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pathways frequently deviated away from the outlet 
river. There was no evidence of a morphological or 
behavioural trait or migratory pathway that distin-
guished successful from unsuccessful smolts. This 
suggests that migration movement direction in the 
main body of Loch Lomond appeared to be random. 
This was further supported by the output of a corre-
lated random walk model which closely resembled 
the pathway and migration speed and distance pat-
terns displayed by successful migrants. However, 
once successful smolts came within ~2 km of the lake 
exit, a high proportion remained in this region prior to 
entering the River Leven. We suggest that this “goldi-
locks zone” is where directional cues become appar-
ent to migrating fish. Future studies should combine 
random walk models with environmental variables 
to determine if external factors are driving the appar-
ently random movement patterns exhibited by smolts 
in lakes.
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Introduction

Migration is the process of animals transitioning 
amongst different environments, interspersed with 
periods of residency and can often vary based on life 
stage (Mueller and Fagan 2008; Avgar et  al. 2014). 
Migration differs across temporal and spatial scales and 

Abstract The Atlantic salmon, Salmo salar Lin-
naeus 1758, is a charismatic, anadromous species 
that has faced dramatic declines throughout its range. 
There is currently a lack of information on the effect 
of free-standing bodies of water on a key life event, 
sea migration, for the species. This study extends 
our understanding in this area by combining acoustic 
telemetry with a correlated random walk model to try 
to examine potential morphological and behavioural 
factors that differentiate successful from unsuccess-
ful migrants through Scotland’s largest lake. Consist-
ent with other studies, we found that smolts experi-
enced a high rate of mortality in the lake (~ 43%), 
with approximately 14% potentially predated upon 
by birds and 4% by Northern pike. Migration speed 
in the lake was slow (the mean minimum movement 
speed between centres of activity was 0.13 m/s), and 
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across species and is often initiated by the need to avoid 
predation, mate or find food (Mueller and Fagan 2008; 
Avgar et al. 2014; Tamario et al. 2019). Long distance 
migration is relatively common in avian and marine 
animals, which often traverse large expanses of ocean to 
reach their feeding or mating grounds (Alerstam et al. 
2003; Hunt et al. 2018; Horton et al. 2020; Vogel et al. 
2021).

One group of animals that undergo long distance 
migrations through multiple habitat types are 
diadromous fishes (Limburg and Waldman 2009). A 
number of diadromous fish species have experienced 
dramatic declines throughout their range due to 
disruption of habitat connectivity due to anthropogenic 
barriers such as weirs, dams and hydropower facilities 
(Dadswell and Rulifson 1994; Birnie-Gauvin et  al. 
2018; Puijenbroek et  al. 2019). Many freshwater 
systems have anthropogenic barriers impeding fish 
movement, as well as lakes that diadromous fishes 
must navigate through to reach the marine environment 
(Limburg and Waldman 2009; Nunn and Cowx 2012; 
Honkanen et al. 2018, 2021). How diadromous fishes 
navigate through standing waters is poorly understood 
(Honkanen et al. 2018; Lennox et al. 2021; Honkanen 
et al. 2021).

The Atlantic salmon, Salmo salar Linnaeus, 1758, 
is an anadromous species commonly studied because 
of its cultural and economic importance throughout 
Europe and North America and is a prime candidate 
to study migration behaviour through standing bodies 
of water (Klemetsen et al. 2003; Thorstad et al. 2012; 
Honkanen et  al. 2018). Atlantic salmon populations 
are distributed throughout river systems draining into 
the North Atlantic, and many of these populations are 
currently listed as threatened or endangered (Thorstad 
et al. 2011). The focus of this paper is on the smolt 
stage of the Atlantic salmon life cycle. A smolt can 
be defined as a young freshwater salmonid that has 
undergone physiological and morphological changes 
that allow them to adapt to the marine environ-
ment (McCormick et  al. 1985; Thorstad et  al. 2012; 
Zydlewski et  al. 2014). Loss rates during this life 
stage are high and have been reported to vary between 
0.3 and 7.0% per km migration distance in river sys-
tems (Jepsen et al. 1998; Thorstad et al. 2012).

A large proportion of river catchments that sup-
port salmon populations flow through large free-
standing bodies of water through which smolts must 
navigate before entering the marine environment 

(Honkanen et  al. 2018). For example, in Norway 
approximately 1/3 of river systems drain through 
lakes (Hanssen 2020), and in Scotland, there are 
approximately 30,000 lakes many of which are 
components of Atlantic salmon rivers (Smith and 
Lyle 1979). Smolt riverine migration has been well 
studied and it has been reported that smolts utilize 
currents to rapidly migrate downstream towards 
the marine environment (Lacroix et  al., 2004a, b; 
Svendsen et  al. 2007; Davidsen et  al. 2009). How-
ever, in standing bodies of water with a lack of 
directional flow, we do not know what cues smolts 
use, or behaviours they adopt, to successfully 
migrate through this environment (Honkanen et  al. 
2018; Hanssen 2020; Lennox et  al. 2021). This is 
particularly important in interpreting how newly 
created standing waters (impoundments) may influ-
ence smolt migration success.

One technique that can help to further our under-
standing of smolt behaviour through standing bod-
ies of water is passive acoustic telemetry (Honkanen 
et al. 2018, 2021; Hanssen 2020). This is a technique 
commonly used to assess the behaviour and survival 
of fishes (Hussey et  al. 2015). The few studies uti-
lizing acoustic telemetry to assess smolt migration 
through lakes have indicated that smolts experience 
disorientation and migration speed is slow (Aarestrup 
et  al. 1999; Thorstad et  al. 2011; Honkanen et  al. 
2018). Honkanen et  al. (2018) assessed the move-
ment of Atlantic salmon smolts (n = 10) through Loch 
Lomond, Scotland, using a small array of acoustic 
receivers (n = 10). The estimated loss rate of smolts 
through Loch Lomond was high (60%). Additionally, 
smolts were reported to make frequent movements 
away from the exit point from the lake, travelling at a 
slow estimated rate of ~0.05 m/s.

The high rates of mortality of smolts in lakes may 
be attributed, at least in part, to the lack of direc-
tional migration and energy expended in movements 
frequently away from the lake exit, thus ultimately 
increasing their risk of predation (Jepsen et al. 1998; 
Honkanen et  al. 2018, 2021; Hanssen 2020). In riv-
erine systems there has been conflicting information 
concerning which factors influence migration success 
of salmon. Most have noted that larger individuals 
with a high condition factor are more likely to be suc-
cessful due to their increased ability to endure long 
distance migrations and evade predators (Kennedy 
et  al. 2007; Tucker et  al. 2016). To date no studies 
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have assessed whether this is also a trend found in 
free-standing bodies of water.

This current study built on that of Honkanen et al. 
(2018) by increasing the effective resolution at which 
we were able to address several important questions 
regarding smolts behaviour in Loch Lomond. We did 
this by increasing the area over the lake which we 
were able to track fish. In addition, we improved the 
precision with which we were able to identify posi-
tion in the lake. We used empirical data from this to 
compare some aspects of actual migration behaviour 
with that of a correlated random walk model. There 
were three main hypothesis of this study: (1) consist-
ent with other studies, the loss rate of Atlantic salmon 
smolts through Loch Lomond would be high, specifi-
cally amongst small smolts with a low condition fac-
tor; (2) due to a potential lack of directional current in 
the main body of Loch Lomond, both successful and 
unsuccessful migrants would exhibit indirect migra-
tion pathways; (3) once near the lake outlet where 
the direction of the current flowing into the river may 
be detected, Atlantic salmon smolts would orientate 
towards the outflowing river and make a direct exit.

Methods

Study area

The Loch Lomond catchment in west/central Scot-
land has a total catchment area of 696  km2; approxi-
mately one-tenth of the catchment is contained in 
Loch Lomond lake (Murray and Pullar 1910, Fig. 1). 
Loch Lomond is the largest freshwater body in Brit-
ain, covering  71km2 and has a maximum depth of 
190  m (Maitland et  al. 2000). The northern and 
southern portions of Loch Lomond are separated by 
the Highland Boundary Fault (Maitland et al. 2000). 
The northern lake is relatively narrow and deep, 
whereas the southern basin is shallow with many 
interspersed islands (Murray & Pullar 1910; Maitland 
et al. 2000). Monthly mean temperatures in the lake 
range between 4 and 15  °C (Maitland et  al. 2000). 
The River Endrick drains into Loch Lomond and 
is 49  km long (Maitland et  al., 2000; Fig.  1). Loch 
Lomond drains into the River Leven (~ 13 km long) 
which then discharges into the Firth of Clyde (Adams 

1994; Fig.  5). The Firth of Clyde covers an area of 
approximately 100  km2 (Thurstan and Roberts 2010).

Acoustic telemetry

Fish capture and tagging

Between April 15 and 20, 2020, 125 Atlantic salmon 
smolts were captured in a 1.2-m rotary screw trap 
placed in the River Endrick (lat. 56.0492°, long. 
−4.43991°, Fig.  1). The trap was located 12.7  km 
upstream from the mouth of the River Endrick as it 
discharges into Loch Lomond. The trap was checked 
and emptied every day to ensure smolts did not 
remain in the trap for a prolonged period. For this 
study, Innovasea V7-2L tags were used; these have a 
weight and length of 1.5 g and 19.5 mm, respectively. 
The tags emitted a coded sound signal at a frequency 
of 69 kHz every 18–38 s. The tags have a power out-
put of 137  dB and an estimated tag life of 75  days. 
Tags were assumed to stop transmitting in the period 
June 29–July 4. After smolts were captured, they 
were anaesthetized in 0.1  g/L of tricaine methane-
sulfonate (MS222) buffered with 0.1  g/L of sodium 
bicarbonate. It took approximately 5  min for smolts 
to enter stage three anaesthesia (loss of equilibrium), 
which is a requirement for tagging. Smolts were 
then measured for weight (± 0.1 g) and length (fork 
length, mm) and a photograph taken for morpho-
metric analysis. Surgical equipment was disinfected 
and rinsed with distilled water (Honkanen 2018). 
An approximately 10-mm incision was made in the 
ventral abdominal wall, anterior to the pelvic girdle, 
and an Innovasea V7-2L 69  kHz (Innovasea Ltd., 
Nova Scotia, Canada) coded transmitter was inserted 
into the abdominal cavity. Tagging was conducted 
under UK Home Office licence number PP0483054. 
Only Atlantic salmon smolts >130-mm fork length 
and > 20 g weight were tagged. During surgery water 
containing a low dose of MS222 and river water was 
used to ensure fish remained sedated. Incisions were 
closed by applying two interrupted surgeon knots 
with 4/0 Ethilon nylon sutures. Upon completion 
of tagging, smolts were placed back into a recovery 
tank, and once they began to exhibit normal swim-
ming behaviour, they were placed into an in-river 
containment cage that had throughflow of freshwater. 
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Fish remained in the cage for approximately 30 min 
to ensure full recovery before release.

Acoustic receiver deployment

Sixty-nine kilohertz receivers deployed in this study 
consisted of three main types, VR2W, VR2Tx and 
VR2AR (Innovasea Ltd., Nova Scotia, Canada). 
VR2Ws only comprise a hydrophone and logger 
to record the unique ID of the fish, while VR2Tx 
receivers contain an additional temperature sensor. 
VR2ARs also provide tilt angle, temperature, depth 
and background noise readings (Reubens et al. 2019). 
VR2ARs also have an acoustic release that can be ini-
tiated upon receiving a signal at 69 kHz emitted from 
a VR100 control device (Reubens et  al. 2019). This 

decreases the effort required to retrieve receivers in 
deep water environments (Goossens et al. 2020).

Acoustic receivers deployed in the River Endrick 
and the River Leven consisted of VR2W (Endrick, 
n = 3) and VR2Tx (Endrick, n = 4; Leven, n = 3), 
while acoustic receivers deployed in Loch Lomond 
consisted of VR2AR (n = 38) and VR2W (n = 1) 
acoustic receivers (Fig.  1). Acoustic receivers were 
deployed in the River Endrick and River Leven from 
April 7 to August 23 and April 11 to August 22, 
respectively. Acoustic receivers in Loch Lomond 
were deployed in a grid-like system from April 14 to 
October 13 (Fig.  1). Receivers in the River Endrick 
and River Leven were attached to a mooring compris-
ing vertical steel pin on a 20 kg weight; the mooring 
was attached to chain which was anchored onto the 

Fig. 1  Map of the Loch Lomond catchment including loca-
tions of acoustic receiver deployments during the period 
April 7–August 23, 2020, in the River Endrick (n = 7), from 
April 14 to October 13 in Loch Lomond (n = 39) and from 
April 11–August 22 in the River Leven (n = 3). The smolt trap 
in the River Endrick is represented by the blue diamond (lat. 
56.0492°, long. −4.43991°). The first acoustic receiver on the 

River Leven is represented by the black box (lat. 56.00812°, 
long. −4.5886°), and the Goldilocks zone is represented by 
the area below the yellow line (see the “Results” section). 
The outer boundary of the Goldilocks zone was defined as 
the mean distance (mean ± SD; 1.75 ± 0.8 km) that successful 
smolts (n = 28) engaged in their final movement into the River 
Leven

2048 Environ Biol Fish (2022) 105:2045–2063
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shore. VR2AR receivers deployed in Loch Lomond 
were bolted onto an acoustic release canister (ARC; 
RS Aqua, UK) attached to a 35  kg weight and an 
anchor line holding the receiver approximately 1.5 m 
above the lakebed. The ARC lid was attached to 
three trawl floats which ensured the retrieval of the 
receivers and mooring upon initiation of the acoustic 
release (De Clippele and Risch 2021).

Data analysis

False detections

All analysis was conducted in R (R Development Core 
Team 2020). Detection data retrieved from receivers 
was filtered for false detections using the package 
GLATOS (Holbrook et  al. 2018) using the short-
interval criterion. The short-term interval used in this 
study was calculated based upon the minimum delay of 
tags used using the methods outlined in Pincock (2012). 
Single detections at a receiver without a repeat within 
14 min were removed from the analysis (Pincock 2012; 
Hayden et al. 2016).

Smolt migration success

Unsuccessful smolts

A successful smolt, that is one that successfully 
migrated through Loch Lomond, was defined as 
one detected having entered the loch from the River 
Endrick and later the first receiver in the outflowing 
River Leven (Fig. 1, lat. 56.00812°, long. −4.5886°) 
without having subsequent detections in Loch 
Lomond. Unsuccessful migrants were likely resi-
dent in the lake for longer than successful individu-
als. The three main potential predators of Atlantic 
salmon smolts in Loch Lomond are the avian pis-
civores Mergus merganser Linnaeus 1758 (the 
goosander), Phalacrocorax carbo (Linnaeus 1758) 
(the Great cormorant) and the fish Esox lucius Lin-
naeus 1758, (Northern pike) (Adams 1994). Poten-
tial avian predation was identified and defined 
as when tag detections skipped two intermedi-
ate receivers or where consecutive tag detections 
occurred within a time resulting in a speed of travel 
that was greater than the maximum swimming 
speed reported for an Atlantic salmon smolt (5.7 
body lengths/s; Jepsen et  al. 1998; Pedersen et  al. 

2008). Northern pike are common in Loch Lomond 
and are a primary aquatic predator of salmon smolts 
in lakes throughout Europe (Adams 1991; Jepsen 
et al. 1998; Kennedy et al. 2018). They are known 
to occupy small core home ranges (Guzzo et  al. 
2016); therefore, potential predation by a pike was 
defined as repeated consecutive detections between 
an adjacent group of receivers over at least 1  day, 
followed by repeated detections at one receiver until 
the end of the detection stream, indicating that the 
tag was likely passed by the predator (Weinz et al. 
2020). There are additional species of predatory 
fish in Loch Lomond including Perca fluviatilis 
Linnaeus 1758 (perch) and piscivorous brown trout 
(Ferox trout), Salmo trutta Linnaeus 1758; however, 
predation of smolts by these species were assumed 
to be inconsequential in this study since perch in 
Scottish lakes have been reported to feed almost 
completely on benthic and planktonic invertebrates, 
and the abundance of Ferox trout in Scottish lakes 
is extremely low (Thorpe 1977; Thorne et al. 2016).

To avoid biasing a comparison of successful and 
unsuccessful migrant behaviour, fish that were poten-
tially preyed upon were removed from the dataset, 
and the time of analysis was reduced for unsuccessful 
migrants. We thus filtered the data from unsuccess-
ful migrants to include only detections from the time 
period up to 95% CI of the duration that successful 
smolts occupied Loch Lomond. The period of time 
that successful smolts spent in Loch Lomond was 
calculated based upon their last detection on the final 
receiver in the River Endrick (Fig.1) and their first 
detection on the upstream receiver in the River Leven 
(Fig.1). This filtered dataset was used for all analysis 
of behaviour and space use of Atlantic salmon smolts 
in Loch Lomond.

Smolt morphology

Four metrics were used to determine if smolt loss rate 
was related to the morphology of all Atlantic salmon 
smolts that entered Loch Lomond; this included fork 
length (fl; mm), weight (g), condition factor (k) and 
tag burden. The condition factor of a smolt was cal-
culated using the methods outlined in Barnham and 
Baxter (1998), and tag burden was calculated by 
dividing the weight of the tag (1.5 g) by the weight 
of the Atlantic salmon smolt (g) (Brown et al. 2013).
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Smolt behaviour

Centres of activity (COA) were calculated for suc-
cessful and filtered unsuccessful migrant data to 
determine the location of smolts in Loch Lomond. 
COA positions are a measure of the mean position 
(latitude and longitude) of a fish obtained by weight-
ing the detections of a fish between adjacent acous-
tic receivers with non-overlapping ranges during a 
specified duration of time (Simpfendorfer et al. 2002; 
Espinoza et al. 2015). The duration utilized for COA 
positions was 15  min and was determined using 
the methods outlined in Villegas-Rios et  al. (2015) 
using data from smolts that completed successful 
migrations into the River Leven (n = 28). COA posi-
tions were calculated using the COA function in the 
Animal Tracking Toolbox (ATT) for R (Udyawer 
et al. 2018, R Development Core Team 2020). COA 
position data was used to calculate Atlantic salmon 
smolts non-resident events, behavioural metrics and 
space use in Loch Lomond. Estimates of position 
using COA while not providing as precise a location 
as alternatives such as VEMCO Positioning System 
(VPS) or YAPS (Yet Another Positioning Solver) 
(Baktoft et al. 2017; Guzzo et al. 2018) were used in 
this study because the receiver density required for 
these more precise positioning methods could not be 
accommodated without loss of geographic coverage 
in this relatively large lake (71   km2). As the risk of 
losing fish from the study area (i.e. into the area of 
the lake not instrumented by receivers) in this study 
was high, thus fish location estimation precision was 
exchanged for an extended detection zone and thus 
greater study area.

Several behavioural metrics were defined from 
multiple measures of COA positions. A non-resi-
dence event is defined as the movement of a salmon 
smolt between two COA positions and is referred to 
as a “movement” for the remainder of the manuscript. 
Movements were identified using the RunResiden-
ceExtraction function in the VTrack package in R 
(Campbell 2013).

The timing of smolt movement into, and out of, 
Loch Lomond was determined by their time of emi-
gration from the River Endrick and last detection on 
the first River Leven receiver, respectively (Fig.1). 
The hour of entry into Loch Lomond comprised the 
frequency of all Atlantic salmon smolts that success-
fully migrated out of the River Endrick and into Loch 

Lomond for that hour of the day across the whole 
migration period, while movement patterns within 
and out of Loch Lomond only comprised data from 
successful migrants. Sunset and sunset times over 
the duration of the study were extracted from the 
getSunlightTimes function in the package suncalc 
(Thieurmel and Elmarhraoui 2019). Days were split 
into three periods as defined by Hanssen (2020) and 
included dim periods (interval of 2  h after sunrise 
and before sunset), daytime hours (between the dim 
periods) and nighttime hours (between sunset and 
sunrise).

Additional behavioural metrics assessed in this 
study included the maximum distance detected away 
from the River Leven; this was measured as the fur-
thest COA position an Atlantic salmon smolt was 
detected in Loch Lomond as measured from the 
River Leven exit. The estimated minimum total dis-
tance travelled is the summation of distances between 
all measures of COA positions, while the smolt was 
in the study area of Loch Lomond. As fish position 
was not estimated constantly but only when the fish 
was within detection range of a receiver and that a 
straight-line movement between two COA positions 
was unlikely; this estimate of distance travelled is 
realistically only an estimate of the minimum dis-
tance travelled and likely lower than the actual dis-
tance travelled. Relative turning angle is the change 
in direction (°) of a smolt relative to its previous 
movement. The relative turning angle was converted 
to a circular object using the circular function in the 
circular package in R (Agostinelli and Lund 2017), 
and the mean turning angle was calculated for each 
smolt. Estimated minimum total number of turns 
made by each smolt over their entire migration route 
was the number of movements that resulted in a 
relative turning angle greater than 0° (i.e. a straight 
line). These metrics were calculated using the as.ltraj 
function in the adehabitatLT package in R (Calenge 
2006). Again, because of the study design, the fact 
that position was not constantly estimated and that 
fish were unlikely to always take a direct route from 
one COA position to another, the estimated mini-
mum total number of turns is very likely less than the 
actual number of turns made by each fish. Although 
less clear, it is possible that the relative turning angle 
measured is unlikely to include all turns taken for 
each fish; however, it is unlikely that this estimate is 
directionally biased. Lastly, the estimated average 
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minimum speed at which successful Atlantic salmon 
smolts swam through Loch Lomond was estimated by 
dividing the total distance travelled between succes-
sive COA positions by the duration of the lake migra-
tion from the River Endrick to the River Leven. As 
with other metrics above and based upon minimum 
estimates of distance travelled but a relatively exact 
measure of time elapsed, the average speed is thus a 
minimum estimated speed of travel.

Smolt space use

To assess Atlantic salmon smolt space use in Loch 
Lomond, we calculated their core (50%) and extended 
(90%) home ranges (kernel utilization distribution 
(KUDs)) using the adehabitathr package (Calenge 
2006). A land barrier polygon was used to remove 
any portions of the KUDs that would overlap with 
land (Duffing Romero et  al. 2021). In addition, tra-
jectories of smolts were overlaid on a map of Loch 
Lomond using the plot.ltraj function (Calenge 2006).

Lastly, the final migratory trajectory of success-
ful smolts was extracted based on a direct trajectory 
from Loch Lomond into the River Leven (Fig. 1). The 
mean distance from which successful smolts initiated 
a direct trajectory into the River Leven from Loch 
Lomond was determined by using the ComputeDis-
tance function in the R package VTrack (Campbell 
2013), and this marked the outer edge of the “goldi-
locks zone” (a reference to the fact that the cues ena-
bling the fish to find the lake exit (i.e. the entrance to 
the River Leven) were at this point presumed to be 
“just right”).

Statistical analysis

Morphological predictors of migration success

A binomial GLM model was used to determine 
whether morphological factors (fork length, weight, 
condition factor (k), tag burden) influenced the poten-
tial mortality of smolts in the lake (Lothian et  al. 
2018). Collinearity amongst variables was assessed 
using Spearman’s rank correlation tests. Fork length 
was highly correlated with weight (r = 0.89) and tag 
burden (r = −0.81). Therefore, only fork length and 
condition factor were included in the GLM. The top 
candidate models were obtained using the “glmulti” 
(Calcagno 2020) package and compared using 

bias-corrected second-order information criterion 
 (AICc) (Burnett et  al. 2013). Likelihood ratio tests 
were then used to determine the final model by com-
paring the models with and without explanatory vari-
ables (Burnett et al. 2013).

Timing of migration

A Rayleigh test of uniformity was performed using the 
r.test in the CircStats package (Lund and Agostinelli 
2018) to determine if the movement of smolts moved 
into, and out of, Loch Lomond 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).

Behavioural predictors of migration success

A binomial GLM was used to determine whether 
behavioural factors (average relative turning angle (°), 
estimated minimum total number of turns, maximum 
distance away from the Leven (m) and estimated 
minimum total distance travelled (m)) influenced the 
successful migration of smolts through Loch Lomond 
(Lothian et  al. 2018). Model selection procedures 
were the same as the model previously discussed.

Comparison of space use

Comparisons between the size of core (50% KUD) 
and extended (95% KUD) home ranges of success-
ful and unsuccessful migrants were calculated using a 
Wilcoxon rank sum test.

To determine if the Goldilocks zone served as a 
unique region utilized by successful smolts, the pro-
portion 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 movements that resulted in movement 
northwards and thus away from the lake exit and out 
of this zone, using a paired Wilcoxon signed-rank 
test.

Random walk model

To test if Atlantic salmon smolts are migrating 
through random lake movements, a random walk 
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model from the glatos package (Holbrook et  al. 
2018) in R was used to simulate correlated random 
walks (CRW) within the boundary of Loch Lomond. 
A CRW model was chosen as it reflects an animal’s 
tendency to move, where the direction of each new 
step is correlated with the previous one. Simulated 
paths followed the assumption that the turning angle 
for sequential directional movements was drawn from 
a Gaussian distribution with mean (μ) and standard 
deviation (σ). For the walk to be correlated, μ was 
always set to 0, and five levels of σ were modelled 
separately in increments of 5° (5, 10, 15, 20, 25°). A 
range of σ was tested to (1) determine how varying 
turning angle in evenly spaced increments influenced 
migration success and (2) to find a value that resulted 
in a random walk that most closely resembled the 
estimated empirical data on minimum distance trav-
elled and duration spent in Loch Lomond by success-
ful Atlantic salmon smolt migrants in this study.

Step lengths were set to 0.05 km and assumed to be 
constant (Hanssen 2020). The number of steps each 
model simulated was set to a maximum of 1500. This 
meant that the maximum distance simulations could 
travel would not exceed 75  km and would therefore 
allow an approximate comparison with the meas-
ured distance travelled by successful smolts in this 
study. The starting location for the simulations was 
set as the point where the River Endrick discharges 
into Loch Lomond with an initial bearing of 301° 
from north (the direction of inflowing water from 
the River Endrick to Loch Lomond). The end point 
for the simulation was set to encompass the detection 
area covered by the first receiver located on the out-
flowing River Leven (lat. 56.00812°, long. −4.5886°, 
Fig. 1). When a simulated track reached this region, 
it was classed as a successful simulated migration; 
tracks that did not reach this point were deemed to be 
an unsuccessful simulated migration.

For each of the five σ values, 200 migration 
simulations were generated. The distance travelled 
for each simulated individual was calculated by 
multiplying the step length (0.05  km) by the total 
number of steps taken to reach the detection zone 
of first River Leven receiver (Fig.1). There is a lack 
of information concerning the accurate swim speeds 
(body lengths/s) of Atlantic salmon smolts through 
free-standing bodies of water. Therefore, the swim 
speed set for the simulated Atlantic salmon smolts 
in this study was derived from a study tracking 

hatchery post-smolts through a fjord system that 
showed a mean swimming speed of smolts was 1.2 
body lengths.s−1 (Thorstad, 2004). The mean abso-
lute swimming speed of simulated smolts was cal-
culated using (Hanssen 2020):

where Lm is the mean fork length of Atlantic salmon 
smolts that successfully migrated through Loch 
Lomond (n = 49, mean = 0.145  m) and V is equal to 
the swim speed in m.s−1. Therefore, the estimated 
swim speed of simulated smolts was 0.17 m.s−1. This 
assumes a constant swim speed over 24 h. Telemetry 
data of real Atlantic salmon smolts indicated that 
movement predominantly occurs at night (Kennedy 
et  al. 2018); thus, in some simulations, migration 
speed was halved to account for possible inactivity 
during the day, (assuming 12  h of daylight). Essen-
tially this simulated 12  h of movement followed by 
12 h of inactivity (Hanssen 2020).

Results

Mortality

Of all smolts tagged and released in the River 
Endrick (n = 125), 39% (n = 49) successfully 
migrated into Loch Lomond. Fifty-seven percent 
(n = 28) of lake migrants (n = 49) successfully 
migrated out of the lake. Of those fish that migrated 
in the lake (n = 49), 18% (n = 9) were likely preyed 
upon, with 14% (n = 7) which were likely predated 
upon by a bird and 4% (n = 2) by Northern pike. The 
remaining causes of mortality (n = 12) are unknown, 
as these tags exhibited normal smolt behaviour up 
until detections ceased.

The average fork length of Atlantic salmon 
smolts that successfully migrated (n = 49) into Loch 
Lomond was 145.47 ± 12.29 mm (mean ± SD; range: 
130–206). A binomial regression model assessing 
the effect of morphological factors included fork 
length and condition factor (weight and tag burden 
were highly correlated with included variables) and 
showed that migration success was not dependent on 
the condition factor (k; t = 0.94, p = 0.76) or the fork 
length of the smolt (FL; t = −0.03, p = 0.22).

V = 1.2 body lengths s−1 ∗ (Lm)
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Migration timing

On average, smolts were detected 10.09 ± 9.33 (range: 
1–54) times on 1.49 ± 0.87 (range: 1–7) receivers for 
each case where a COA position could be measured. 
Successful smolt migration through Loch Lomond 
was slow; on average, successful smolts migrated 
at an estimated average minimum speed of 0.13  m.
s−1 ± 0.04  m.s−1 over 5.23 ± 4.2  days (0.86–21.90; 
mean ± SD). The migration into Loch Lomond 
(n = 49) and the initiation of a movement once in the 
lake (n = 2879 observed movements) were depend-
ent on the hour of the day (entrance: Rayleigh test, 
r.bar = 0.59, Fig.  2a, p < 0.01; In: r.bar = 0.24, 
p < 0.01; Fig.  2b). Occurring primarily during the 
day (Day, n = 40, 83.0%; Dim, n = 7, 14.30%; Night, 
n = 2, 4.08%; Fig.  2A), with a mean entrance time 
of 13:00 British Summer Time (BST, GMT + 1). 
In contrast migration out (n = 28) of Loch Lomond 
was not dependent upon the time of the day (Ray-
leigh test: r.bar = 0.24, p = 0.20; Fig. 2c). Migrations 
in Loch Lomond itself occurred primary during the 
night (day, n = 921, 16%; dim, n = 446, 7.9%; night, 
n = 1512, 27%), with the mean time of movement 
being 3:00 BST (Fig. 2b).

Behavioural predictors of migration success

Nine unsuccessful migrants were included in the anal-
yses comparing the behaviour and space use of Atlan-
tic salmon smolts in Loch Lomond, since the time 
they spent in the lake was within the 95% CI duration 
in which successful smolts were detected (6.02 days). 
The estimated minimum total distance smolts trav-
elled and their estimated minimum frequency of turns 
were highly correlated (r = 0.86); therefore, only 
the estimated minimum total distance travelled was 
included in the model assessing behavioural factors 
influencing migration success. The logistic regression 
model included the mean relative turning angle, esti-
mated minimum total distance travelled and the maxi-
mum distance a fish was detected at any point in time 
from the River Leven. The final model showed that 
migration success was not dependent on their relative 
turning angle (t = −0.51, p = 0.16), estimated mini-
mum total distance travelled (t = 1.3 ×  10−3, p = 0.90) 
or maximum distance detected away from the Leven 
(t = −0.41, p = 0.22).

Home range

Successful (n = 28) and unsuccessful (n = 9) migrants 
did not differ in their space use of Loch Lomond, 
mainly utilizing the mid and lower reaches of the 
lake (Fig.  3). However, one successful (ID: 36568) 
and two unsuccessful migrants (ID: 36556, 36496) 
had core utilization distributions that occurred near 
the most northern receivers in our study (Fig.  3).
There was no significant difference between the size 
of the core (successful, 5.66 ± 2.95   km2, Fig.  3a; 
unsuccessful, 5.62 ± 3.03  km2, Fig. 3b) and extended 
(successful, 16.72 ± 7.02   km2, Fig.  3a; unsuccessful, 
15.74 ± 7.39   km2, Fig. 3b) space use distributions of 
successful and unsuccessful migrants (Wilcoxon sum 
rank test; KUD 50, n = 37, p = 0.82; KUD 95, n = 37, 
p = 0.85; Fig. 3).

Migration trajectories

On average, successful smolts (n = 28) trav-
elled an estimated minimum total distance of 
55.87 ± 49.52  km in the lake and were detected for 
5.23 ± 4.20 days (mean ± SD. There was no one dis-
tinct migratory pathway that was unique to success-
ful smolts (Supplementary Material- Fig. 1S). Exam-
ples of migration route amongst successful smolts: 
one individual (ID: 36662) made a direct migration 
towards the River Leven travelling an estimated 
minimum distance of approximately 16.86  km over 
0.86  days (Fig.  4a). Another successful individual 
(ID: 36553) travelled around the most southerly island 
before making an exit (Fig. 4b). This smolt travelled 
an estimated minimum distance of 35.42  km over 
5.94  days. Lastly, one smolt (ID: 36568) migrated 
quite far north, travelling an estimated minimum total 
distance of 245.82 km over a duration of 21.90 days 
(Fig. 4c).

Unsuccessful migrants displayed similar varia-
tion in movement patterns as for successful smolts 
(Supplementary Material- Fig.  2S). For example, 
after exiting the River Endrick, one smolt (ID: 
36589) made a direct movement towards the River 
Leven prior to making repetitive back movements 
in the southern portion of the lake (Fig. 4d). A sec-
ond smolt (ID: 36526) made a circular migration of 
an estimated minimum distance of 72.57  km over 
6.04 days around the island of Inchmurrin (Fig. 4e). 
Lastly, like one successful smolt, an unsuccessful 
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individual migrated to the northernmost por-
tion of the receiver range (ID:36496) travelling 
an estimated minimum distance of 66.01  km over 
6.06  days (Fig.  4f) but ultimately did not success-
fully migrate out of Loch Lomond.

Goldilocks zone

Once Atlantic salmon smolts entered the River 
Leven, they were not detected returning to Loch 
Lomond. The point in the lake at which successful 

Fig. 2  Circular plots depicting the hour (British Summer 
Time; BST) smolts were last detected on the final receiver in 
the River Endrick (n = 49; a), the initial receiver in the River 
Leven (n = 28; b) and the initiation of a movement by a suc-
cessful migrant in Loch Lomond (n = 2879; c). The hour of 
entry into Loch Lomond comprised data on all Atlantic salmon 
smolts that successfully migrated out of the River Endrick 

and into Loch Lomond (n = 49), while movements within and 
out of Loch Lomond only comprised data from successful 
migrants. The hour Atlantic salmon smolts initiated a move-
ment in Loch Lomond which was determined based upon the 
start of a non-residency event for smolts that were known to 
successfully migrate into the River Leven (n = 28)
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smolts (n = 28) made a direct movement into the 
River Leven occurred at an average estimated mini-
mum distance of 1.75 ± 0.80 km (mean ± SD; range: 
1.19–4.27) away from the lake exit. We define this 
point as representing the outer bounds of the Goldi-
locks zone (Fig.  1). These exit trajectories took a 
mean duration of 7.58 ± 12.89  h (mean ± SD; range: 
0.75–60  h). Once fish entered the Goldilocks zone, 
67% (n = 19) of smolts made movements that resulted 
in migrating northwards outside of the zone. The 
remaining 29% (n = 8) only engaged in movements in 
the Goldilocks zone prior to migrating into the Leven. 
Successful Atlantic salmon smolts had a significantly 
higher number of movements in the Goldilocks zone 
(n = 19, 6.58 ± 6.82 (range: 0–24)) than movements 
that resulted in migrating northwards and outside the 
Goldilocks zone (n = 19, 2.89 ± 0.53 (range: 1–7); 
paired Wilcoxon signed rank test, V = 111, p = 0.04). 
However, 56% (n = 5) of unsuccessful migrants 
entered this area, suggesting entry to the Goldilocks 

zone does not guarantee successful migration out of 
the zone.

Random walk model

The current study did not allow for accurate measures 
of the actual swim speed of smolts in Loch Lomond 
(only estimated minimum speed between two known 
points). Thus, swim speeds and step lengths utilized 
for the simulated smolts were derived from the litera-
ture (Hanssen 2020). The simulated swim speed of a 
smolt in Loch Lomond (0.17 m.s−1) was derived from 
the speed (bl.s−1) of smolts in the standing water of 
a ford system as described in Thorpe et  al. (1981). 
Assuming a constant swimming speed of 0.17  m.
s−1and step length of 0.05 km through both day and 
night, random walk simulations beginning at the 
mouth of the inflowing River Endrick and terminat-
ing at the outflowing River Leven, revealed a posi-
tive correlation between the increasing turn angle (σ; 

Fig. 3  Map displaying the home ranges of successful (n = 28; 
a) and unsuccessful (n = 9; b) migrants in Loch Lomond (UTM 
Zone 30  U). Blue regions represent 50% utilization distribu-
tions (KUD) of Atlantic salmon smolts in Loch Lomond, 
whereas the red regions represent their 90% KUD. KUD cal-
culations were based upon the centre of activity (COA) calcu-

lations for salmon smolts in 15-min intervals. The dataset of 
unsuccessful migrants was filtered to include only detections 
within the 95% confidence interval (CI) of the time success-
ful smolts occupied Loch Lomond. This was calculated based 
upon their last detection on the final receiver in the River 
Endrick and initial receiver on the River Leven
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5, 10, 15, 20, 25) of a simulated smolt and the suc-
cess rate, duration and total distance travelled through 
Loch Lomond (Table  1; Fig.  5). For simulations 
accounting for diurnal migration, the mean travel time 
for all turning angle groups doubled (Table 1). When 
excluding nocturnal migration, simulations with 
a turning angle σ of 15 (58.54  km over 3.98  days; 
Table 1; Fig. 5) were found to result in a model that 
best fit empirical data of the minimum estimated 
mean distance travelled, and time taken resulting in 
55.87 km over 5.23 days.

Simulated tracks

Consistent with the tracks displayed by actual suc-
cessful smolts in this study, simulated smolts with 
a σ of 15 displayed varying migratory pathways to 

reach the lake outlet. We present four examples here; 
one simulated smolt (Fig. 6a) travelled 51.5 km over 
3.51 days, following a similar trajectory to ID:36662 
(Fig.  4a) albeit at a slower pace, whereas another 
(Fig.  6b), travelled 69.5  km, spending a large por-
tion of time around the most southerly island in the 
lake before exiting the River Leven after 4.73  days. 
Another simulated smolt (Fig. 6c) travelled 44.15 over 
3 days and travelled in a fairly linear path at the start 
of their migration but spent a considerable amount of 
time in the southern portion of the lake before exiting. 
The last simulated smolt (Fig. 6d) travelled 72.35 km 
over 4.93 days and displayed the most erratic path of 
the four simulated smolts, heading northwards upon 
exiting the River Endrick and spending time around 
the most southerly island before heading in the direc-
tion of the outflowing river.

Fig. 4  Examples of successful (n = 28; a 36662, b 36553, c 
36568) and unsuccessful migrants (n = 9; d 36589, e 36526, 
f 36496) displaying different migratory patterns in Loch 
Lomond during 2020 (UTM Zone 30  U). The dataset of 
unsuccessful migrants was filtered to include detections that 

extended to the 95% confidence interval (CI) of the duration 
successful smolts which occupied Loch Lomond. The time 
successful smolts spent in Loch Lomond was calculated based 
upon their last detection on the final receiver in the River 
Endrick and initial receiver on the River Leven
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Discussion

Loss rates of acoustically tagged salmonid smolts in 
free-standing bodies of water have been reported to be 
as high as 88% (Jepsen et al. 1998). Consistent with 
other studies, here we provide further evidence that 
the loss rate of Atlantic salmon smolts through large 
free-standing bodies of water is substantial (Berry 
1933; Thorpe et  al. 1981; Bourgeois and O’Connell 

1988; Aarestrup et  al. 1999; Honkanen et  al. 2021). 
The likelihood of Atlantic salmon smolts released 
from the River Endrick (n = 125) and completing a 
successful migration through the Loch Lomond was 
very low, with only 57% (n = 28) being detected in the 
River Leven. The highest loss rate occurred within 
the Endrick, with only 39% (n = 49) successfully 
migrating into Loch Lomond. This is consistent with 
Honkanen et  al. (2018) who reported a smolt loss 

Table 1  Results from correlated random walk models of sim-
ulated Atlantic salmon smolts in Loch Lomond. This includes 
the success rate (%), mean distance travelled and mean dura-
tion of loch migration for each simulation group. Simulations 
were assigned a maximum number of 1500 steps with a length 
of 0.05 km. Simulated paths assumed a mean (μ) turning angle 

of 0, and the standard deviations of turning angles (σ) con-
sisted of five groups (5, 10, 15, 20, 25). For each of the five 
groups, 200 simulations were generated. The estimated swim 
speed of simulated smolts was 0.17 m.s−1, and to account for 
diurnal migration, the swim speed was halved (0.085 m.s−1)

Turning angle (σ) Success % (no.) Mean distance (km) Mean duration at 0.17 m.s−1 
(days)

Mean duration 
at 0.085 m.s−1 
(days)

5 14.5 (29) 46.33 3.15 6.31
10 5.5 (11) 42.80 2.91 5.83
15 4 (8) 58.54 3.98 7.96
20 1.5 (3) 60.22 4.1 8.2
25 0 NA NA NA

Fig. 5  Graphs displaying results from correlated random walk 
models of simulated Atlantic salmon smolts in Loch Lomond 
including the density of the distance travelled (km; a) and the 
duration (days) of simulated smolt tracks. Simulations were 
assigned a maximum number of 1500 steps with a length of 
0.05  km. Simulated paths assumed a mean (μ) turning angle 
of 0 but drawn from a normal distribution of turning angles of 
with standard deviations (σ) from five groups (5, 10, 15, 20, 

25). The 25° group was not included in the figure as no sim-
ulated smolts in this group completed a successful migration 
into the River Leven. For each of the five groups, 200 simula-
tions were generated. The estimated swim speed of simulated 
smolts was 0.17 m.s−1. The black line in both plots is the esti-
mated average minimum distance (a) and duration of success-
ful smolts in Loch Lomond
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rate of 40% in the Endrick. It is unlikely that the high 
mortality rates in this region were related to environ-
mental parameters such as water level as the vari-
ation in flow rate in the Endrick is low across years 
and very low within the period of this study (SEPA, 
2021). Additionally, the average water level during 
the dates when successful lake migrants exited the 
Endrick (0.41 m, April 17–May 19) was similar to the 
average water level that would have been experienced 
by smolts during this study (0.55 m, April 15–August 
23), indicating that the water level during the study 
period was sufficient for smolts to exit the River 
Endrick.

A recent study has shown that smolt mortality 
during migration in the River Endrick is mainly the 
result of high rates of avian and piscine predation 
(Chavarie et  al. submitted). The high loss rates of 
salmon smolts in Loch Lomond may in part also be 

related to both avian and piscine predation. Goosand-
ers, cormorants and Northern pike are relatively com-
mon in Loch Lomond (Adams 1994). Goosanders and 
cormorants have been reported to predate on Atlantic 
salmon smolts during their spring migration, and a 
disruption to their foraging activity increases the like-
lihood of salmon smolt survival (Kennedy and Greer 
1988; Hawkes et al. 2013). Fourteen percent of the 49 
smolts that entered Loch Lomond were categorized as 
being subject to avian predation and a further 4% to 
piscine predation (most likely pike predation). This 
compares with 42 and 14%, respectively, for smolts 
migrating down the Endrick  (Chavarie et al. submit-
ted), thus suggesting that salmon smolts are more vul-
nerable to predation during riverine migration in this 
catchment.

Kennedy et  al. (2018) analysed the movement 
of Atlantic salmon smolts through the Lough Erne 

Fig. 6  Simulated tracks for four successful smolts (a, b, c, 
d) with a turning angle σ of 15 and step length of 0.05  km, 
moving at 0.17  m/s. Successful smolts were defined as those 

which were detected in the region covered by the first acoustic 
receiver on the River Leven (lat. 56.00812°, long. −4.5886°)
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catchment in the Fermanagh District, Northern Ireland. 
They noted that the highest rates of mortality attributed 
to pike predation in the river to lake confluence part of 
the migration route. Northern pike spawn in shallow 
regions with dense vegetation, habitats which are 
often found in river mouths (Kekäläinen et al. 2008). 
Northern pike may have increased in numbers in 
recent years due to the introduction of the invasive 
Gymnocephalus cernuus (Linnaeus 1758) (ruffe) 
(Adams 1991). We are less certain about the fate of 
the remaining 57% (n = 12) of unsuccessful migrants. 
These smolts exhibited normal smolt behaviour up 
until a string of repeat detections occurred at a single 
receiver. It is unlikely that the mortality of these 
smolts was caused by tagging effects since size was 
not a predictor of migration success, and the average 
tag burden of smolts that migrated into Loch Lomond 
(n = 49) was 5.25 ± 1.09%, and tag burdens of up to 
12% has been shown not to influence the survival of 
juvenile salmonids (Brown et  al. 1999; Newton et  al. 
2016). The cessation of detections of these tags and 
may be attributed to movement out of the detection 
zone, tag loss, tag failure or predation by another 
aquatic predator (Klinard and Matley 2020).

No significant morphological (fork length, condition 
factor) factors predicted the successful migration of 
a smolt within and through the lake. If unsuccessful 
migrants experienced mortality due to predation, the 
relationship observed in this study does not support 
the central food web theory which states that a larger 
body size is positively correlated with body condition 
and predator avoidance. Both unsuccessful (n = 21, 
k = 0.96 ± 0.13) and successful migrants (n = 28; 
k = 0.99 ± 0.11) analysed in this study had condition 
factors (k) which are considered normal for Atlantic 
salmon smolts (McCormick and Björnsson 1994). This 
may have been due to the slight bias in the analysis 
introduced due to being only able to acoustically tag 
smolts greater than 130  mm and 20  g for tagging. 
Therefore, to adequately detect a size effect on predation, 
future studies may need to include enough small and 
large Atlantic salmon smolts to get a better representation 
of varying cohorts.

Atlantic salmon smolts in Loch Lomond appeared 
to migrate primarily during the night, which is 
thought to decrease the likelihood of being spot-
ted by predators (Haraldstad et  al. 2017; Kennedy 
et  al. 2018). However, the benefit of this tactic was 
likely mitigated by their slow migration speed and 

apparently random migration pathways which delayed 
lake exit (Jepsen et  al. 1998). The maximum sus-
tained swimming speed of an Atlantic salmon smolt 
has been reported to be 0.50 m.s−1 and is well above 
the estimated average minimum swimming speed 
observed in our study (Virtanen and Forsman 1987). 
Successful smolts in this study migrated at an esti-
mated average minimum speed of 0.13  m.s−1over 
5.23 days (range: 0.86–21.90; Honkanen et al. 2018, 
2021; Hanssen 2020). This is consistent with a study 
conducted by Honkanen et  al. (2021) that reported 
that Atlantic salmon estimated average minimum 
migration speed through three lakes in Scotland var-
ied between 0.09 and 0.15 m.s−1, presumably because 
they are not going in a straight line between receivers.

In support of our hypothesis, there was no discern-
ible difference in the space use and migratory trajec-
tories between successful and unsuccessful individu-
als. The pathways of both those fish that did migrate 
successfully and those that did not apparently do 
not differ from random movements. Unlike riverine 
migration, where subsequent movements occur in the 
direction of the river outlet, smolts in our study fre-
quently chose pathways that deviated from progress-
ing towards the outflowing River Leven (Thorstad 
et al. 2012; Urke et al. 2013; Flávio et al. 2021). For 
example, some smolts circled the most southern island 
prior to travelling towards the River Leven, while oth-
ers were found to engage in long distance migrations 
towards the northern portion of Loch Lomond before 
successfully exiting the lake.

Here we used a correlated random walk model 
to directly test whether the migrations of Atlan-
tic salmon smolts through Loch Lomond can be 
described as random. The simulated tracks of Atlan-
tic salmon smolts fitted using a random walk model 
displayed varying migratory trajectories that closely 
resembled the trajectories of successful smolts in 
Loch Lomond. Simulated smolts with a σ of 15° spent 
up to 3.98 days in the lake travelling up to 58.54 km, 
in comparison to real successful smolts which on 
average travelled 55.87  km over 5.23  days. Hanssen 
(2020) found that a nocturnal correlated random walk 
model more accurately represented the movement of 
Atlantic salmon smolts through Lake Evangervatnet, 
Norway. These results may be attributed to the fact 
that smolts in their study were mostly inactive dur-
ing daylight hours with 91% of smolts engaging in 
nocturnal migration. Nocturnal migrations in Loch 
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Lomond only accounted for 68% of movements, 
indicating that movement patterns of smolts in Loch 
Lomond are not wholly nocturnal. Therefore, the 
model assuming a realistic swim speed and turn rate 
migrating during the day and night may most accu-
rately represent the movement activity of smolts in 
this lake (Thorpe et al., 1981; Hanssen 2020).

While the random walk model was found to closely 
resemble successful salmon smolt movement through 
Loch Lomond, the behavioural metrics used could, 
and should, be refined in future studies. Although 
there were data to draw from to characterize swim 
speed and step lengths of Atlantic salmon smolts, this 
information is not yet available for smolts migrating 
in standing water. To better parameterise future ran-
dom walk modelling of wild smolt movement through 
lakes, future empirical studies should deploy a grid of 
receivers with overlapping detection ranges to enable 
more precise positional estimates using VEMCO 
Positioning System (VPS) or Yet Another Position-
ing Solver (YAPS; Baktoft et  al. 2017; Guzzo et  al. 
2018).

While the migratory behaviour of successful 
smolts through Loch Lomond appears to be random, 
there was a distinctive difference in the behaviour 
of successful smolts once they came within approx-
imately 2  km of the mouth of the River Leven (the 
outlet to Loch Lomond), the “Goldilocks zone”. Con-
trary to our hypothesis, the Goldilocks zone was not 
only used by successful migrants as 56% of unsuc-
cessful migrants (n = 5) entered this region. How-
ever, the Goldilocks zone was effectively defined as 
an important area in the lake, as once the fish entered 
the area, they had a high chance of migrating out of 
Loch Lomond, and successful migrants had a signifi-
cantly higher number of movements in that area com-
pared with outside of the zone. We may hypothesise 
this  is because the cues available to them allow for 
much more directed migration into the River Leven. 
In rivers and estuaries, Atlantic salmon smolts have 
been reported to use the outflowing current to aid in 
migration towards the marine environment (Hedger 
et al. 2008; Thorstad et al. 2012; Lothian et al. 2018; 
Mcilvenny et al. 2021).

Thus, we conclude that, at least in this study, the 
survival of Atlantic salmon smolts through a stand-
ing body of water does not appear to be dependent 
on unique morphological or behavioural characteris-
tics. Additionally, movement through standing waters 

appears to be through a series of random movements 
that continue until the smolts are near the lake out-
flow at which point the migration returns to directed 
movements informed by possible lake cues. While it 
has been reported that there is a lack of distinctive 
currents in large free-standing bodies of water, sur-
face currents generated by wind may in part explain 
the movement patterns exhibited by smolts as smolts 
are known to primarily migrate within the top few 
metres of the water column (Svendsen et  al. 2007, 
Mcilvenny et  al. 2021). For example, Thorpe et  al. 
(1981) noted that smolt movement in Loch Voil, 
Scotland, were found to swim parallel to the direction 
of eddies generated by wind driven surface currents. 
Future studies should assess whether the success of 
Atlantic salmon smolts in lakes is dependent upon 
wind-driven surface currents and currents generated 
at the lake outlet. This could be done through com-
bining the known current patterns in the lake with a 
correlated random walk model. The River Endrick, 
including Loch Lomond, has been classified as a Spe-
cial Area of Conservation, and Atlantic salmon is a 
feature of interest there being listed under Annex II 
in the EU habitats directive (JNCC 2019); however, 
numbers have been declining (Adams et  al. submit-
ted). Determining what cues are driving successful 
migration during a period of the life cycle typified 
by high mortality (this study) could help predict the 
response of Atlantic salmon populations to varying 
environmental conditions and aid in the conservation 
and habitat protection of smolts migrating through 
the River Endrick and Loch Lomond.
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