential obstacles have on 

Atlantic salmon it might allow for future management and mitigation to be 

implemented to improve the survival of post-smolts at sea.  

 
7.2 Current management and approaches 

In recent decades, freshwater environmental management of rivers has predominately 

centred around the elimination of structural impediments to migrating species, 

enhancing water quality parameters and decreasing the levels of exploitation on these 

fragile systems (Kemp, 2015; Thorstad et al., 2012b, 2021; Cantonati et al., 2020). 

Throughout England and Wales alone, 97% of riverine systems are fragmented, with 
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approximately 66,381 river spanning obstacles such as weirs and dams currently 

established (Jones et al., 2019). Current management has sought to either remove 

current and unused structures or implement mitigation measures which allow for fish 

passage. Legislation for both current and new structures to ensure fish passes are 

included in line with the EU Water Framework Directive (Directive 2000/60/EC), and 

EU Eel Regulation (EC No. 1100/2007) (Newton et al., 2018) to aid in passage of 

various migrating species (Fjeldstad et al., 2012; Holbrook et al., 2011). As a 

designated  special area of conservation (River Derwent and Bassenthwaite Lake 

SAC) these are also objectives to maintain and improve the status of the site to bring 

it into ‘Favourable Condition’. 

 

The expansion of industrial, agricultural and urban development in the 19th and 20th 

centuries led to the extinction of Atlantic salmon across numerous UK rivers (Mawle 

& Milner, 2003). Mawle & Milner (2003) have shown that over the past four decades, 

there has been a growing trend of stringent regulations governing discharges from 

industrial, agricultural and sewage systems coupled with substantial investments in 

water treatment, which together has brought about significant enhancements in water 

quality throughout the UK. This has led to Atlantic salmon populations expanding 

their ranges within English river systems (Dodd & Adams, 2014; Evans et al., 2001).  

 

Lastly, overfishing has undeniably posed a historical challenge for diadromous 

salmonids, where recreational fishing provides economic opportunities (Aprahamian 

et al., 2010). Although recreational overfishing has been significantly mitigated 

through proactive measures, such as the reduction in net fisheries in freshwater 

systems. However, it is important to note that rules and regulations regarding 

recreational net fishing vary widely depending on country, region and county. 
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Additionally the practice of catch-and-release as a proactive measure which has long 

been adopted by coarse anglers throughout the UK has been found to reduce the risk 

of local populations falling below their conservational limits (Winfield, 2016; ICES, 

2017, 2018, 2021; White et al., 2023). Catch and release practices have gained 

increasing popularity throughout the commercial fishing community, predominantly 

driven by growing awareness of conservation issues surrounding salmonid species 

(Gargan et al., 2012). Copeland et al. (2017) indicated that anglers now display a keen 

interest in habitat management, with their primary motivation surrounding the key 

desire to “give something back” to the environment rather than catching for self-gain. 

However, anglers still remain misinformed regarding the best catch and release 

practices promoted by local fisheries trusts, such as air exposure times, type of hook 

avoidance, handling practices and induced stress and the associated fish behaviours 

(Cooke & Suski, 2005; Pelletier et al., 2007), subjecting targeted fish to the negative 

consequences of incorrect practices (i.e., injury or death). Therefore, it is prevalent to 

encourage and continuing to increase the active involvement of anglers in 

conservation practices, habitat management and sustain effective communication 

between anglers and governing bodies is crucial to conserve an already vulnerable 

species.  

 
7.3 The need for river spanning small scale infrastructure 

Global river modification is not uncommon, there is a long history of weir and dam 

developments occurring in developed countries (Gauld et al., 2013; Dynesius & 

Nilsson, 1994; Nilsson et al., 2005). The modification of rivers has played a crucial 

role in accommodating human population expansion through mitigation of flood 

control, hydroelectric power production and farming in floodplain areas (Havn et al., 

2020; Nilsson et al., 2005; Poff & Hart, 2002; Gauld et al., 2013). However, the role 
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that small-scale river-spanning barriers, such as low-head weirs have on increased 

habitat fragmentation of riverine ecosystems has been well documented (Fullerton et 

al., 2010; Gauld et al., 2013; Jungwirth, 1998; Kemp & O’Hanley, 2010). These 

structures have been shown to hinder complex migration strategies, limit dispersal and 

alter the downstream movement of water, sediment and nutrient movement (Antonio 

et al., 2007; Branco et al., 2012; Gauld et al., 2013).  

 

Whilst planning and legislative requirements have driven the implementation and 

construction of new and/or improved fish pass facilities to be present, larger rivers are 

typically targeted for remedial action before the smaller connected tributaries, which 

often facilitate the key nursery habitats compared to the main river stem (Ovidio & 

Philippart, 2002). These small tributaries are extremely vulnerable to low head weir 

pressures, they exhibit rapid responses to excessive rainfall events, leading to the 

displacement of fish and limited movement between habitats (Stock & Schlosser, 

1991). However, the impacts of small structures, which could contribute greatly to 

river habitat fragmentation, have not received appropriate attention (Marmulla & 

Ingendahl, 1996; Croze et al., 2000).  Information regarding the impacts on overall 

fish community structure and migration strategies still remains limited, which is 

required to develop effective restoration plans for rivers networks impacted by 

artificial habitat fragmentation as outlined by the Water Framework Directive (Maia, 

2017).  

 

It has been debated whether, when a small-scale structure is determined to be a 

complete, partial, or temporary obstruction to migrating fish and riverine movement. 

The foremost priority should be the complete removal of the respective barrier, rather 

than opting for modifications (Kemp & O’Hanley, 2010; King & O’Hanley, 2016), 
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which is seen as a more viable approach for effective watershed management 

(O’Hanley 2011; Bednarek, 2001). Chapter 4 of this thesis details the extent to which 

low-head weirs present along the River Derwent are impacting on Atlantic salmon 

migration potential and if active swimming is undertaken. The main outcome was that 

smolt migration failure increased significantly at a weir compared to migration failure 

during open river migration, although the losses were structure specific. Considering 

the evidence, although weir migration failure was structure specific, in general low-

head weirs have a negative impact on migrating Atlantic salmon smolts. Although 

there is a pressing requirement for additional research of small-scale barriers, the 

impact they have on migrating species and the potential for new development with 

minimal ecological impact. Numerous questions still remain unanswered regarding 

the future implications and consequences of weir retention or removal on the local 

ecology structure, species adaptability to new flow regimes if removal is permitted.  

 
7.4 Further understanding required  

Like many research endeavours, numerous questions arise in tandem with those that 

are resolved. This thesis presents five studies aimed at bridging the knowledge gaps 

in existing literature concerning interannual spatial variation in Atlantic salmon 

migration in riverine and early-marine environments and to provided evidence to 

support management undertaken by the Environment Agency and Natural England 

regarding small scale barriers present on the River Derwent and their impacts on the 

local Atlantic salmon population. Atlantic salmon have been subject to extensive 

research, although emphasis on migration strategies, the costs associated and the 

pathway choices within the riverine and early marine phases is limited.  
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To tackle these knowledge gaps in fisheries research, the utilization of acoustic 

telemetry has proven to be an effective method for studying migrating fish within 

freshwater and deep marine environments (Welch et al., 2008; Klimley et al., 2013; 

Klinard et al., 2019; Rechisky et al., 2013; Abecasis et al., 2018; Hays et al., 2019; 

Lennox et al., 2017; Matley et al., 2022). This technique was employed in the current 

study on the River Derwent. The advancement of acoustic telemetry technologies has 

facilitated the growth in fish and fisheries research in recent years, offering valuable 

scientific insights into the life history strategies, behavioural and movement ecology 

of numerous aquatic species which were previously difficult to study.  

 

Atlantic salmon undertake long distance migrations between freshwater and saltwater 

habitats and particular attention has been paid to the smolt migration stage due to the 

high migration failure rates associated with this life stage. We know through previous 

research that smolt migration failure in rivers varies significantly but it is typically 

regarded as high (Thorstad et al., 2004, 2012b; Hedger et al., 2008; Bonte et al., 2012; 

Adams et al., 2022b). Understanding the spatial and temporal variation in migration 

failure rates throughout a river system has received less attention. Chapter 2 aimed to 

distinguish the interannual spatial variation in migration failure rates throughout the 

riverine system by analysing the River Derwent in sections across a three year study 

period. Lothian et al. (2018) suggested the rate of migration success of Atlantic 

salmon depleted throughout the river system (0.41%.km-1 success rate). Though 

evidence to suggest this was universal or site specific remained limited. Chapter 2 

results revealed migration failure rates through the River Derwent differed both 

between sections and across years, with the most upper reach sections having a 

profound impact on migration success of Atlantic salmon smolts during 2020 and 

2021.  
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As migration failure rate was extremely high during the 2020 baseline study, a low 

sample size reached the lower areas of the River Derwent (i.e., Coops Weir and Yearl 

Weir), thus, reducing the ability to assess the costs associated with migration in the 

lower river reaches. In order to address the issues regarding high migration failure 

rates within the upper reaches of the River Derwent, a Trap and Transport experiment 

was included to increase the volume of data available for assessing smolt survival in  

section 3 of the River Derwent (refer to Chapter 2 for section analysis). Previous 

studies which have incorporated Trap and Transport of smolts have commonly used 

hatchery fish (Carey & McCormick, 1998; Sigourney et al., 2015), although trapping 

of wild migrating smolts and transporting them around high migration failure zones 

(bottleneck zones) has been a mitigation strategy for pacific salmonids in certain rivers 

since 1970’s (Chapman et al., 1997). In the present study (Chapter 2), two particular 

bottleneck zones, which emphasised the high migration failure rates of migrating 

Atlantic salmon smolts along the River Derwent during the three year study period, 

were the natural standing waters of Bassenthwaite Lake and two low-head weirs 

(Coops Weir and Yearl Weir) in the lower river section at Workington, Cumbria.  

 

Research into Atlantic salmon smolt migration through natural standing waters has 

received little attention across the decades, although the few studies analysing 

standing water impacts indicate smolts migrating through display non-unidirectional 

movements (Hanssen et al., 2022; Honkanen et al., 2018, 2021; Lilly et al., 2021) 

though small scale movement analysis was limited within these studies due to receiver 

densities. Chapter 3 aimed to expand on previous research by analysing the small scale 

movements of smolts within Bassenthwaite Lake with a greater receiver density, 

identifying factors that could increase lake migration success likelihood. Additionally, 
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Lilly et al. (2021) analysed smolt migration through Loch Lomond and found that a 

zone approximately 1.75km from the loch outtake provided navigation cues that were 

“just right” to aid in successful smolt exit in an area near the lake outflow which is 

referred to as the “Goldilocks” theory”. In Chapter 3 I aimed to assess if the 

Goldilocks Zone was universal and applicable to Bassenthwaite Lake or site-specific. 

Chapter 3 had four main hypotheses: 1) migration failure rate in Bassenthwaite Lake 

is consistent in magnitude with other standing water studies in the UK (~60%); 2) 

larger smolts have higher migration success through Bassenthwaite Lake than smaller 

smolts; 3) both successful and unsuccessful migrating smolts exhibit indirect 

migration trajectories in Bassenthwaite Lake; and 4) smolts which enter the 

Goldilocks Zone are more likely to orientate towards Bassenthwaite Lake outlet.  

 

Despite testing various morphological, behavioural and environmental traits, I was 

unable to pinpoint distinctive features exclusive to successful lake migrants. Chapter 

3 indicated the applicability of the Goldilocks Zone to Bassenthwaite Lake, although 

it remains uncertain whether this concept extends to all standing waters and natural 

lakes or is geographically specific. Furthermore, previous research incorporating 

environmental variables such as wind direction which could influence migration 

trajectories of Atlantic salmon through standing waters are limited. Migration through 

standing waters is thought to be partially dependents on wind driven surface currents 

(Thorpe et al., 1981). However, the results from Chapter 3 suggest that surface wind 

currents throughout Bassenthwaite Lake many to be strong enough to provide 

navigational cues and space utilisation was declared as random. Behavioural changes 

in lake migrants from random migration trajectories to purposeful movements to the 

lake outlet is most likely due to shifts in flow discharge at the exit point (Lilly et al., 

2021). In light of the substantial migration failure rates observed in the 2021 study, it 
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is imperative to conduct further investigations to examine whether movement out 

natural standing waters is influenced by flow discharge rates.  

 

Once smolts successfully migrate out of Bassenthwaite Lake, or have been transported 

around the lake system, smolts were faced with two low-head weirs (Coops Weir and 

Yearl Weir) ca.25km downstream at Workington. The trap and transportation of 

smolts around Bassenthwaite Lake provided evidence in allowing for the assumption 

that the reduction in km to migrate faced by smolts is associated with increased 

migration success rates found along the River Derwent.  

 

However, low-head weirs have not received appropriate attention and the impact they 

may have through increase habitat fragmentation on Atlantic salmon smolt 

downstream migration still remains unclear. In Chapter 4 of this thesis I looked to 

assess: 1) the inter-annual variability in migration failure rate across three years; 2) 

whether the prolonged duration spent above weirs resulted in route choice; and 3) 

assess the potential biotic and environmental factors which are associated with weir 

migration success. The results indicated that small-scale river spanning infrastructure 

such as low-head weirs are having an impact on River Derwent migration success 

rates, although given the option smolts have the ability to choose their preferred 

migration route and actively swim away from the main river stem (Honkanen et al., 

2021; Lacroix et al., 2004a, b; Svendsen et al. 2007; Davidsen et al., 2009; Fängstam 

1993; Lilly et al., 2021). Previous research has alluded to the potential accumulative 

affects that multiple river barriers could have on migrating smolt migration failure 

rates through increased injury, delays and predation (Havn et al., 2020; Larinier, 2008; 

Norrgård et al., 2013; Newton et al., 2018). Results from Chapter 4 concluded that 

migration success across Coops Weir declined, though the Yearl Weir was found to 
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incur a greater cost and migration failure rate was high. However, due to poor receiver 

density surrounding the weirs and ambient noise influences, we cannot entirely 

conclude smolts missed are actual migration failures or have been simply missed. It 

is imperative future work on small scale weir impacts utilise different tag options such 

as radio tags (Newton et al., 2018; Lothian & Lucas, 2021) or undertake active 

tracking methods (Chavarie et al., 2022) to assess if failure rates are accurate.  

 

A limiting factor to undertaking any fish telemetry study, is the size of the targeted 

species relative to the size of the acoustic tag used (McCleave & Stred 1975; Ross & 

McCormick, 1981; Lefrançois et al., 2001; Newton et al., 2016). Currently in 

telemetry smolt migration research there is bias as large smolts are often utilised (e.g., 

Lefèvre et al., 2012) which reduces tag mass to body mass ratios (Newton et al., 2016) 

and falsely represents the true behaviour of population as a whole (Gingerich et al., 

2012, Deng et al., 2015). Although ping rate of the signal, transmitter and battery size 

must all be considered, the main factor in the selection process is the transmitter size 

in relation to the size of the fish the study is targeting. Winter (1996) proposed the 

‘2% rule’ which, according to guidelines, the weight of the transmitter in air (1.7g) 

should not exceed “2%” of a fish’s body weight in air. The purpose of this is to remove 

the risk of potential behavioural alterations such as alter swimming ability and induced 

stress (Brown et al., 1999) or increased migration failure associated with tagging (tag 

burden effect) (McCleave & Stred, 1975; Ross & McCormick, 1981; Adams et al., 

1998; Honkanen et al., 2018; Lothian et al., 2018). A significant underlying 

assumption in telemetry studies is that fish bearing tags exhibit similar behavioural 

responses as their untagged counterparts (Zale et al., 2005; Drenner et al., 2012; 

Newton et al., 2016). However, testing of this assumption in the natural environment 

in unfeasible, as we are unable to track untagged and therefore “tagless” fish with the 
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same frequency or accuracy. The ‘2% rule’ has however been challenged, with 

suggestions that the ratio of tag mass to body mass could be extended to approximately 

6%-12% (Brown et al., 2011, Rechisky & Welch, 2010; Newton et al., 2016; Chaput 

et al., 2019). In Chapter 2, we provide evidence to suggest it is possible to have a 

greater tag burden (>2%) without the reduction in altering migration behaviours or 

increase migration failure likelihood. Thus, by moving away from the ‘2% rule’ to a 

more pragmatic and species-specific standard and tag smaller smolts, which in turn 

provides a more representative measure of a population. 

 

While acoustic telemetry has provided significant insight into river migration and has 

also been instrumental in tracking aquatic species worldwide (Lennox et al., 2017; 

Matley et al., 2022). Previous research has established that Atlantic salmon both post-

smolts face elevated migration failure rates in the early marine environment, primarily 

as a result of exposure to novel natural and anthropogenic stressors (Altizer et al., 

2011; Holm et al., 2006; Shephard & Gargan, 2021; Crozier et al., 2004; Delgado & 

Ruzzante, 2020; Zydlewski et al., 2005). 

 

Once smolts navigate out of the River Derwent into the Solway Firth, many are 

assumed to migrate north through the Irish Sea to reach the continental shelf edge 

currents (Shelton et al., 1997) located along the western coast of the Outer Hebrides 

in order to head towards key feeding grounds in the Norwegian Sea, Greenland coast 

and west of the Vøring Plateau escarpment (Klemetsen et al., 2003; Holm et al., 2000; 

Jacobsen et al., 2012; Mork et al., 2012; Ounsley et al., 2020; Dunbar & Thomson, 

1979; Gilbey et al., 2021). However, prior to the research described in Chapter 5 and 

6 of this thesis, the migration trajectories of migrating Derwent post-smolts remained 

unknown. Information regarding migration trajectories of post-smolts within the Irish 
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Sea was limited to particle tracking studies conducted by Ounsley et al. (2020) and a 

limited amount of tracking data provided by Barry et al. (2020) who analysed smolt 

migration from a small number of Irish tributaries. Chapters 5 and 6 were achieved 

because of transboundary collaboration efforts across five different organisations. 

Working together, various deep sea acoustic telemetry arrays were deployed in order 

to establish baseline data around the migration trajectories taken by River Derwent 

smolts. In 2020 we were able to conclude that smolts were indeed taking a northern 

trajectory by detecting three smolts as they made long distance migrations (ca.250km) 

within the Irish Sea.  

 

In Chapter 6, which combined data from all three study years (2020-2022), a large 

number of tagged post-smolts were detected across multiple sea arrays throughout the 

Irish Sea, concluding that they moved in a northern trajectory.  However, the absence 

of a southern array during the study means that we cannot conclude, with certainty, 

that fish only moved in a northern direction.  

 

An analysis of previous literature by Thorstad et al. (2012b) inferred that migration 

failure rates are higher in the early marine phase due to additional costs incurred in 

comparison to riverine migration, where salinity levels, novel predation pressures and 

new food sources pose significant risks (Klemetsen et al., 2003; Thorstad et al., 2011). 

However, this simply is not the case for River Derwent smolts where migration failure 

rates still remains higher in rivers compared to marine environments. It still remains 

unclear if overestimate of migration failure rates in the early marine environment is 

due the potential of capture/handling/post-tagging effects and insufficient or sub-

optimal receiver layout allowing for post-smolts to be missed. Nonetheless, Chapters 

5 and 6 highlight the importance and future requirement for transboundary 
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collaboration to improve the number of detections over a wide geographical area. The 

data obtained should lead to the development of more effective monitoring and 

management strategies.  

 

7.5 Limitations of the study  

Like most field studies, the planning and the outcome of my study were very different, 

particularly in 2020. Originally, I planned for tagging to commence and take place 

over a set number of weeks, however, due to the restraints faced during the COVID-

19 pandemic we were constrained for time. Thus, tagging of smolts was conducted 

across a much-shorter window (days) than originally anticipated. Due to the limited 

number of possible tagging days, unfortunately tagging and release was conducted 

during a severe draught period which we would have had an opportunity to avoid pre 

COVID-19.  

 

Whilst we were able to obtain baseline information regarding smolt survival, timing 

and basic drivers throughout the riverine system, complete repeatability of the study 

is extremely difficult as we are unlikely to ever face a situation like COVID-19 where 

there was limited interaction between humans and both the River Derwent and 

Bassenthwaite Lake.  

 

During 2021 tagging, we experienced an excessive amount of rainfall across a two 

day period which resulted in a large proportion of smolts being captured during a 24 

hour period (~900 smolts and parr). This resulted in a higher number of smolts being 

released in a single day rather than across the planned migration window.  
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The high rainfall experienced in 2021 may have resulted in an assumed knock on 

effect in capture rates in 2022, though poor recruitment could be a contributing factor.  

The proportion of smolts I planned to tag was unachievable and I hypothesised the 

high rainfall was an attributing factor to the reduction in 2022 capture rates and  

juvenile salmon (0+ and 1++ ages) were likely flushed downstream of the original 

tagging location. This resulted in only 115 smolts captured out of the planned 175 

smolts required for 2022 tagging. Fish monitoring concluded 2022 was one of the 

lowest fish recording periods seen on the River Derwent in recent years (refer to 

Figure 1.8) .  

 

The study on the early marine migration of Atlantic salmon smolts (presented in 

Chapter 5 and 6) was restricted during 2020 (COVID-19) whereby collaborative 

partners from the SeaMonitor-project only managed to get fraction of their intended 

marine array out, and thus smolts could have easily migrated north through the 

planned array stretch but were missed due to receivers not being in place. 

Additionally, during 2020 Atlantic Salmon Trust, Marine Scotland and University of 

Glasgow were unable to deploy any marine arrays, which again meant that any River 

Derwent fish moving in these areas were not detected. 

 

Prior and during any acoustic telemetry study adequate range testing of the acoustic 

telemetry equipment is required as a variety of environmental factors unique to each 

riverine system such as rain, wind direction/speed, temperature and salinity can 

impede the detection ranges of the deployed receivers (Kessel et al., 2014) and the 

result provided are used to guide receiver placement. The range testing requires 

deploying an acoustic tag at a fixed location and depth and deploying additional 
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acoustic receivers across various spatial distances from the set tag (e.g., 50m) and 

testing the range in which the tag is detected.  

 

In order to improve the methodology, I would look to increase receiver density 

throughout the river system (Chapter 2 and 4) particularly in areas where migration 

failure rates were high in the 2020 and where detection efficiency was poor due to 

potential ambient noise influence and in areas where water currents were fast, this 

would be an advantage particularly within the weir sections. Overall by increasing 

receiver density it would greatly improve overall accuracy of salmonid migration 

within the River Derwent.  

 
7.6 Concluding statement  

The results presented in this thesis offer valuable baseline insights into the costs of 

migration, the selected migratory routes, and the impacts barriers have on River 

Derwent smolts and post-smolts. Prior to this study, our understanding of River 

Derwent Atlantic salmon populations and the interannual spatial variations in 

migration failure rates and migration behaviours was limited. With growing concerns 

about the rapid decline in Atlantic salmon populations and increased exposure to 

anthropogenic stressors such as flood control structures and renewable energy 

development, there is a pressing need for further research (Waldman & Quinn, 2022).  

 

Building on the findings in this thesis, future research should leverage this evidence 

to investigate the factors contributing to spatial variations in river migration failure 

rates. Additionally, we must look to assess the consequences of removing artificial 

river-spanning infrastructure not only on Atlantic salmon populations but also on 

aquatic ecosystems as a whole. This research can provide valuable insights to 
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regulatory bodies, enabling them to implement effective river management practices 

and mitigation measures to address anthropogenic barriers as they can help strike a 

balance between the preservation of salmon populations and the development of river 

systems (Tallis & Polasky, 2009).  
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Appendix A: Supplementary Information for all Chapters 

 

 
The following supplementary information provides tagging dates for all three-year tagging 

events, receiver deployments for all river and lake receivers. 
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Table A.1 Summary of mean tagging dates, number of smolts tagged per event, mean ± SD of fork length (LF, mm), weight (g) 
and tag burden (%). Tag burden is calculated by dividing the weight of the tag in air (1.7g) by the weight of the individual 
*100. Release group: SJB= St Johns Beck release group, TT, Trap and Transport release group.  

 

 

 

 

 

 

Tagged Date n =  Release Group FL (mm) ± SD (range) Weight (g) ± SD (range) Tag Burden (%) ± SD (range) 

01/05/2020 24 SJB 141.7 ± 5.55 (132 - 154) 30.2 ± 4.24 (24.6 - 41.4) 5.05 ± 0.67 (3.6 - 6.1) 

02/05/2020 35 SJB 138.3 ± 5.76 (130 - 157) 27.1 ± 3.68 (21.0 - 40.1) 5.60 ± 0.69 (3.7 - 7.1) 

03/05/2020 41 SJB 138.7 ± 7.32 (130 - 157) 27.1 ± 4.28 (21.4. - 39.4) 5.65 ± 0.77 (3.8 - 7.0) 

2020 Total  100  139.3 ± 6.49 (130 - 157) 27.8 ± 4.24 (21.0 - 41.4) 5.49 ± 0.76 (3.6 - 7.1) 

14/04/2021 1 SJB 153 35.6 4.2 

16/04/2021 6 SJB 149.3 ± 11.75 (136 - 164) 33.6 ± 8.73 (22.4 - 42.2) 4.74 ± 1.30 (3.5 - 6.6) 

18/04/2021 6 SJB 144.5 ± 5.16 (140 - 153) 30.6 ± 4.19 (26.0 - 38.1) 4.97 ± 0.62 (3.9 - 5.7) 

20/04/2021 10 TT 143.6 ± 7.08 (134 - 157) 31.0 ± 4.99 (24.8 - 39.8) 4.94 ± 0.78 (3.7 - 6.0) 

21/04/2021 6 TT 138.3 ± 5.35 (133 - 148) 28.2 ± 4.25 (23.9 - 35.6) 5.41 ± 0.76 (4.2 - 6.2) 

22/04/2021 8 TT 136.8 ± 5.89 (130 - 146) 27.6 ± 3.05 (23.1 - 32.7) 5.49 ± 0.60 (4.5 - 6.4) 

24/04/2021 8 SJB 139.3 ± 10.9 (132 - 161) 28.4 ± 6.99 (22.2 - 42.7) 5.51 ± 1.13 (3.5 - 6.7) 

25/04/2021 6 SJB 139.8 ± 6.86 (134 - 152) 28.1 ± 4.65 (23.4 - 35.4) 5.45 ± 0.82 (4.2 - 6.4) 

27/04/2021 17 SJB / TT 140.7 ± 7.73 (130 - 157) 29.2 ± 5.37 (21.3 - 40.7) 5.28 ± 0.91 (3.6 - 7.0) 

29/04/2021 10 SJB / TT 139.8 ± 8.96 (134 - 159) 28.9 ± 6.54 (22.3 - 44.5) 5.37 ± 0.95 (3.3 - 6.7) 

03/05/2021 34 SJB 142.5 ± 7.69 (131 - 158) 29.8 ± 5.25 (21.5 - 40.3) 5.18 ± 0.89 (3.7 - 6.9) 

04/05/2021 29 SJB / TT 141.4 ± 8.97 (131 - 164) 29.5 ± 5.72 (22.3 - 43.5) 5.25 ± 0.94 (3.4 - 6.7) 

05/05/2021 9 SJB 141.8 ± 4.62 (134 - 146) 28.8 ± 3.14 (24.5 - 32.6) 5.25 ± 0.59 (4.6 - 6.1) 

2021 Total  150  141.6 ± 8.09 (130 - 164) 29.5 ± 5.37 (21.3 - 44.5) 5.23 ± 0.88 (3.3 - 7.0) 

05/05/2022 29 TT 139.0 ± 0.04 (130 - 154) 27.5 ± 6.21 (21.2 - 37.9) 5.58 ± 4.17 (4.0 - 7.1) 

06/05/2022 10 TT 138.8 ± 0.01 (131 - 147) 27.9 ± 5.35 (24.2 - 35.4) 5.46 ± 0.69 (4.2 - 6.2) 

07/05/2022 16 TT 139.9 ± 7.47 (131 - 157) 28.5 ± 4.76 (21.7 - 39.5) 5.40 ± 0.86 (3.8 - 6.9) 

08/05/2022 13 TT 137.5 ± 5.06 (131 - 146) 26.1 ± 3.14 (21.9 - 31.5) 5.81 ± 0.67 (4.8 - 6.8) 

09/05/2022 13 TT 140.8 ± 6.34 (133 - 158) 28.8 ± 4.24 (23.8 - 40.4) 5.41 ± 0.66 (3.7 - 6.3) 

11/05/2022 20 TT 138.9 ± 9.20 (131 - 161) 27.9 ± 5.09 (21.7 - 40.2) 5.51 ± 0.86 (3.7 - 6.9) 

12/05/2022 6 TT 135.2 ± 3.19 (132 - 141) 24.9 ± 1.47 (23.4 - 27.5) 6.04 ± 0.34 (5.5 - 6.4) 

25/05/2022 8 TT 135.4 ± 4.60 (130 - 143) 25.6 ± 2.11 (23.2 - 29.4) 5.89 ± 0.47 (5.1 - 6.5) 

2022 Total  115  138.7 ± 6.65 (130 - 161) 27.4 ± 4.14 (21.2 - 40.4) 5.58 ± 0.75 (3.7 - 7.1) 
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Appendix B: Supplementary Information for Chapter 2. 

 

 
 

(Temporal patterns of spatial variation in migration success of Atlantic salmon in a riverine 

environment) 

 

 

 
The following supplementary information provides a summary of receiver deployment 

throughout the River Derwent during 2020-2022, illustrating receiver deployment through the 

sections. 
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Table B.1 Receiver deployment and detection efficiency (%) throughout the River Derwent in 2020. 

Type ID Latitude Longitude Section Days Deployed Detection Efficiency (%) 

River VR2W - 135755 54.614253 -3.066358 1 124 85 

River VR2W - 135758 54.603804 -3.156726 1 124 63.3 

River VR2W - 131692 54.631183 -3.185222 1 140 97 

Lake VR2Tx - 484127 54.631 -3.19965 2 170 -  

Lake VR2Tx - 484132 54.63624 -3.19685 2 170 71.9 

Lake VR2Tx - 484131 54.64032 -3.20462 2 170 81.2 

Lake VR2Tx - 484126 54.64524 -3.21021 2 170 74.2 

Lake VR2Tx - 484129 54.65089 -3.2147 2 170 83.3 

Lake VR2Tx - 484128 54.65688 -3.2198 2 170 93.1 

Lake VR2Tx - 484130 54.66289 -3.22435 2 170 89.3 

Lake VR2Tx - 484133 54.66846 -3.22904 2 170 100 

Lake VR2Tx - 484134 54.67368 -3.23457 2 170 100 

River VR2W - 126852 54.677578 -3.244023 3 124 100 

River VR2W - 135761 54.68775 -3.2968 3 125 90.9 

River VR2Tx - 484136 54.674407 -3.361235 3 139 40 

River VR2Tx - 484137 54.660141 -3.446216 3 124 90 

River VR2W - 135752 54.660059 -3.494656 3 124 - 

River VR2W - 135759 54.659476 -3.510356 3 124 - 

River VR2W - 135763 54.65398 -3.514249 3 139 - 

River VR2W - 126850 54.65531 -3.51643 3 139 100 

River VR2W - 135762 54.653565 -3.515852 3 139 75 

River VR2W - 135753 54.65387 -3.51774 3 139 12.5 

River VR2W - 135756 54.649443 -3.523675 3 139 - 

River VR2W - 135765 54.64715 -3.53169 3 125 100 
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Table B.2 Receiver deployment and detection efficiency (%) throughout the River Derwent in 2021. 

Type ID Latitude Longitude Section Days Deployed Detection Efficiency (%) 

River VR2W - 126852 54.60899 -3.06230 1 121 13.6 

River VR2Tx - 484133 54.61422 -3.06639 1 121 4.8 

River VR2W - 103996 54.60887 -3.10508 1 120 4.8 

River VR2W - 108496 54.59908 -3.15426 1 120 -  

River VR2W - 135753 54.60401 -3.15645 1 120 8.1 

River VR2W - 131692 54.62387 -3.17333 1 120 91.9 

Lake VR2W - 135760 54.63084 -3.18482 2 113 96.8 

Lake VR2Tx - 486174 54.63580 -3.19565 2 113 82.3 

Lake VR2Tx - 486177 54.63428 -3.20012 2 113 84.5 

Lake VR2Tx - 486172 54.64900 -3.21358 2 113 80.7 

Lake VR2Tx - 486169 54.65575 -3.21872 2 113 82.1 

Lake VR2Tx - 486180 54.66362 -3.22743 2 113 8.9 

Lake VR2Tx - 486173 54.66527 -3.22473 2 113 8.9 

Lake VR2Tx - 486175 54.66523 -3.23017 2 113 87 

Lake VR2Tx - 484132 54.66685 -3.22762 2 113 13 

Lake VR2Tx - 486179 54.66853 -3.22470 2 113 27.8 

Lake VR2Tx - 486178 54.66842 -3.23038 2 113 25.9 

Lake VR2Tx - 486181 54.66997 -3.22797 2 113 5.6 

Lake VR2Tx - 484136 54.66825 -3.23583 2 113 20.4 

Lake VR2Tx - 486167 54.67002 -3.23387 2 113 3.7 

Lake VR2Tx - 486171 54.67160 -3.23053 2 113 40.7 

Lake VR2Tx - 486170 54.67318 -3.22825 2 113 18.5 

Lake VR2Tx - 484135 54.67162 -3.23417 2 113 1.9 

Lake VR2Tx - 484137 54.67317 -3.23340 2 113 33.3 

Lake VR2Tx - 484129 54.67483 -3.23082 2 113 53.7 

Lake VR2Tx - 484127 54.67477 -3.23625 2 113 18.5 

Lake VR2Tx - 486176 54.67797 -3.23862 2 113 42.6 

Lake VR2Tx - 486168 54.67802 -3.23630 2 113 - 

Lake VR2W - 135765 54.67753 -3.24358 2 120 95.2 

River VR2W - 135758 54.68786 -3.29339 3 120 94.7 

River VR2W - 135752 54.68688 -3.30222 3 120 16.3 

River VR2W - 135762 54.67545 -3.36124 3 120 19.3 

River VR2W - 135754 54.66002 -3.44642 3 120 100 

River VR2Tx - 484134 54.65931 -3.50982 3 121 22.2 

River VR2W - 126850 54.65789 -3.51445 3 121 63.5 

River VR2Tx - 484126 54.65405 -3.51411 3 121 100 

River VR2W - 105520 54.65520 -3.51660 3 121 5.1 

River VR2W - 135757 54.65344 -3.51584 3 121 10.2 

River VR2W - 135756 54.65371 -3.51781 3 121 5.1 

River VR2W - 135761 54.64947 -3.52366 3 121 5.1 

River VR2Tx - 484131 54.64916 -3.53263 3 121 100 
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River VR2Tx - 484128 54.64728 -3.53188 3 121 38.2 

River VR2W - 135755 54.64649 -3.54242 3 121 12.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 



 206 

Table B.3 Receiver deployment and detection efficiency (%) throughout the River Derwent in 2022.  

Type ID Latitude Longitude Section Days Deployed Detection Efficiency (%) 

River VR2Tx - 480410 54.687067 -3.259025 3 117 25.7 

River VR2Tx - 486175 54.687814 -3.294135 3 117 89 

River VR2Tx - 486170 54.687100 -3.303152 3 117 84.1 

River VR2Tx - 486171 54.687903 -3.305247 3 117 87.8 

River VR2Tx - 484127 54.686985 -3.334159 3 117 97.6 

River VR2Tx - 484133 54.674626 -3.361275 3 117 98.6 

River VR2Tx - 486179 54.671285 -3.359235 3 117 88.9 

River VR2Tx - 484126 54.666754 -3.382345 3 117 17.5 

River VR2Tx - 484135 54.668371 -3.426363 3 117 20.6 

River VR2Tx - 486167 54.660023 -3.44642 3 117 98.4 

River VR2Tx - 486177 54.659557 -3.495688 3 117 98.3 

River VR2Tx - 484136 54.658603 -3.513464 3 118 5 

River VR2Tx - 486176 54.658015 -3.514325 3 118 20 

River VR2Tx - 484128 54.655016 -3.513884 3 118 - 

River VR2Tx - 486180 54.654103 -3.514076 3 118 - 

River VR2Tx - 484132 54.655388 -3.516561 3 118 - 

River VR2Tx - 486172 54.65344 -3.515840 3 118 96.7 

River VR2Tx - 486173 54.653886 -3.517737 3 118 71.7 

River VR2Tx - 484137 54.650037 -3.522877 3 118 - 

River VR2Tx - 484134 54.649454 -3.523680 3 118 100 

River VR2Tx - 486169 54.649118 -3.531626 3 118 - 

River VR2Tx - 486178 54.647551 -3.526661 3 118 - 

River VR2Tx - 486181 54.647275 -3.531879 3 118 -- 

River VR2Tx - 484131 54.646430 -3.542710 3 118 100 
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Appendix C: Supplementary Information for Chapter 3. 

 

 
 

(Investigating the migration patterns and characteristics of Atlantic salmon smolts through 

Bassenthwaite Lake) 

 

 

 
The following supplementary information provides examples of the migratory trajectories of 

acoustically tagged Atlantic salmon smolts (successful versus unsuccessful migrants) 

migrating through Bassenthwaite Lake in 2021 using Actel.  

 

 



 208 

 



 209 

 



 210 

 

 

 

 

 

 

Figure C.1 Migration plots of each successful lake migrant in Bassenthwaite Lake in 2021 (Chapter 3). Orange = lake 
entrance, Blue = migration through the lake, Green = lake exit. Receivers were given a name prior to analysis which is 
displayed on the y axis. Each plot represents an individual’s migration with date of migration displayed on the x axis. 
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Figure C.2 Migration plots of each unsuccessful lake migrant in Bassenthwaite Lake in 2021 (Chapter 3). Orange = lake 
entrance, Blue = migration through the lake, Green = lake exit. Receivers were given a name prior to analysis which is 
displayed on the y axis. Each plot represents an individual’s migration with date of migration displayed on the x axis. 
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