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1 | INTRODUCTION

Migration is the movement of animals between different habitats to
reproduce and forage (Hendry et al., 2004). Diadromy is a migratory
strategy that involves the predictable migration of fishes between

Abstract

It is thought that survival during migration is particularly poor for Atlantic salmon post-
smolts immediately after entry into sea and particularly in the estuarine environment.
Nonetheless, there is currently a lack of information on Atlantic salmon post-smolt move-
ment behaviour in estuaries in the UK. This study used acoustic tagging to estimate loss
rates and compare the behaviour of Atlantic salmon post-smolts migrating from two dis-
tinctly different rivers draining into the Clyde Estuary, the River Endrick (n = 145) and
the Gryffe (n = 102). Contrary to most literature, post-smolts undertook rapid migrations
through the estuary, potentially decreasing their exposure to predators/anthropogenic
stressors and reducing their estimated loss rates (river: 1%-3% km™; estuary:
0.20%-0.60% km™?). The low loss rates in the estuary occurred despite post-smolts
engaging in passive reversal movements with the tide upon entering the estuary, possibly
allowing them more time to adapt to the increased salinity. Atlantic salmon post-smolts
from both the rivers used similar migration pathways exiting into the coastal marine zone
during ebbing tide. This study provides novel information on the timing and migratory
routes of Atlantic salmon post-smolts in the Clyde Estuary that can ultimately be used to
inform management decisions on how to assess and reduce the potential impacts of cur-
rent natural and anthropogenic stressors. Temporal repeatability of this study over multi-
ple years is required to determine if there is variation in the factors driving the migratory

patterns and loss rates of smolts in this system.
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freshwater and marine environments during certain life stages
(Delgado & Ruzzante, 2020; McDowall, 2008). Anadromy is a form of
diadromy where individuals spawn in fresh water and often return to
the sea to feed (Quinn & Myers, 2004). The process of anadromy is
costly as it requires both physiological and behavioural adaptations
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that increase the amount of stress experienced by a fish and ulti-

mately their risk of exposure to both natural and anthropogenic
threats (Crozier et al., 2004; Delgado & Ruzzante, 2020; Zydlewski
et al., 2005).

The Atlantic salmon (Salmo salar L.) is a charismatic anadromous
salmonid that in Northern Europe undergoes long-distance migrations
during its first year at sea from its natal river to feeding grounds in the
North-East Atlantic (Holm, 2000; Jacobsen et al, 2012; Mork
et al., 2012; Ounsley et al., 2019). Currently, the Atlantic salmon is of
high conservation interest due to diminishing numbers throughout
their range (Gilbey et al., 2021; ICES, 2021). This decline has ulti-
mately led to the categorization of Atlantic salmon as an Annex Il spe-
cies under the EU Habitats and Species Directive while in their
freshwater habitat (Crozier et al., 2004; McLeod et al., 2005). This
directive establishes a network of locations for conservation of threat-
ened or at-risk species throughout Europe (MclLeod et al., 2005).
Despite considerable research aimed at understanding the freshwater
migration of Atlantic salmon, the global decrease in Atlantic salmon is
thought to be attributed to losses during marine migration (Parrish
et al., 1998; Thorstad et al., 2012a).

A smolt can be defined as a salmonid that has undergone physio-
logical changes in preparation for seawater entry (ICES, 2020; McCor-
mick et al., 2013; Stich et al., 2015). In Scottish waters, the seaward
migration of smolts is largely nocturnal and tends to coincide with
periods of high-water discharge and water temperatures of c. 8°C.
Smolt migration can be divided into passive and active movement.
Passive movement can be defined as the displacement of an individual
that is driven solely by water flow (Hedger et al., 2008). In contrast,
smolts may engage in active movement by swimming which can influ-
ence the direction and rate of displacement (Finstad et al., 2005;
Hedger et al., 2008). During their downstream riverine migration
smolts have been reported to orientate towards and migrate at similar
speeds to the prevailing current, suggesting that migration towards
the estuarine environment is a passive process (Martin et al., 2009;
Davidsen et al., 2005). Once smolts transition from their natal river to
the estuary they are then referred to as post-smolts (Chaput
etal., 2019).

In general, the estimated mortality rates of post-smolts in the
estuarine environment have been reported to be higher than those
during both their freshwater and early marine migration (Kocik
et al., 2009; Lacroix, 2008; Thorstad et al., 2012b). The few studies
that have estimated estuarine mortality have reported that the high-
est losses occur as smolts enter the estuary (Jepsen et al., 2006;
Davidsen et al., 2009; Shephard & Gargan, 2021). This may be attrib-
uted to smolts not being physiologically prepared to avoid novel
anthropogenic and natural stressors, such as fisheries (Holm
et al., 2006), aquaculture farms (Shephard & Gargan, 2021) and preda-
tors (Dieperink et al., 2002; Handeland et al., 1996). Upon entering
the estuary, post-smolts may require an acclimatization period to
adapt to the increased salinity (Dempson et al, 2011; Handeland
et al., 1996; Kocik et al., 2009). This acclimatization period is particu-
larly evident for smaller post-smolts, as they have reduced osmoregu-
latory capabilities (Handeland et al., 1996; Hedger et al., 2011). This

acclimatization period has been reported to last between 4 and 6 days
and is characterized by passive downstream-upstream movements
(defined as reversals) with the tide near the freshwater outlet
(Halfyard et al., 2013; Kocik et al., 2009).

After this period, post-smolts transition to more saline environ-
ments where they have been reported to shift from passive to active
swimming towards the estuarine outlet (Davidsen et al., 2009; Hedger
et al., 2008; Lacroix & McCurdy, 1996; Martin et al., 2009). Some
studies have reported that during this active migration period, post-
smolts remain relatively stationary during the day, then shift to active
migration during the night, leaving the estuary on an ebb tide (Hedger
et al., 2008; Martin et al., 2009; Moore et al., 1998). The variation in
diurnal behaviour may be related to foraging and predator avoidance
(Fiske et al., 2020; Hedger et al., 2008). Post-smolts are visual preda-
tors that feed throughout their early marine migration and may use
the light during the day to detect prey (Andreassen et al., 2001;
Hedger et al., 2008; Kadri et al.,1997). Furthermore, migrating towards
the marine environment during the night is thought to reduce the risk
of being detected by predators (Lefévre et al., 2011).

Research investigating the specific components of their migration
pathway where post-smolts are most vulnerable is essential to deter-
mine the potential mechanisms of population decline, and thus aid
management decisions for the species (ICES, 2020). In this study the
authors used acoustic tracking technology to monitor the movement
of Atlantic salmon post-smolts from two distinctly different river sys-
tems draining into the Inner Clyde Estuary: the River Endrick and the
River Gryffe in west-central Scotland. The Inner Clyde Estuary is part
of the Clyde Marine Region, which also consists of the Outer Clyde
Estuary and the Firth of Clyde (Marine Scotland, 2015; Figure 1; see
Methods).

The River Endrick is of particular interest as it has been classified
as a special area of conservation (SAC) due to important populations
of brook lamprey [Lampetra planeri (Bloch, 1784)], river lamprey
[Lampetra fluviatillis (Linnaeus, 1758)] and Atlantic salmon (JNCC/Joint
Nature Conservation Committee, 2019). Prior to reaching the Inner
Clyde Estuary, smolts migrating out of the River Endrick must travel a
minimum total distance of c. 30 km through the Loch Lomond catch-
ment (Honkanen et al., 2018), navigating through the largest freshwa-
ter body in Britain (Loch Lomond) and the River Leven (Maitland
et al., 2000). Acoustic telemetry studies conducted in the Loch
Lomond catchment have reported that smolts undertake very indirect
migration routes, and survival rates during migration through the loch are
extremely low (50%-57%; Honkanen et al., 2018; Lilly et al., 2021). The
low survival rates are thought to be attributed to the increased energy
expended while navigating through this region, which may increase the
risk of predation (Honkanen et al., 2018). Previous studies have indicated
that transporting salmonid smolts around migratory barriers increases
their likelihood of reaching the estuary (Rechisky et al., 2012). To test
whether high loss rates in the River Endrick and Loch Lomond could be
mitigated, in this study, a small proportion of Atlantic salmon smolts cap-
tured and tagged from the River Endrick were transported and released
in the upper River Leven, the river which connects Loch Lomond and the

estuary (Figure 1). Lastly, in comparison to the Loch Lomond catchment,
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FIGURE 1 Map of acoustic
receivers deployed (black crosses)
within the Clyde Marine Region (Inner
Clyde Estuary, Outer Clyde Estuary,
Firth of Clyde), and rivers draining into
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Loch Lomond (River Endrick) as well as
the Clyde Estuary (River Leven, River
Gryffe). The red diamonds represent A
receivers that were not retrieved, and
the yellow stars represent locations
where Atlantic salmon smolts were
released in this study (River Endrick: F8

n = 98, lat. 56.0492, long. —4.43991; £
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The blue triangles depict the locations
of operational fish farms (n = 16) in
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Scotland, 2022)
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the River Gryffe has limited obstructions to smolt migration. The abun-
dance of Atlantic salmon smolts in the River Gryffe is currently unknown.
However, due to the absence of a lake it was hypothesized that the fresh-
water mortality rate of migrating River Gryffe smolts would be lower than
for River Endrick smolts.

The main contemporary threats to Atlantic salmon migrating
through the Clyde Marine Region include the development of fish
farms and predation. Scotland is the second-largest producer of
farmed salmon in Europe, with net pen production occurring along the
western coast of Scotland (Tett et al, 2018; Whitmarsh &
Wattage, 2006). Currently, in the Clyde Marine Region (Figure 1)
there are active fish farms sites (n = 16), located on the east and west
coasts of Arran (n = 2) as well in two adjoining sea lochs (n = 14), with
plans to develop more in the coming years (Marine Scotland, 2022;
Figure 1). One of the main concerns with fish farms is that the high
density of farmed salmon contained in pens can enhance local popula-
tions of parasitic sea lice (Lepeophtheirus salmonis (Kroyer, 1837)
(Todd et al., 2006), which are known to cause osmotic stress and mor-
tality in post-smolts migrating in coastal zones (Finstad et al., 2000;
Shephard & Gargan, 2021; Susdorf et al., 2018).

Another concern is that there are a number of predators of salmon
smolts in the Clyde Estuary, including grey seals (Halichoerus grypus Fabri-
cius, 1791), common seals (Phoca vitulina Linnaeus, 1758), common dol-
phin (Delphinus delphis Linnaeus, 1758) and dogfishes (spurdog (Squalus
acanthias Linnaeus, 1758); lesser spotted dogfish (Scyliorhinus canicula Lin-
naeus, 1758) as well as a variety of seabird species including cormorants
(Phalacrocorax carbo sinensis) and herring gulls (Larus argentatus) that
migrate to the region each spring to breed (Dieperink et al., 2002; Gosch
et al., 2014; Halls-Spencer, 2001; Morgan et al., 1986). However the
extent to which these predators impact populations of Atlantic salmon in
Scottish estuaries remains unknown.

The overall purpose of this study was to elucidate the behaviour

of Atlantic salmon post-smolts in the Inner and Outer Clyde Estuary

T
-5.00 -4.50

(Figure 1). This study had three main objectives; the first objective
was to compare the freshwater and estuarine loss rates of Atlantic salmon
smolts emigrating from the Rivers Endrick and Gryffe and to test whether
individual characteristics of the fish influenced survival. We had two main
hypotheses regarding estuarine loss: (a) estuarine loss rate would be
higher than that of fresh water, and within the estuary the loss rate would
be highest in the inner reaches, and (b) estuarine loss would be dependent
on post-smolt size with larger post-smolts having a higher likelihood of
completing a successful migration.

The second main objective of this study was to examine the environ-
mental drivers of the movement of smolts through the Inner and Outer
Clyde Estuary. Our two main pathway hypothesis were: (a) that, consis-
tent with previous estuarine studies, post-smolts would engage in passive
reversal movements with the tide in the Inner Clyde Estuary (Halfyard
et al., 2017; Martin et al., 2009) and (b) as their migration progresses
towards the Outer Clyde Estuary (Figure 1) post-smolts would engage in
faster more unidirectional migrations towards the estuarine outlet, travel-
ling primarily during the night (Hedger et al., 2008). The last and third
objective of this study was to determine the main migratory pathways of
post-smolts in the Clyde Marine Region and compare the migratory pat-
terns of smolts from two different river systems. This information will
inform management of the potential overlap between Atlantic salmon

post-smolts and anthropogenic stressors during their spring migration.

2 | MATERIALS AND METHODS
2.1 | Description of study area
211 | Clyde Marine Region

The Clyde Marine Region is located on the west coast of Scotland and

is composed of the Clyde Estuary (Inner and Outer Clyde Estuary) and



LILLY ET AL.

ol - FISHBIOLOGY -

Firth of Clyde (Marine Scotland, 2015). The Firth of Clyde is the most
southerly fjord in the North Atlantic, and it extends c. 100 km into the
Scottish coast (Karunarathna, 2010; Thurstan & Roberts, 2010;
Figure 1). The Firth of Clyde system is heavily influenced by semidiur-
nal tides of up to 3 m (Bekic et al., 2006). Draining into the Firth of
Clyde is the Clyde Estuary, where the inner estuary extends for c.

40 km between the town of Greenock and the tidal weir in Glasgow,
whereas the outer estuary extends c. 30 km between Greenock and
Cumbrae (Figure 1). The Inner Clyde Estuary has been extensively
modified through dredging over the past few centuries to allow for
shipping and navigation: modifying it from a relatively shallow and
narrow estuary in the 17th century to a more open fjordic embayment
(Bekic et al., 2006; Karunarathna, 2010; Pye & Blott, 2014; Sabatino
et al., 2017). Six rivers (Rivers Clyde, Kelvin, White Cart, Black Cart,
Gryffe and Leven) supply the main freshwater input to the Clyde Estu-
ary, and the long-term average river inflow is c. 110 m® s™* (Bekic
et al., 2006; Karunarathna, 2010).

2.2 | Fish capture and tagging

Between 15 April and 4 May 2021, 145 Atlantic salmon smolts were
captured in a rotary screw trap in the River Endrick located 12.7 km
upstream of its confluence with Loch Lomond, and a minimum dis-
tance of c. 30 km from the Inner Clyde Estuary (lat. 56.0492°, long. -
4.43991°; Figure 1; Honkanen et al., 2018). Similarly, between 12 and
19 April 2021, 102 Atlantic salmon smolts were captured in a rotary
screw trap in the River Gryffe located 8.4 km upstream of its conflu-
ence with the Inner Clyde Estuary (lat. 55.8693°, long. —4.49366°;
Figure 1). Only smolts greater than 130 mm fork length (FL) and 20 g
mass were tagged with V7-2L acoustic tags (Innovasea). These tags
have a length of 20 mm and weight of 1.6 g in air. Tags were pro-
grammed to emit a signal of 69 kHz at 137 dB every 18-38 s giving
tags a lifespan of 75 days. Prior to tagging, smolts were anaesthetized
in 0.1 g I"Y of tricaine methanesulfonate (MS222) buffered with
0.1 g I"? of sodium bicarbonate. Once smolts entered stage three of
anaesthesia (loss of equilibrium), they were measured for weight
(g) and length (FL, mm). Using a scalpel, an incision of c.10 mm was
made in the ventral abdominal wall, anterior to the pelvic girdle and
the V7-2L-coded transmitter inserted into the peritoneal cavity. Dur-
ing surgery the smolts' gills were washed with a low dose of MS222
and river water to ensure they were supplied with oxygen and
remained sedated. Sutures were closed using two interrupted surgeon
knots with 4/0 Ethilon nylon sutures. Smolts were then placed into a
recovery tank until they retained equilibrium and exhibited normal
swimming behaviour, and then transferred into a container in the river
with free-flowing water for c. 45 min before being released.

Atlantic salmon smolts from the River Endrick were released at
two locations: 99 were released 10 m below the River Endrick trap
(dates: 15 April-4 May 2021; lat. 56.0492, long. -4.43991), whereas
46 were transported and released into the upper reaches of the River
Leven (c. 170 m downstream from the first deployed receiver) into
which Loch Lomond discharges (dates: 23-30 April; lat. 56.00761°,

long. —4.58749°). A maximum of five smolts were placed into a single
fish transport bag containing c. 5 | of water infused with pure oxygen
and sealed using cable ties. The transport bags were then placed in a
large black bucket and secured at the back of the transport vehicle.
The average travel duration from the River Endrick smolt trap to the
River Leven release site was c. 30 min. Once at the River Leven
release site, the smolts were placed into an in-river recovery container
for c. 45 min prior to release. For this paper, smolts released from the
River Endrick and River Leven are referred to as River Endrick release,
and River Leven release smolts, respectively. Both release groups
combined are referred to as River Endrick combined smolts. Data
from River Endrick and Leven smolts were combined for estuarine
analyses as they originated from the same population and displayed
similar rates of survival and migratory behaviour within the estuary.
Atlantic salmon smolts from the River Gryffe were released at only
one location, 10 m below the River Gryffe trap (dates: 12 April-24
May 2021; lat. 55.86952°, long. —4.49497°).

2.3 | Acoustic receiver deployment

For the purpose of analysing smolt movement through different habi-
tats, the authors divided the study area into three separate ecological
zones: the freshwater zone, estuarine zone and coastal marine zone
(Kocik et al., 2009). The freshwater zone included all freshwater habi-
tats; the estuarine zone (Clyde Estuary) was divided into two sub-
zones: the inner (Inner Clyde Estuary) and outer estuary (Outer Clyde
Estuary); and lastly, the coastal marine zone consisted of the Firth of
Clyde (Figure 1). Receivers deployed in the freshwater zone (n = 23)
included those deployed in the Loch Lomond catchment [River End-
rick (n = 17; VR2W, n = 4 and VR2Tx, n = 13; Figure 1 R1-R17) and
Leven (n = 3; VR2W, n = 2 and VR2Tx, n = 1; Figure 1, R18-R20)]
and River Gryffe (n = 3; VR2W, n = 2, VR2Tx, n = 1; Figure 1, R1-
R3), and comprised VR2W and VR2Tx receivers [Figure 1; see Lilly
et al. (2021) for a description of acoustic receiver types]. Acoustic
receivers used in this study have been reported to have a detection effi-
ciency of c. 80%-90% at distances of up to 200 m in riverine and estua-
rine environments (Honkanen et al., 2020). Receivers deployed at the
entrance and exit of each section of the freshwater zone spanned dis-
tances ranging from 52 m at the exit of the River Endrick to 153 m at the
exit of the River Gryffe, suggesting that receiver range would cover the
full width of the river. Acoustic receivers were deployed in the River End-
rick, River Leven and River Gryffe during 1 April to 5 July, 16 March to
5 July and 16 March to 20 July, respectively.

In the estuarine and coastal marine zones receiver sites were
labelled in alphabetical order based on decreasing longitude (Figure 1).
Receivers located adjacent to one another at the same site, providing
full shore-to-shore coverage, were referred to as monitoring lines,
whereas sites with a single receiver were referred to as monitoring
nodes (Kocik et al., 2009). In the estuarine zone, 18 acoustic receivers
(VR2W, n = 1; VR2Tx, n = 7 and VR2Ar, n = 10) were deployed in
the inner and outer estuary, during 10 April to 30 July. This consisted
of a monitoring line of five receivers deployed off the coast of
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Greenock, excluding D5 which could not be retrieved at the end of
the study (Figure 1, D1-D5), which allowed the authors to estimate
the number of smolts transitioning from the inner to the outer estu-
ary. Furthermore, to estimate the number of post-smolts transitioning
from the estuarine zone (Outer Clyde Estuary) to the coastal marine
zone (Firth of Clyde), four VR2Ars were deployed on the east and
west coasts of Little Cumbrae (line E), forming monitoring lines EE
(EE1-EE4) and EW (EW1-EWS4), respectively (Figure 1). The authors
were unable to retrieve two VR2ARs on the east coast of Little Cum-
brae (EE4, EE2). Lastly, in the coastal marine zone, eight VR2ARs were
deployed during 10 April to 30 July 2021 in Kilbrannan Sound located
off the west coast of Arran, forming monitoring line F (Figure 1). They
were unable to retrieve two VR2ARs in Kilbrannan Sound (Fé, F7).

2.4 | Statistical analysis

241 | False detections

All analyses in this study were conducted using R version 3.5.3
(R Core Team, 2019). Prior to data analysis, false detections were
removed. Detection data were filtered for false detections using the
short-interval criterion in the R package GLATOS (Holbrook
et al., 2018; Pincock, 2012). The short interval criterion was defined
as a single detection that occurred at one receiver within a duration
greater than 30 times the average signal delay (14 min) of the tag
(Hayden et al., 2016; Kneebone et al., 2014; Lilly et al., 2021). In addi-
tion, consecutive detections that occurred during a duration less than
the tag's minimum signal delay (18 s) were removed from the data set
(Hanssen et al., 2021). In total, 0.16% (n = 2151) of detections
(n = 1,332,256) were considered false. Therefore, 1,330,095 detec-

tions were used for analyses.

2.5 | Loss estimates

To determine regions that may pose the most risk to migrating salmo-
nids, the authors assessed the likelihood of smolts migrating through
receiver regions in the freshwater zone and past monitoring nodes/
points in the estuarine zone. In this study a successful migrant was
considered as a smolt that migrated through the freshwater and/or
the estuarine zone. Receiver regions in the freshwater zone included
the River Endrick, River Leven and the River Gryffe. Monitoring points
and nodes in the estuary included nodes and lines A, B and C, D, E
(EW, EE combined; Figure 1), respectively. Nonetheless, the detection
efficiency of acoustic telemetry is not always 100%, and therefore it
must be assessed when providing estimates of survival (Halfyard
et al., 2013). Receiver efficiency in the freshwater zone was assessed
for the final River Endrick receiver (Figure 1, R17) as well as for the
receivers deployed in the River Leven (Figure 1, R18-R19) and Gryffe
(Figure 1, R1-R2; excluding the final freshwater receivers) by calculat-
ing the proportion of smolts detected at a downstream receiver that

were not detected at the prior upstream receiver (Chavarie
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et al., 2021). Lastly, receiver efficiency in the estuarine zone was cal-
culated using a mark-recapture model as discussed next (Halfyard
et al., 2013).

2.6 | Mark-recapture model

Cormack Jolly Seber mark-recapture models (CJS) for live recaptures
(Cormack, 1964; Jolly, 1965; Larocque et al., 2020; Seber, 1965) have
been used in acoustic telemetry to estimate both migration success (S)
of the target species and the detection efficiency of acoustic receivers
(p) (Halfyard et al., 2013; Kocik et al., 2009; Larocque et al., 2020).
Here CJS models (logit-link) were fitted, using maximum likelihood
estimation, to determine the apparent success of River Endrick com-
bined and River Gryffe post-smolts past monitoring lines in the estua-
rine zone using the RMark package (Laake, 2013) in R, which is based
on the MARK programme (White & Burnham, 1999). Detection effi-
ciency (p) is calculated as the percentage of post-smolts detected at a
monitoring line that were missed on the previous. Sites used for this
analysis included the last freshwater receiver (release site), as well as
monitoring lines C, D and E (EW and EE combined) (Figure 1). Unfor-
tunately, p could not be estimated at monitoring line E (Figure 1) as
there were no monitoring lines beyond this point. CJS models were
fitted separately for River Endrick combined and Gryffe post-smolts
as River Gryffe post-smolts had a farther distance to travel to reach
the first monitoring line (Figure 1, D) in comparison to River Endrick
combined post-smolts.

The additional covariates included in the model assessing the
probability of migration success included release site (for River End-
rick combined only), monitoring line (C,D,E), FL and to test for poten-
tial tagging effects on survival tag burden was included (Halfyard
et al., 2013). Monitoring line (C,D,E) was the only covariate tested
against detection efficiency (p) (Larocque et al., 2020).

Goodness of fit of the global model () was tested prior to model
selection using the bootstrapping method (n = 1000 simulations) to
calculate the overdispersion parameter of the global model as dis-
cussed in Laroque et al. (2020). For the River Endrick combined model,
the estimated quasi-likelihood overdispersion parameter was greater
than one (1.13); therefore, overdispersion parameters were adjusted
and the quasi-likelihood AIC was calculated for each candidate model
(Halfyard et al., 2013). Models were then ranked according to their
QAIC values, and the optimal model was identified as the model that
had the lowest QAIC value and the highest model weight (Gibson
et al., 2015).

2.7 | Estuarine movement

271 | Spaceuse
The number of Atlantic salmon post-smolts detected at each receiver
in the estuarine zone was overlaid on a map to determine if they

exhibited preferred migratory routes through this region. X2 tests
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were then used to (a) determine if the distribution of post-smolts
detected at monitoring lines D and E (Figure 1) differed between the
River Endrick combined and River Gryffe post-smolts and
(b) determine if there was a significant difference between the num-
ber of post-smolts from each river detected at each receiver on moni-
toring lines D and E (Figure 1).

2.8 | Non-residency events

To determine the number of movements of post-smolts between
monitoring points and lines in the estuarine zone, non-residency
events were calculated using the RunResidenceExtraction function in
the VTrack package in R (Campbell, 2012). A non-residency event is
the movement of a post-smolt from one monitoring point/line to the
next. For the purposes of this analysis, monitoring locations in the estu-
arine zone included points A and B as well as lines C, D and
E. (Figure 1). In addition, monitoring line F in the coastal marine zone
was included to determine the amount of post-smolts migrating to the
west of Arran (Figure 1, F). Westward movements between monitoring
points/lines were categorized as forward, and eastward as reversals.
Reversal movements were minimum estimates and ranged in distance
from 3.66 (Figue 1, B to A) to 32.50 km (Figure 1, E to D).

2.9 | Environmental factors influencing non-
resident events

Circular statistics were used to assess whether the hour of the day
or tidal cycle influenced initiation of movements by post-smolts
within and out of the estuarine zone. To determine if post-smolt
movements were influenced by the time of day, the timing of back-
ward and forward movements was converted to degrees using R
packages circular (Lund & Agostinelli, 2018) with 0° reflecting mid-
night and 180° reflecting noon (Murray et al., 2018). The Rayleigh
test of uniformity was used to test whether the timing of move-
ments within, and exit from, the estuarine zone was random or
directed towards a specific time of day (Murray et al., 2018). Lastly,
movements during each hour of the day were visualized using cir-
cular rose diagrams (Murray et al., 2018). The variation in sunrise
and sunset periods for the duration of forward and backward
movements was calculated using the getSunlightTimes function in
the R package suncalc (time zone: Europe/London; Thieurmel &
Elmarhraoui, 2019) and plotted on the rose diagrams to help depict
daytime and night-time hours.

Water-level data from the inner and outer estuary was obtained
(1 April to 1 August; 15-min increments) from the Greenock (lat.
55.95, long. —4.77) and Millport (lat. 55.74, long. —4.93) stations,
respectively [UK Hydrographic Office (UKHO)]. The function
TidalCharacteristics in the R package Tides (Cox & Schepers, 2018)
was used to calculate the characteristics of the tidal water levels
observed at each station, including the tide maxima and minima that

occurred once in each tidal period. To enable the use of circular

statistics, each tidal period was converted to degrees, with low tide
represented as 0° and high tide as 180°. Because the tidal height
data were represented in 15-min periods, the timestamps when
post-smolts engaged in forward or backward movements were also
rounded to the nearest 15-min period. These were then converted
to degrees based on their time difference from low (0°) or high
(180°) tide for the specific tidal period in which they occurred.
Consistent with the time of day analysis, Rayleigh's test of unifor-
mity was then used to test whether the timing of forward and
backward movements was directed towards a specific tidal state,
and movements during each tidal state were visualized using circu-

lar rose diagrams (Murray et al., 2018).

210 | Ethical statement

The care and tagging of Atlantic salmon smolts complied with UK
Home Office regulated procedures as approved by UK Home Office
licence number PP0483054.

3 | RESULTS

3.1 | Tagging summary

In total, 247 Atlantic salmon smolts were tagged in two river systems
draining into the Clyde Estuary, the River Endrick and Gryffe. The
average FL and weight of Atlantic salmon smolts tagged in the River
Endrick (n = 145) were 143.31 + 0.80 mm (range: 130-174) and
29.80 + 0.51 g (range: 21.60-49.20), respectively. The average FL and
weight of Atlantic salmon smolts tagged in the River Gryffe were
149.20 + 1.00 mm (range: 132-183) and 34.05+0.66 g (range:
22.70-54.50), respectively.

3.2 | Freshwater zone loss
The final River Endrick receiver successfully detected all smolts
detected on the initial River Leven receiver (Table A1, A17; 100% effi-
ciency). However, the efficiency of the initial River Leven receiver
(Figure 1, R18) was low, only detecting 70% (n = 23) of River Endrick
release smolts that were detected on the nearest downstream
receiver. Efficiency estimates for the final River Leven (Table A1, R20)
and Gryffe receiver (Table A1, R3) could not be estimated.

Of the 99 smolts tagged and released in the River Endrick, 78%
(n = 77) were estimated to have failed to complete a successful migra-
tion through the freshwater zone. In addition, despite accounting for
the reduced detection efficiency of the initial River Leven receiver
(Table A1), smolts that were transported and released at the River
Leven still had a higher overall estimated loss rate through the River
Leven (n = 18; 3.32% km™%; Table 1) than those released from the
River Endrick (n = 11; 2.83% km™2). Lastly, the overall loss rate of
smolts in the River Gryffe (1.08% km™') migrating through the
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TABLE 1

The percentage of Atlantic salmon smolts captured and tagged in the River Endrick and River Gryffe that were detected at key

regions (freshwater zone) and monitoring points/lines (estuarine zone) in this study (Figure 1)

Endrick (total = 99)

Leven (total = 46)

Combined (total = 145)

Gryffe (total = 102)
1

Dist Endrick Dist Gryffe Lossrate Losskm™ Loss Loss Loss rate Loss km™ Loss rate Loss
Receiver loc. (km) (km) % (n) (%) rate % (n) km (%) % (n) (%) % (n) km™ (%)
Endrick 12.70 - 24(24) 191 - - - - -
Lomond 9.75 - 69(52) 7.11 - - - - - -
Leven 11.77 - 4(1) 0.37 39 (18) 3.32 28(19) 2.34 - -
LL catchment 34.22 - 78 (77) 2.27 - - - - - -
Gryffe - 8.14 - - - 9(9) 1.08
A - 4.87 - - - - - - 2(2) 041
B - 4.04 - - - - - - 1(1) 0.27
C 2.30 5.22 14 (3) 5.93 25(7) 10.87 20 (10) 8.70 15(16) 3.07
D 12.26 12.26 21(4) 1.72 0(0) 0 10 (4) 0.82 6 (5) 0.49
E 3343 3343 15(15) 0 0(0) 0 0(0) 0(0) 0(0) 0(0)
Clyde Estuary 47.99 60.59 32(7) 0.67 21(6) 0.45 28(14) 0.58 11(10) 0.18

Notes. For assessing freshwater zone loss rates, the Loch Lomond catchment was subdivided into three sections (River Endrick, Loch Lomond, River
Leven). The freshwater zone loss of River Gryffe smolts was assessed based on whether they were detected on the final River Gryffe receiver. Early
estuarine zone loss was based on the number of post-smolts detected at monitoring points/lines in the Clyde Estuary (Figure 1, A-E). Lastly, an overall
minimum estimate of loss was given for the freshwater zone (Loch Lomond Catchment; River Endrick release only) and estuarine zone (Est; Clyde Estuary;

see Methods for zone descriptions).

freshwater environment was substantially lower than both River End-
rick and River Leven release smolts (Table 1).

3.3 | Estuarine zone loss

In contrast to the freshwater zone, the overall difference in loss rate
between River Endrick (0.67% km™) and River Leven smolts
(0.45% km™) was small (0.22% km™1), and slightly lower for River
Leven smolts (Table 1). After the data from both groups were com-
bined, the total proportion of unsuccessful River Endrick combined
migrants in the estuarine zone (28%) was lower than that in the fresh-
water zone (66%; Table 1) In addition, although the overall loss rate of
River Endrick and Leven smolts in the freshwater zone was 2.27 and
3.32% km™3, respectively, it did not exceed 1% km~! in the estuarine
zone (Table 1). Loss rate appeared to decline with the distance River
Endrick combined post-smolts travelled in the estuarine zone
(Table 1). Mortality estimates were initially high, at 8.70% km™* during
the first few kilometres of their estuarine migration but then drasti-
cally declined as their migration progressed reaching 0% km™!
between monitoring lines D and E (Figures 1 and 2; Table 1).

For River Gryffe smolts there was little difference between overall
freshwater (9%) and estuarine zone loss (11%; Table 1). However, as
the two zones are vastly different in terms of migration travel distance,
the loss rate in the estuarine zone (0.18% km™) was six times lower
than that in the freshwater zone (1.08% km™%; Table 1). Consistent with
River Endrick combined post-smolts, the highest rate of loss for River
Gryffe post-smolts occurred within a few kilometres prior to monitoring
line C (Table 1; B to C: 5.22 km, 3.07% smolts km™) and then declined
to 0% smolts km™ between monitoring lines D and E (Table 1).

3.4 | Capture-mark-recapture model

For River Endrick combined and Gryffe post-smolts, migration suc-
cess through the estuarine zone was not dependent on FL, tag bur-
den, release site or receiver location. The best fitting model for both
rivers suggested that there was no difference in survival between
monitoring lines and that detection probability was similar among
consecutive monitoring lines (Table 2). The model-averaged migra-
tion success of post-smolts from the River Endrick and Gryffe
between monitoring lines in the estuarine zone was estimated to be
96% (Cl: 88%-99%) and 98% (Cl: 94%-99%), respectively; and the
average detection probability of post-smolts from the River Endrick
combined and River Gryffe at monitoring lines in the estuarine zone
was estimated to be 82% (Cl: 73%-89%) and 85% (Cl: 80%-90%),
respectively (Table 2).

3.5 | Migratory speed

On average it took River Endrick release smolts 15.99 + 7.07 (+ S.D.)
days to migrate through the entire freshwater zone (minimum dis-
tance: 34.22 km). Loch migration was substantially slower than riv-
erine migration for River Endrick release smolts. Migratory speed
was calculated by dividing the minimum distance a smolt could
travel to migrate downstream, divided by the duration of migration.
Therefore, successful Loch migrants (n = 23) travelled at an esti-
mated speed 0.03+0.02ms™ ! over 9.17 + 7.52 days (distance:
9.75 km; Table 3) through Loch Lomond. There was no substantial
difference between the estimated migration speed of River Endrick

release and River Gryffe release smolts in the riverine environment.



1292

e FISHBIOLOGY 2@

LILLY ET AL.

(a)

FIGURE 2 Maps representing the

56.05 P) /' ST 0 [ PN (AN\A. lf; < number of River Endrick combined
f 56.1 & /’/’ };’// ‘ h;:gv, 1}*1:‘2 (a,b) and River Gryffe (c,d) salmon
{ g % { o
// ,/ /\ﬁﬁ 2 i post-smolts that were detected at
o
§ f/‘fm \\,‘; \ monitoring points/lines in the
56.0 SRS R I . .
s }/ ’Fﬁ’ 3 Y estuarine and coastal marine zones
i /:,"/5 j; SN /b [see methods; Figure 1; A,B,C,D,E
et Jaae /t','f‘?. ¥ % «, | Greenock (EW,EE),F] and their movement
Greenock SR 5591 2 N 7 # Smolts o .
- 74 I . 10 pathways between monitoring points/
_— AN f ° 20 lines. The size of the circles in the
: 7 y ) \\q" 7 ° 30
5581 3 / N oG maps reflects the number of post-
4 3 smolts detected at a receiver. The total
55.85 . ey number of forward movements
y 557 ! QoS BEE between monitoring points/lines is
V= Litle Cumbrae .
e Al le ;’ NG P represented by the thickness of the
8 48 47 46 45 44 -54 -5.2 -50 48 green lines, and that of backward
=} .
£ movements is represented by the
5 (c) (d) thickness of the orange lines. # Smolts
J J P ” I iy v v
56.05 > will T ANCH F £ S ¢ 10.020. @ 30. # Smolts « 25. 0
I L0 R 50.075
] / < 48D | )
, 7 vy
56.00 / ; 1 / B\
- 560/ P );.‘.:,5 QB
H x r/':A }/ J -,'i.?’i"" ) ?)
) 7442 AR
55.05{° 4 7 7 1 Greenock
Greenock PP B i 559 /':‘,, 7 g ‘- 3 N # Smolts
C — T/ oy B .25
427 A e 50
55.90 ) \ ) y e75
* 558 / J4
o g
55.85 v e g #
v 5.7 W0l %};‘\i\ Litle Cumbrae -
oy (Y ? o 33 S ,. .
-4..8_’ 4.7 -46 -4.5 4.4 — 54 A‘gz .50 48
Longitude
On average Endrick release smolts travelled through the River End- 3.6 | Migration pathways

rick (12.70 km; n = 75) and River Leven (11.78 km; n = 22) at c.
02ms™}, over 240+3.29 and 3.92 +5.12 days, respectively
93)
migrated through the River Gryffe at c¢. 0.2ms™* over 5.06

(Table 2). In comparison, River Gryffe smolts (8.14 km, n =

+ 3.75 days (Table 2). The duration of the riverine migration of River
Leven release smolts was c. 2-3 times longer compared to River
Endrick and Gryffe smolts, taking c. 10 days to migrate c. 12 km,
respectively (Table 3).

River Endrick combined and River Gryffe smolts were first
detected entering the estuarine zone during 27 April 2021 and
15 April 2021, respectively, and were last detected in the estuarine
zone on 31 May and 15 May (final detection monitoring point E;
Figure 1), respectively. Based on the approximate distance from the
River Leven/Gryffe exit and monitoring line E (River Leven: 47.46 km;
River Gryffe: 59.32 km) the estimated speed of post-smolts through
the estuarine zone was c. 0.16 ms™* for River Endrick combined
(0.16 +0.09 ms™) and (0.16 £ 0.06 ms™Y) for River Gryffe post-
smolts. Speeds of post-smolts through the outer estuary [n = 95; D-E
(Figure 1), 0.28 m s™* + 0.14 m s™1] were found to be significantly fas-
ter than speeds through the inner estuary [release - D (Figure 1),
n = 107, 0.15 + 0.12 m s™%; independent sample t-test, t1gg = —7.23,
P < 0.01; Table 3].

Upon entering the inner estuary, 37% (n = 44) of post-smolts that com-
pleted a successful migration into the Firth of Clyde (n = 118) were
detected making a mean number of 1.75 + 1.16 reversal movements
(movements in the upstream direction) prior to exiting to the Firth of
Clyde (Figure 2). On average reversals were found to occur 1.55
+ 143 days (range: 0.04-5.91) after exiting the freshwater zone. The
mean number of reversals per individual was similar between both River
Endrick combined and River Gryffe post-smolts (River Endrick combined,
n = 7; 1.14 + 0.38; River Gryffe, n = 37; 1.86 + 1.23). The remaining
62% (n = 72) post-smolts that completed a successful migration through
the estuary were not detected making reversal movements.

The highest proportion of detected reversals in the inner estuary
for both successful River Endrick combined and River Gryffe post-
smolts were detected between the receivers located closest to the
freshwater outlet (Figure 2). For River Endrick combined post-smolts
and River Gryffe post-smolts 78% (n = 7) and 72% (n = 63) of back-
ward movements were detected between monitoring line C and point
B and points B to A, respectively (Figures 1 and 2).

There was no significant difference between the number of
detected River Endrick combined and River Gryffe post-smolts at

each receiver at monitoring line D (Figures 1 and 2; ;(g =3.32,
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TABLE 2

Pool of the top five tested Cormack-Jolly-Seber models for River Endrick combined and River Gryffe salmon post-smolt migration

success (S) in the estuarine zone (Figure 1, Clyde Estuary) and detection probability (p)

Location Model QAIC Delta AIC

Endrick S(.) p(.) 143.62 0
S(FL) p() 144.67 1.05
S(Release) p(.) 145.68 2.06
S(Location) p(.) 147.0 3.38
S(.) p(Location) 147.47 3.85

Gryffe S() p(.) 133.12 0
S(.) p(Location) 133.86 0.75
S(TMR) p(.) 134.80 1.68
S(FL) p(.) 135.04 1.92
S(TMR) p(Location) 135.45 2.34

QAIC weights No. of parameters QDeviance
0.40 2 11.14
0.24 3 138.47
0.14 3 11.10
0.07 4 10.28
0.06 4 10.75
0.29 2 5.89
0.20 4 251
0.13 3 128.70
0.11 3 128.94
0.09 5 125.20

Notes. Covariates as predictors of S included release site (only for River Endrick combined post-smolts), monitoring line (Figure 1, C,D,E) (EW and EE
combined), fork length and tag to body mass ratio (TMR). Monitoring line was the only covariate tested against p. Models were ordered based on quasi-

likelihood QAIC.

TABLE 3 Mean migration speed (m s™2) of smolts released from the River Endrick (End), Leven (Lev) and Gryffe (Gry) as well as the Endrick
and Leven combined (Combo) as they migrate through the freshwater zone [Loch Lomond catchment (End, Lev, Combo; Figure 1, R1-R20), River
Gryffe (Gry; Figure 1, R1-R3)] and the estuarine zone (Combo/Gry; Figure 1 A-E)

Zone Location Release site No. Start
Fresh Endrick End 75 R1
Lomond End 23 R17
Leven End 22 R18
Lev 28 R18
LL Catchment End 22 R1
Gryffe Gry 93 R1
Est Inner Estuary Combo 37 A
Gry 70 A
Outer Estuary Combo 31 D
Gry 64 D
Estuary Combo 36 A
Gry 80 A

End Distance (km) Speed (ms™) + SD Time (days) + S.D.

R17 12.7 0.23 £0.25 240+ 3.29

R18 9.7 0.03 £ 0.02 9.17 +7.52

R20 11.78 0.23+0.15 3.92+512

R20 11.78 0.03 £ 0.04 10.64 + 11.57

R20 34.22 0.03 £ 0.01 15.99 £+ 7.07

R3 8.14 0.22 +0.16 5.06 + 3.75

D 14.84 0.19 £0.17 1.60 £ 1.21
26.30 0.13 £ 0.07 3.23+1.87

E 33.12 0.25+0.16 222 +1.57

E 33.12 0.29 +0.12 1.76 £ 1.55

E 47.99 0.16 £ 0.09 475 £ 3.30

E 60.59 0.16 + 0.06 5.18 + 2.66

Note. The total number of smolts used in this estimate (No.) is based on the number of smolts detected at both the start and end points of each

measurement (Figure 1).

P = 0.35). In addition, the number of post-smolts from both groups
detected at each receiver was found to not differ significantly from
the expected distribution (River Endrick combined: ;(§ =7,P=0.07;
River Gryffe: )(% =4.32, P = 0.23; Figure 2).

On monitoring line E (Figure 1), a higher proportion of River Endrick
combined and River Gryffe post-smolts were detected on the west side
(EW) of Little Cumbrae (Figures 1 and 2; River Endrick combined: n = 36,
25%; River Gryffe: n = 78, 75%); vs. the east side (EE) (River Endrick com-
bined: n = 3, 2%; River Gryffe: n = 2, 2%). For River Endrick combined
3 =14.61,
P = 2.18 x 10~%) between the proportion of post-smolts detected at

post-smolts, there was a significant difference

each receiver to the east of Little Cumbae (Figures 1 and 2b), but not

for River Gryffe post-smolts (;(% =1.67, P = 0.64, Figure 2d). The high-
est proportion of River Endrick combined post-smolts (n = 29, 81%)
were detected at the EW2 receiver (Figures 1 and 2b).

3.7 | Environmental predictors of movements
and exit
3.7.1 | Tidalstate

The timing of forward and reversal movements in the estuarine zone

(monitoring lines A-E) was found to be dependent on the tidal state
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(forward: z = 0.36, P < 0.001; backward: z = 0.83, P < 0.001). The cir-
cular mean degree of forward movements occurred at 241.54 + 1.43°,
indicating that post-smolts engaged in forward movements during
ebb tide (Figure 3a). The circular mean degree of reversal movements
occurred at 24.04 + 0.61°, indicating that post-smolts engaged in
reversal movements during the beginning of flood tide (Figure 3b).
The mean duration of half the tidal range for dates when successful
post-smolts were detected in the estuarine zone (n = 16) was 6.22
+0.62 h; by converting the circular mean degree to hours this
assumes that on average forward and reversal movements occurred
at c. 2.13 h after high tide and 0.82 h after low tide, respectively.

The average range of sunrise and sunset times (hh:mm) when suc-
cessful post-smolts (n = 108) engaged in forward movements (n = 381)
in the estuarine zone (20 April 2021 to 28 May 2021) ranged from
04:47 to 05:43 and from 20:52 to 21:48, respectively (Figure 3d). Fur-
thermore, the average range of sunset times when successful post-
smolts (n = 40) engaged in reversal movements (n = 67) in the estua-
rine zone (23 April 2021 to 27 May 2021) ranged from 04:48 to 05:54
and from 20:42 to 21:46, respectively (Figure 3e). The timing of for-
ward (Figure 3d) movements was dependent on the time of day (for-
ward: z = 0.26, P = 0). On average post-smolts engaged in forward
movements during the night, the mean time (hh:mm) they initiated a
forward movement occurred at 23:47 + 01:38 (Figure 3d). Contrary to
forward movements, the timing of reversal movements was not depen-
dent on the time of day (reversal: z = 0.21, P = 0.06; Figure 3e).

3.8 | Final movements

The final detection of post-smolts in the outer estuary (Figure 1; mon-
itoring line E) was also found to be dependent on tide state with suc-
cessful post-smolts migrating out of the outer estuary during ebb tide
(z = 0.35, P <0.001; Figure 3c). The mean circular degree of post-
smolts’ final detection at monitoring line E (Figure 1) was 290.07
+ 1.44° (Figure 3c). Based on the mean duration of half the tidal cycle
when post-smolts were present in the estuarine zone (indicated
above), this assumes that they migrated out of the outer estuary at c.
3.8 h after high tide. However, final detections were found to be not
dependent on time of day (z = 0.06, P = 0.62; Figure 3f).

4 | DISCUSSION

This study has provided new insights into the freshwater and estua-
rine migration of Atlantic salmon post-smolts moving through the
Clyde Estuary. Consistent with the authors’ hypothesis, the freshwa-
ter loss rates of post-smolts migrating from the River Gryffe
(1.08% km™) were found to be approximately half than for fish
released from the River Endrick (2.27% km™?; Table 1). Previous stud-
ies have indicated that freshwater mortality is positively associated
with the total length of a system, as well as the presence of anthropo-
genic barriers and lakes (Chaput et al., 2019; Lilly et al., 2021; Stitch
et al, 2015). Lilly et al. (2021) assessed the movement of smolts

through the Loch Lomond catchment and reported high travel times
(c. 5days) and high overall freshwater mortality in the loch (43%).
Consistent with this study, here the authors report that smolts also
experienced long travel times (c.9 days) and, after accounting for the
detection efficiency of receivers (Table Al), still experienced high
overall mortality (56%) in Loch Lomond.

In comparison to smolts that had to navigate through the entire
Loch Lomond catchment (nominally River Endrick release smolts in
this study), transporting smolts around Loch Lomond (nominally River
Leven release smolts) did appear to increase the overall likelihood and
absolute number of smolts surviving to the Clyde Estuary. However,
the rate of loss defined as the rate per distance travelled (% per kilo-
metre) of smolt movement through the freshwater environment (all
habitat types combined) was lower for River Endrick released smolts.
This high rate of loss near the release site for River Leven release
smolts may be related to the stress induced by transport. In hatchery-
reared salmonid smolts this effect has been reported to last up until
48 h after transport and increases the likelihood of mortality (Iversen
et al., 1998, 1998; Rechisky et al., 2012; Schreck et al., 1989). Further-
more, transported smolts have been reported to have reduced overall
marine survival, which is potentially related to impaired homing abili-
ties (Keefer et al., 2008). Therefore, before transporting smolts is
implemented by managers as a management technique, more research
is needed to determine: (a) how transport-induced stress can be miti-
gated and (b) whether transporting smolts increases the overall adult
return rate.

Successful estuarine migrants in this study (River Endrick com-
bined, n = 36; River Gryffe, n = 80) were found to be present in the
Clyde Estuary only for a relatively short period (the last week in April
to the second week of May). Contrary to the authors’ hypothesis,
here they show that estuarine zone loss rates for both River Endrick
combined and River Gryffe smolts were lower than those for the
freshwater zone loss rates and this difference was greatest for River
Endrick released smolts.

Contrary to some estuarine studies, the authors did not find a sig-
nificant effect of fish FL on migration success (Dieperink et al., 2002;
Halfyard et al., 2017; Lacroix, 2008). Larger post-smolts are thought
to be better able to evade predation because of increased swimming
and osmoregulatory capacities (Dieperink et al., 2002; Fuiman &
Magurran, 1994). Smolts with reduced osmoregulatory capacities are
more likely to be physiologically stressed which may ultimately reduce
their oxygen-carrying capacity and decrease their swimming ability
(Handeland et al., 1996; Heisler, 1980). In this study, the size of smolts
tagged was limited to fork length and weight greater than 130 mm
and 20 g, respectively, and therefore there was a bias towards the
larger individuals from the cohort. This ensured that the tag burden
did not exceed c. 7% (mean TMR; River Endrick: 5.6 + 0.8%; River
Gryffe: 4.9 +0.09%), the ratio at which tag burdens have been
reported to negatively affect survival in salmonids (Brown et al., 2010;
Smircich & Kelly, 2014). Therefore, the smolts tagged in this study
may not accurately reflect the wider population of Atlantic salmon
post-smolts migrating through the Clyde Estuary, and future studies
should use smaller tags to test this hypothesis.
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FIGURE 3 Rose diagram depicting the influence of tidal phase (a,b,c) and time of day (hours; d,e,f) when Atlantic salmon post-smolts engaged
in forward (a,d) and reversal (b,e) movements and exited the estuarine zone (c,f), respectively. The orange and green arrows reflect the mean
circular degree in the tidal phase (a,b,c), and mean time of day (d,e,f) when these movements occurred. In the time-of-day plots (d,e,f) the yellow
and orange shaded bars reflect the variation in times when sunrise and sunset occurred throughout the time period when forward (20 April 2021
to 28 May 2021) and reversal movements (23 April 2021 to 27 April 2021) were initiated as well as exit movements (22 April 2021 to

31 May 2021)

Furthermore, loss rates of post-smolts in estuaries are thought to
be positively associated with the complexity of the system, as preda-
tors of Atlantic salmon are known to utilize the tide to predict when
fishes will migrate past constriction points (Hastie et al, 2016;
Zamon, 2001). This pattern was shown by Chaput et al. (2019) who
assessed post-smolt movement through two estuaries on the east
coast of Canada and reported that loss rates were lower for post-
smolts migrating through a wide-open bay (5%-33% loss rate) in com-
parison to the semi-enclosed constricted estuary (18%-72%) (Chaput
et al., 2019). However, this pattern was not consistent among other
studies that have reported relatively low levels of loss for post-smolts
migrating through complex fjord systems (Dempson et al., 2011; Half-
yard et al., 2012). This suggests that loss rates of post-smolts in estuar-
ies may be the result of a complex combination of local stressors as well
as the physical and geographic nature of the system (Chaput
et al., 2019).

The unexpectedly low overall mortality rates of post-smolts in the
Clyde Estuary may be a combination of the low complexity of the
estuary and low abundance of predators. The highest loss rates of

post-smolts in this study occurred as they migrated past monitoring

line C (Figure 1; Table 1). This region served as the main migratory
constriction point in the estuarine zone for both River Endrick com-
bined and Gryffe post-smolts. At this location, River Endrick combined
post-smolts had just exited from the River Leven, whereas River
Gryffe post-smolts would have migrated c. 9 km from their river out-
let through a narrow channel that has a maximum width of 200 m at
high tide (Bekic et al., 2006).

In addition, during their first few days in the estuarine zone, 37%
(n = 44) of successful estuarine migrants from both the River Endrick
combined and River Gryffe fish were found to engage in around two
reversal movements (movements upstream) in the inner estuary, and
these were paired with tidal movements. These reversal movements
are common among estuarine studies of smolt migration and are
thought to be driven by a need to acclimatize to the increased salinity
(Dempson et al., 2011; Halfyard et al., 2013; Hawkes et al., 2017;
Kocik et al., 2009). Therefore, in this study, the high loss rate of post-
smolts near monitoring line C may be due to the longer duration some
post-smolts spent in the inner, as opposed to the outer, estuary. How-
ever, in this study the authors were unable to accurately decipher the

behaviour of unsuccessful migrants from predators, and determine
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whether their behaviour differed significantly from that of successful
estuarine migrants (Daniels et al., 2018).

Unlike the inner estuary, once post-smolts from both river sys-
tems successfully migrated past monitoring line D (Figure 1), there
were no observed mortalities or reversal movements. Nonetheless,
the reduction in observed reversal movements may be due to reduced
receiver infrastructure in this region and thus poor detection of such
movements. Forward movements out of the estuary were found to
occur mainly during the night. The underlying reason for nocturnal
movement of post-smolts in the Clyde Estuary is not known. How-
ever, some studies have hypothesized that post-smolts migrate during
the night to decrease the chance of being spotted by predators and
that they utilize daylight hours to feed during their estuarine migration
(Andreassen et al., 2001; Fiske, 2020; Kadri, 1997).

Previous studies have reported that in estuaries with weak salin-
ity gradients and tidally driven currents, smolts appear to actively
migrate towards the estuarine outlet regardless of the direction of
current (Bkland et al., 2006; Thorstad et al., 2004). In contrast, the
ground speed and number of net-seaward movements of smolts in
estuaries with strong salinity gradients and tidally driven currents
appear to be positively correlated with salinity and the outflowing tide
(Martin et al., 2009). The salinity of the water near monitoring line C
(Figure 1) where most reversal movements were recorded ranges from
¢. 20 to 25 ppm during low to high water, respectively (Allen, 1966) and
is heavily influenced by freshwater input mainly from the Rivers Clyde
and Leven. In comparison, the salinity of the surface water near moni-
toring line D (Figure 1) ranges from 24 to 32 ppm during low to high
water, respectively (Allen, 1966). The higher salinity at monitoring line
D (Figure 1) is due to its proximity to the sea as well as the displace-
ment of inflowing freshwater water into surrounding sea lochs during a
flood tide (Allen, 1996). In addition, the geography of the plateau
extending across from monitoring line D creates a strong seaward resid-
ual current in the surface layer (Allen, 1966).

In the study reported here, the authors were unable to measure
salinity or current speed at monitoring points and lines in the Clyde
Estuary, which prevented the authors from determining whether
post-smolts were actively swimming with the current. Nonetheless,
due to the higher survival rates and swim speeds of post-smolts in the
inner compared with the outer estuary, we can hypothesize that post-
smolts were using both salinity gradients and currents to efficiently
navigate through the outer estuary. This hypothesis is further sup-
ported by the fact that most post-smolts were detected leaving the
estuarine zone mainly on the west side of Little Cumbrae (Figure 1)
where the principle ebb tide flow is orientated (Davies &
Mofor, 1990; Sabatino et al., 2017).

Based on the findings of this study it appears that the risk to
post-smolt salmon migrating from the Rivers Endrick and Gryffe in the
Clyde Estuary may currently be low. In the Clyde Marine Region there
are currently active salmon farms within two adjoining sea lochs and
along the coast of Arran (Marine Scotland, 2022; Figure 1). Sea lice
larvae are known to drift up to 30 km with local currents for c. 4 days
prior to settling at new locations as adults (Adams et al., 2016; Rees

et al., 2015). Therefore, lice from farms in the Outer Clyde Estuary

could drift into the inner estuary (Adams et al., 2016; Krkosek
et al., 2009; Rees et al., 2015). The likelihood of infestation has been
positively correlated with the salinity in the region, and mortality is
thought to occur when smolts spend greater than a few weeks near a
site (Krkosek et al., 2009). Therefore, due to the large freshwater input
into the Inner and Outer Clyde Estuary and short duration smolts
spent in this region (c. 5 days) the risk of River Endrick and Gryffe
post-smolts becoming exposed to sea lice is likely low. Nonetheless,
once smolts enter the Firth of Clyde their risk of sea lice exposure
may increase as salinities near the surface more closely resemble full-
strength sea water (c. 33 ppt; Slesser & Turrell, 2005). Because few
smolts were detected on line F, it is assumed that they migrate along
the east coast of Arran to reach the Irish Sea. Future studies are
required to determine the duration spent in this region and potential
risk of fish farm exposure.

Fishing in the Clyde Estuary is now dominated by a Nephrops fish-
ery primarily captured using benthic otter trawls (Thurstan &
Roberts, 2010). In the estuarine environment, the risk of overlap
between migrating salmon post-smolts and fisheries conducted on, or
near, the seabed is likely low, as both post-smolt and adult migrant
salmon have been consistently reported to spend over 95% of their
time near the surface (1-3 m depth) (Davidsen et al., 2008; Hedger
et al., 2009; Holm et al., 2006; Newton et al., 2021). It is important to
note that although this study provides important baseline information
on the loss rates and potential drivers of post-smolt migration through
the Clyde Marine Region, results are limited to only 1 year. Therefore,
temporal repeatability of this project over multiple years is required to
determine whether migratory patterns and survival rates reported are
consistent across time (Thorstad et al, 2012a, 2012b; Chaput
et al., 2019). In addition, it is highly plausible that smolts migrating
from other river systems draining into the Clyde Estuary may exhibit
differing migratory patterns which may result in a very different risk
of exposure to anthropogenic stressors than that reported here.

In conclusion, this study found that Atlantic salmon post-smolts
migrating through the Clyde Estuary emanating from the River Endrick
and Gryffe experience relatively low mortality rates, which may in part
be attributed to the short period of time they spend in this region.
This suggests that loss of salmon during migration from the River End-
rick and Gryffe is thus more likely the result of mortality experienced
during migration in the freshwater environment (for the River Endrick)
or further out to sea (for the River Gryffe population) (Marine
Scotland, 2021). More information concerning the drivers of loss of
post-smolts in the Clyde Estuary is still needed as even low estuarine

loss rates could have a population level effect (Davidsen et al., 2009).
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APPENDIX A
Region  Rel. No. Rl R2 R3 R17 R18 R19 R20 TABLE A1 Total number of Atlantic
salmon smolts (No.) tagged and released
LL End 99 - - - 75 23 19 22 (Rel) in the River Endrick (End), Leven
0 (10) 3 ) (Lev) and Gryffe (Gry) that were detected
Leven Lev 46 - - - - - 13 28 at the exit of the River Endrick (Figure 1,
(15) (=) R17), and within the River Leven
Leven End com 145 : : } ) : 32 50 (Figure 1, R18-R20) and Gryffe (Figure 1,
(18) ) R1-R3), respectively
Gryffe Gry 102 99 (0) 93 (0) 93 (-) - - - -

Note. Receivers are labelled in sequential order towards the exit of the Clyde estuary. Receiver efficiency
for River Leven release smolts was not estimated for the first River Leven receiver, as smolts were
released a ~170 m downstream of the receiver. The number of salmon smolts that were not detected at
a receiver but were detected at the subsequent downstream receiver is indicated by brackets.
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