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Abstract

The marine migration of Atlantic salmon (Salmo salar) has been prioritised for research internationally as populations
of S. salar have declined significantly throughout the species'range. The main objectives of this study were to use
acoustic telemetry to partition survival during the early migration phase, investigate potential causes of mortal-

ity and establish diurnal and tidal influences on movements. In 2017 and 2018 wild (n=49) and hatchery (n=81) S.
salar smolts were tagged with acoustic transmitters. Migration was monitored through a brackish tidal lake, which
discharges through a short estuary into northeast Clew Bay in Ireland situated in the northeast Atlantic. Partitioned
survival through each area was similar for both wild and hatchery smolts and both groups followed the same
migration routes, travelling along the main current out of Clew Bay. Total survival was high within the brackish

lake (wild=98%+1.21 and hatchery=100%) and estuary (wild=98%+ 1.01 and hatchery=89%+9.28) compared
to the marine environment (wild =67%+4.39 and hatchery=66%+7.91). Leaving the brackish lake during an ebb
tide and entering the marine environment during daylight increased the probability of survival through the early
marine period. The majority of smolts transited through the study area during ebb tides. Migration of hatchery
smolts occurred mainly during hours of daylight while wild smolt migration showed no diel patterns. High mortal-
ity rates during the initial stages of the marine migration have consequences for the persistence of salmon popula-
tions and should be addressed through regionally tailored management measures and conservation efforts aimed

at increasing the resilience of salmon stocks.
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Introduction

The Atlantic salmon (Salmo salar) is listed as vulnerable
under the IUCN Red List of Threatened Species due to
decreasing numbers throughout the species range [28].
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In the Northeast Atlantic, marine survival has been
in decline since 1980 and return rates of some Atlantic
salmon stocks are currently at their lowest in recent years
[31, 45]. Due to the particularly high rates of mortality
that occur during the marine migration [91], it is rec-
ommended that research efforts focus on partitioning
mortality of salmon among phases of the marine migra-
tion ([43], NASCO 2018). Recent research has focussed
on identifying how barriers impact on migration [6, 37,
52, 88], while the release of tagged hatchery fish provides
detailed information on survival rates [8], O’Maoiléidigh
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et al. [73], [16, 77] and helps to identify potential causes
of declining survival [35, 74, 87].

Evidence shows that migratory behaviours influence
survival [32, 91]. Important factors include migration
speed on approaching the marine environment [21, 58]
and the timing of migration in relation to the tide [21, 38,
61, 65] and level of daylight [21, 53, 58]. When they reach
marine habitats salmon encounter human activities such
as fishing, shipping and aquaculture [53] and are exposed
to novel predators, disease and parasites, competition for
food and physiological stress [10, 75, 83, 91]. Such pres-
sures may produce a bottleneck in survival of migrating
salmon as they pass through unfamiliar coastal environ-
ments to feeding grounds in the North Atlantic [18, 40,
79, 86].

Acoustic telemetry provides a means of tracking Atlan-
tic salmon during the early part of their migration and
partitioning survival between different habitats (e.g. [13,
21, 32, 53, 58]), which can inform the design of targeted
conservation measures. Telemetry has proven useful for
determining the influence of temperature, time of day
and tidal patterns on the timing and direction of fish
movements [21, 36, 42, 61, 65].

Tagging studies frequently use hatchery-reared S. salar
which are produced for restocking purposes to describe
migration behaviour and pathways and to monitor sur-
vival [34, 51, 67, 77]. However, it has been shown that
wild salmon generally survive better than their hatch-
ery-reared counterparts [55, 80, 84]. Differences in the
timing of smoltification and smolt migration between
hatchery and wild fish are reported [3, 63, 84], which
could contribute to differences in survival. In addi-
tion, anti-predator behaviours are less well developed
in hatchery-reared smolts compared to wild smolts [30,
81, 85]. Given the reliance on data from hatchery-reared
populations for monitoring survival, it is important to
understand how both hatchery and wild smolts move
and survive throughout the early seaward migration and
to consider how release conditions may affect recruit-
ment of both stocks, within the context of climate change
[87]. Detailed knowledge of movements and survival can
inform improvements to smolt trap management during
the downstream run to enhance the downstream survival
rates, thereby potentially increasing the number of suc-
cessful returns [49].

The Burrishoole catchment, on the West coast of Ire-
land supports a wild Atlantic salmon population. In this
catchment, upstream and downstream migrating salmon,
trout and eels are monitored, and between approxi-
mately 9000 and 41,000 hatchery-reared salmon smolts
have been released into the catchment yearly since the
1960s [16]. This extensive monitoring has made the Bur-
rishoole an important index site for monitoring salmon
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stocks [45]. This study used acoustic telemetry to parti-
tion survival and examine migration behaviour of Atlan-
tic salmon smolts through a brackish lake, estuarine
and early marine phases of the seaward migration in the
Burrishoole catchment. Migration behaviour and sur-
vival were compared between wild and hatchery-reared
smolts. The influence of tidal cycle, time of day and smolt
behaviour on survival and migration of both groups were
also investigated. The Burrishoole system is one of 21
national index rivers in the Northeast Atlantic that are
used by the International Council for the Exploration of
the Sea (ICES) to monitor trends in survival of Atlantic
salmon [45]. The overall goal of the study was to provide
insight into how Burrishoole smolts migrate between
freshwater and marine environments and thereby inform
future management and conservation efforts.

Materials and methods

Experimental site

The Burrishoole catchment is located on the west coast of
Ireland (53° 55’ N, 9° 34’ W) and covers an area of 90 km?
which is primarily used for forestry and hillside subsist-
ence farming. Rivers in the catchment flow into a deep,
oligotrophic freshwater lake, Lough Feeagh (4.1km?)
which is connected to the brackish lake, Lough Furnace
(1.4 km?) by two streams on which upstream and down-
stream traps are located. The total trapping facilities on
the catchment allow for an annual census on abundance
of anadromous fish species in the area. Lough Furnace is
a brackish tidal lake with a permanent halocline, which
produces anoxic conditions in the deeper areas of the
lake. The lake discharges through a short estuary (3.3 km)
into northeast Clew Bay which is situated in the North-
east Atlantic and is approximately 27 km long (Fig. 1).

Smolt trapping, tagging and release

The wild smolts used in this study originated from nat-
urally spawned salmon from rivers in the Burrishoole
catchment, and generally migrate to the ocean at age
2 +. Hatchery-reared smolts were derived from a line-
bred ranching stock of local Burrishoole origin (see
[16] for more detail), which are released for migration
at age 1+. From here on smolts will be referred to as
wild or hatchery smolts. During early May 2017 and
2018, hatchery smolts were provided by the fish rear-
ing facility and migrating wild smolts were collected
from the downstream traps. A total of 55 hatchery and
25 wild smolts were tagged in 2017 and 26 hatchery
and 24 wild smolts were tagged in 2018. Wild smolts
were tagged when fish of an appropriate size (i.e. fork
length>14 cm in order to maintain a low tag-body
mass percentage) entered the traps; this produced some
between year variation in the date of tagging. Due to
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Fig. 1 Map of Clew Bay displaying receiver locations and partitioned areas referred to as the lake (Lough Furnace), the estuary (between Furnace
and Rosmore) and the marine (between Rosmore and Clare Island). In 2017 the 180-kHz system was positioned in the lake and estuary only. Two
additional receivers (10 and 11) were placed in the inner bay in 2018. Receivers in the Clare Island arrays are numbered North 1-9 (from north

to south) with North 10 sitting behind the array, and South 1-11 (from north to south)

low water levels during April and early May in 2017, the
movement of wild smolts was delayed and they did not
enter the downstream traps in high numbers until mid-
May (Marine [60]. In 2018 smolts arrived at the traps
in a series of pulses rather than a single discrete peak
(Marine [60]. See Table 1 for information on release
dates and length/weights for each group.

Three models of Innovasea, (Nova Scotia, Canada)
acoustic transmitters and receivers were used dur-
ing the study: V5 coded tags (signal delay 15+0.1 s),
requiring a VR2W 180 kHz receiver for detection, V7
coded tags (signal delay 15+0.1 s) and V7P depth sen-
sor tags (signal delay 20+0.1 s) requiring VR2W and
VR2Tx 69 kHz receivers for detection (see Table 1 for
tag details and fish numbers). The V5 tag was the small-
est but had a reduced detection range compared to the
V7 and V7P. The three tag types were included in the
tagging operations in 2017 and the range and survival
rates associated with each were compared. Survival
rates were similar in the fish tagged with the V5 and
V7/V7P tags (Table 1) while the range of the smaller
V5 tag was 30% lower (see later). Therefore, the V5 tags
were not used in 2018. The smaller tag may be useful in
future studies for tagging smaller wild smolts (< 14 cm)
and so the data collected from the V5 tags in 2017 are
presented here.

Before tagging, salmon smolts were transferred from
the hatchery ponds and fish traps to the surgical area and
held in containers with aerated water. Fish were anesthe-
tised in 2-phenoxyethanol (0.7 ml L™!) and positioned
ventral side up on a sterile surgical table. Surgery was
carried out by the same two individuals throughout the
study. An incision was made between the pectoral and
pelvic fins and an acoustic transmitter was implanted
into the peritoneal cavity. The incision was closed with
two simple interrupted suture knots (Ethicon Vicryl 4-0
Polyglactin 910 absorbable suture, Johnson and John-
son Intl.,, Brussels, Belgium) and fish were transferred
to recovery tanks. Prior to release into Lough Furnace,
smolts were held overnight to ensure full recovery from
the procedure. Smolts less than 14 cm were not tagged
but were held overnight with tagged fish. Fish that were
unresponsive to stimuli (a shadow/ripple over the water
using a small net) or dead were removed from the study
group and transmitters were redeployed. Smolts were
released directly into Lough Furnace (Fig. 1) during the
wild smolt run between 4 and 16 May 2017 and 10-17
May 2018 (Table 1).

Range testing and acoustic monitoring system
Range testing of tags was conducted in the lake and
inner bay to determine the detection range of receivers
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and to establish the optimal spacing between receivers.
A VR2W receiver was deployed in a fixed location at
approximately 1 m depth, representing the approx. depth
at which receivers within the monitoring system were
deployed. Using a GPS, the boat was moved 50 m from
the receiver where the anchor was dropped, the engine
turned off and the tag deployed for a period of 15 min,;
this process was repeated up to approximately 300 m
distance. The distance at which detections dropped to
70% was considered to be the tag detection limit. This
was the higher limit recommended by the manufac-
turer to account for reductions in detection during poor
weather conditions (Innovasea Range Test Manual). The
V7 and V7P tags had a detection limit of approximately
250 m and approximately 175 m for the V5 tag. In order
to reduce the probability of a fish passing through the
array undetected these receivers were spaced approxi-
mately 400 m apart. Detection efficiency was calculated
based on range testing; at 200 m the rate of detection was
0.76. The probability of detection by at least one receiver
(Pyin) for a fish passing through the array was calculated
as follows:

Pin = Py + Py — Py % Py,

where P, is the probability of detection at receiver a, Py,
is the probability of detection at receiver b and P, * Py, is
the probability of detection by both receivers. P, was
calculated as 94%.

Based on range testing, smolt migration was moni-
tored at 37 stations in 2017 using receiver models VR2W
(69 and 180 kHz, Innovasea, Nova Scotia, Canada) and
VR2Tx (69 kHz, Innovasea, Nova Scotia, Canada) and
40 stations (VR2W and VR2Tx 69 kHz) in 2018 (Fig. 1).
Receivers were located in the brackish lake (five stations),
estuary (three stations) and initial coastal waters in the
inner Bay in the most direct migration pathways (seven
in 2017 and nine in 2018, Fig. 1). At the exit of the bay
there were two arrays, one north of Clare Island (com-
prising nine receivers in 2017 and ten in 2018) and one
south (11 receivers) of the island. In addition, a receiver
was located near Portlea fish farm site and also between
Achillbeg Island and the mainland (Achill sound, Fig. 1).
Receivers were placed at these locations to determine
if smolts were drawn towards the fish farm or migrated
north through Achill Sound. In 2017, nine 180 kHz
VR2W receivers were located between lower Lough Fur-
nace and inner Clew Bay. Three were deployed at the
southern end of the brackish lake, three in the estuary
and three in the inner Bay. The 180-kHz receivers were
deployed on the same moorings as the 69-kHz receiv-
ers. Due to the reduced detection limit and limited avail-
ability of the 180-kHz receivers, fish tagged with V5
tags were only tracked to the exit point of the estuary at
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Rosmore. Therefore, in 2017 20 fish (10 hatchery and 10
wild) were not tracked through the marine phase. Parti-
tioned areas (as shown in Fig. 1) are hereon referred to as
the brackish lake (Lough Furnace), the estuary (between
Lough Furnace and Rosmore), and marine (between Ros-
more and the Clare Island arrays).

Environmental variables

In 2017 and 2018 water temperature and salinity profiles
in the brackish lake were gathered from an Automatic
Water Quality Monitoring Station located at the deep-
est point in the lake (data downloaded from: http://burri
shoole.marine.ie/FurnaceLake.aspx). Lake data were
taken from the surface to 2.5 m depth. In 2017, tem-
perature and salinity parameters were measured at the
exit of the estuary by handheld meters during site vis-
its. In 2018 Star-Oddi temperature and salinity record-
ers were located at the exit of the estuary at 1 m and 3 m
depth. Temperature and environmental noise levels were
recorded at the marine arrays by the VR2Tx receivers in
both years. Measures of salinity at the marine arrays were
taken by handheld meters on site visits. These data were
used to describe environmental conditions during the
study period (Table 2).

Times of sunrise, sunset and civil twilight for the study
area were obtained from the Astronomical Applications
Department of the US Naval Observatory. (https://aa.
usno.navy.mil/data/RS_OneYear) The period between
civil twilight (sun 6° below horizon) in the morning
and the end of civil twilight in the evening was defined
as day (when there was daylight). Night was defined as
the period between civil twilight in the evening and the
start of civil twilight in the morning. Tidal state was pre-
dicted using local tide tables (computed by the Centre for
Coastal and Marine Sciences, Proudman Oceanographic
Laboratory). These data were used to link diel and tidal
cycles with smolt migration through the study area.

Statistical analysis

All analyses were run in the R programming environ-
ment [78] using packages ‘car’ [27], ‘circular’ [1] and
‘Imtest’ (Zeileis and Horthron 2002). GLM models were
run using the glm() function in the r package ‘stats’ [78].
Likelihood ratio tests were run using the Irtest() function
from the ‘Imtest’ package [97].

Partitioned survival

Detections at each receiver were used to generate a
binary response variable that provided an estimate of
survival (positive detection = 1; negative detection=0).
Survival was partitioned through the brackish lake, the
estuary and the marine (Fig. 1). Smolts are known to be
particularly sensitive to stress [4, 11], and any estimates
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Table 2 Mean temperature and salinity data throughout the study area
Lake Estuary Marine arrays

Date Temperature (°C) Salinity (psu) Temperature (°C) Salinity (psu) Temperature (°C) Salinity (psu)
2017

01-07 May 12.8 14.1 1.1

08-14 May 14.6 15.2 13.5° 33.8° 11.8

15-21 May 14.5 12.8 12.5 34.7°

22-28 May 15.8 119 159 32.9° 133 345°
2018

01-06 May 10.9 8.2 1.2 29.2 104°

07-13 May 11.9 73 12.8 283 109

14-20 May 133 84 129 30.3 114 34.8°

21-27 May 144 9.6 13.6 313 12.2 346°

28-30 May 17.1 9.1 15 313 134 35.2°

2 Indicates that mean temperature or salinity was taken on one day only using a handheld meter

P Indicates that mean temperature was taken between 4 and 6 May

of survival obtained from tagging studies are subject to
biases due to tagging-related mortalities and tag expul-
sion [2, 53]. In a previous study, Atlantic salmon post-
smolts of 14.5-16.5 cm carrying internally implanted
acoustic tags greater than 7.5% of their body mass
showed tagging-related mortality rates of 0.132% per
day over 97 days and tag expulsion in the first 25 days
after tagging was negligible [9]. In this study, every
effort was made to minimise handling and maintain a
low tag-to-body mass ratio of less than 5.8% (Table 1).
Those fish that were not detected beyond the receiv-
ers closest to the release location were categorised as
tagging mortalities and were excluded from the dataset
before estimating overall survival. Bias in the survival
estimates due to tagging-related mortality or tag expul-
sion after the fish passed the first receiver is likely to be
minimal.

Overall survival was estimated for each group by
expressing the numbers detected at each point on the
migration as a percentage of the numbers released
(minus the tagging mortalities). Chi-square tests were
used to compare survival rates between hatchery and
wild groups and between years. The instantaneous daily
mortality rate (z) and the finite percentage daily mortal-
ity rates (M) were calculated for each group as follows:

In(S)
z=—"
D

M = (1—¢€) =100,

where S is the proportion of the tagged fish (excluding

suspected tagging mortalities) that were detected at the
marine array and D is the number of days between the
release and the last detection at the marine array.

Effect of tagging on survival

A GLM (generalised linear model) with a binomial dis-
tribution was used to examine the impact of the tagging
procedure on survival through each partitioned area.
Survival was modelled as a function of time in anaes-
thetic, time in surgery, fish type (two-level factor; wild
and hatchery) and tag-to-body mass ratio expressed as
a percentage. Surgeon effects were not considered as a
variable in this analysis as surgeon was not recorded for
every fish tagged. To test if tagging influenced survival, all
fish tagged including fish categorised as tagging mortali-
ties were included in this analysis.

Effect of behaviour on survival
A binomial GLM was used to establish relationships
between migration behaviour and survival through each
partitioned area; survival (minus tagging mortalities) was
modelled as a function of lake, estuary and marine resi-
dence times (continuous variables) and the categorical
variables diel (day or night) and tidal (ebb or flood) state.
During GLM model selection the drop1() function was
used to determine the best fitting model. This function
estimates the overall model and a series of alternative
models, each with one additional explanatory variable
excluded. On each iteration the predictor with the larg-
est p-value above alpha level is excluded from the model
and the process repeated. Akaike’s information criterion
(AIC) values were compared between models and the
highest-ranked model with the lowest AIC value was
considered to be the best fit model for the data. Likeli-
hood ratio tests were run, and the final best fitting model
was the one with the lowest AIC value and with all
explanatory variables statistically significant.
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Migration behaviour
Residence times in the brackish lake, estuary and marine
were calculated using the first and last detections in
each area. Again, the potential tagging mortalities were
removed from this analysis. GLMs were fitted to test
whether residence times in each partitioned area differed
between years and fish type (hatchery and wild), with res-
idence time as the response variable and the interaction
term year*fish type as the predictor. We tested for signifi-
cant variation using the Anova() function. Average swim-
ming speeds were measured through each partitioned
area based on the shortest available migration route (e.g.
swimming speeds in the estuary were calculated using
direct distance between the last receiver in the brackish
lake and last receiver in the estuary divided by the time
between the two detections). An ANOVA, followed by
Tukey’s post hoc tests, was used to compare the mean
occupied depth between the brackish lake, estuary and
marine areas. Chi-square tests were used to determine if
smolts followed a specific exit route from the bay.
Circular statistics were used to determine the distribu-
tion of migration movements in relation to diel and tidal
cycles. First, we examined density plots to determine uni-
modal or multimodal departures from normality, then
tested the data for the von Mises distribution (circular
equivalent to a Gaussian distribution) using Watson’s U?
test for circular uniformity with a significance level of
0.05. Watson’s U? tested whether the timing of detection
was random or directed towards a specific time of day or
tidal state. Time of detection was converted to circular
degree angles for analyses, with 0° indicating midnight
and 180° indicating noon. For tidal cycle analysis, 0° indi-
cated low tide and 180° indicated high tide. Movements
and mean times of departure and arrival were calculated
and represented on circular plots.

Results

Environmental variables

In 2017, salinity and temperature levels in the brack-
ish lake were higher than in 2018 (two-way ANOVA
»<0.001, Table 2). Environmental variables were not
recorded consistently in the estuary in 2017. At the
marine arrays, temperature levels in early May were also
higher in 2017 compared to 2018 (Table 2).

Effect of tagging on survival

The effects of time in anaesthetic, time in surgery, fish
type and tag-to-body mass ratio on survival through
each area were non-significant (GLM likelihood ratio
tests; brackish lake: )(2 =5.59, p=0.35, estuary: )(2 =5.02,
p=0.41 and marine: y>=2.48, p=0.78). Mean fork length
of hatchery fish (19.3 cm+0.9 cm) was significantly
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higher than that of wild fish (16.1 cm+0.9 cm) (Mann—
Whitney U test, z=9.32, p<0.05), however this size
range is representative of the hatchery fish that are typi-
cally released.

Partitioned survival

A total of 8% of all smolts tagged and released did not
move beyond the first two receivers in the brackish lake
(10 fish). Although there was no statistically significant
effect of the tagging procedure on survival through the
brackish lake, handling and tagging cannot be completely
ruled out as the cause of these mortalities. These 10 fish
were marked as potential tagging mortalities and were
removed before estimating percentage survival.

Ambient noise levels were low throughout the study;
average noise level levels were 197 mV in 2017 and
199 mV in 2018. The range test results indicated that a
smolt passing through the marine array at a maximum
distance of 200 m from a receiver had a minimum prob-
ability of detection of 94%. Therefore, survival may be
underestimated by up to 6% and overall survival should
be considered as a minimum estimate. Survival of smolts
from release to the marine arrays was similar between
years (Pearson’s > tests; p>0.05). There was no signifi-
cant difference in overall survival between hatchery and
wild smolts (2017; Pearson’s y’=0.03, p=0.86 and 2018;
Pearson’s y’=0, p=1). Overall percentage survival was
63% (+4.78) for wild smolts and 58% (+7.21) for hatch-
ery smolts. There were also no differences in partitioned
survival rates between hatchery and wild smolts through
the brackish lake, the estuary or to the marine arrays
(Pearson’s y° tests; p>0.05). Mortality was highest in
the early marine environment between the estuary and
Clare Island (Table 1). Percentage daily mortality varied
between release groups; in 2017 wild smolts had a higher
daily mortality rate compared to hatchery smolts but in
2018 wild smolts had a slightly lower daily mortality rate
compared to hatchery smolts (Table 1).

Detections from eight hatchery smolts in 2017 and
eight hatchery smolts in 2018 indicated that fish were
moving back and forth between receivers situated in the
brackish lake, estuary and inner bay. Days later, nine of
these tags (seven in 2017 and two in 2018) were only
detected at a single receiver for an extended period of
time (range; 2.93-50.57 days) which was indicative of a
mortality event or possibly the expulsion of a tag digested
by a predator. None of the remaining eight fish were
detected at the marine arrays. Data were included for
these fish up to the point at which they made their first
reversal, detections following this were removed from
further analysis of migration behaviour. The smolts were
considered to have survived the migration up to the point
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Fig. 2 Predicted mean residence time Atlantic salmon (Salmo salar) smolts spent in the brackish lake, estuary and marine (i.e. last detection
in the estuary to first detection at the Clare Island arrays). Vertical bars represent 95% confidence intervals. The effects of year and fish type
on residence times were estimated from the GLM

at which the reversal occurred. At the marine arrays, Migration behaviour
seven hatchery smolts that passed through the marine  Residence times in each partitioned area differed with fish
arrays were detected again at the arrays one to three days  type and year (GLM likelihood ratio tests, brackish lake:

later.

x°=180.3, p<0.001, estuary: y° 88.27, p<0.001, marine:
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Table 3 Watson's U values measuring for circular uniformity around 24 h
Fish type Time Test statistic P-value n
Mean cl Median u?
Lake Hatchery 12:24 08:43-16:45 12:05 0.26 <0.03 75
Wild Random 05:21-19:49 11:09 0.11 >0.1 43
Estuary Hatchery Random 11:38-19:37 15:25 0.16 <0.1 63
Wild Random 13:08 - 22:22 19:52 0.16 <0.1 38
Marine arrays Hatchery 13:32 10:59-16:29 13:31 0.3 <0.01 39
Wild Random 07:43-14:57 09:54 0.19 <0.1 22

Times presented in UTC + 1. Data in bold indicate departure from circular uniformity, i.e. Atlantic salmon (Salmo salar) smolt movements were more likely to occur at
a specific time of day.’Random’ means the data follow a uniform distribution around the 24-h clock and ‘n’is the total number of fish detected passing the receivers
at each section. Mean and median times at which smolts left the lake, left the estuary and arrived at the final marine arrays are presented. Confidence intervals (Cl)
for the population mean time were calculated using a bootstrapping approach assuming an underlying von Mises distribution. Watson'’s critical value is 0.19 for all

sample sizes

XZ 64.02, p<0,001). Predicted lake residence times were
significantly lower in 2017 for wild smolts (43.86 + 1.45 h)
compared to hatchery smolts (69.8+1.19 h, Fig. 2). There
were no differences in lake residence times between fish
types in 2018. The lake residence times were also signifi-
cantly different between years for the wild smolts (2018
predicted residence time: 65.86 + 1.73 h). Residence times
within the estuary varied depending on fish type and
year, predicted mean residence time for hatchery smolts
was 2.02+0.21 h in 2017 and 6.11+0.58 h in 2018 and for
wild smolts was 6.18+0.6 h in 2017 and 4.19+0.45 h in
2018. The model also predicted variation in marine resi-
dence times, but the means were not significantly differ-
ent between years (GLM Analysis of deviance x*=0.03,
p=0.84). Hatchery smolts spent significantly less time
(2017: 18.58+0.88 h, 2018: 21.07+1.19 h) in the early
marine compared to wild smolts (2017: 32.63+2.02 h,
2018:27.43+1.4 h, Fig. 2).

Wild smolts migrated through the estuary at a mean
swimming speed of 1.86 bl s™' and through the early
marine at 1.74 bl s™!. Hatchery smolts migrated through
the estuary at 2.29 bl s™* and through the early marine at
1.94 bl s™! on average. In two cases, the average swim-
ming speed of a smolt that displayed reversal behaviour
increased to 6.85 and 6.38 bl s~

Migration of hatchery smolts occurred mainly during
hours of daylight throughout the study area, however
diel cycle had no significant effect on migration of wild
smolts (Table 3 and Fig. 3). The timing of smolt migration
was significantly correlated with the tidal cycle; the dis-
tribution of detections departed from circular uniform-
ity (Watson’s U? test statistic > critical value 0.19 in all
cases). Both hatchery and wild smolts migrated through
each section predominantly during ebb tides (Table 4 and
Fig. 4). Overall, the mean time of migration movement
was 09 h 54 min after low water.

Smolts carrying V7P sensor tags migrated within the
top four meters of the water column throughout the
study area. The deepest recording was within the estuary
at 4.5 m. The mean depths occupied by smolts differed
significantly between areas (ANOVA F=133.9, p<0.05,
Table 5); Tukey’s post hoc analysis showed that all pair-
wise comparisons were statistically significant (p <0.05).
On average smolts were migrating at shallower depths
in the lake compared to the estuary and in the estuary
compared to the marine array, with the exception of the
inner bay where smolts also migrated at shallow depths
(Table 5).

Most of the smolts that passed through the marine
arrays were detected on the northern array at Clare
Island; 91% in 2017 and 100% in 2018. On the receivers
in the marine arrays that had detections there was no
significant difference in the number of fish detected on
each receiver (2017; x*=10.6, p=0.56 and 2018; x*=4.32,
p=0.93). There were smolt detections on every receiver
in the northern array in both years and on three receiv-
ers in the southern array in 2017 (South 2, 3 and 4 Fig. 1).
No smolts were detected on the receiver located at Achil-
lbeg. In 2017, two hatchery fish were detected on the
Portlea fish farm receiver, one fish subsequently migrated
through the northern array and the second fish was not
detected again. In 2018, two hatchery smolts and one
wild were detected on the Portlea receiver, both hatchery
and the one wild fish were later detected at the north-
ern array. The wild smolt was then detected back on the
Portlea receiver and was not detected again following this
event.

Effect of behaviour on survival

The behaviour of smolts migrating through the brackish
lake (i.e. residence time, time of day and tidal cycle when
exiting the lake) had no significant influence on survival
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Fig. 3 Circular plots displaying time of day (UTC+ 1) when Atlantic salmon (Salmo salar) smolts left the lake (top panel), left the estuary (middle
panel) and arrived at the marine arrays (bottom panel) as indicated by the detections on each receiver. Time of civil twilight in the morning
and evening is denoted by the dotted line. The solid lines represent sunrise and sunset and the long-dashed line represents mean movement time.

The * indicates where movements were significantly related to time of day
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Table 4 Watson's U? values measuring for circular uniformity around a tidal cycle

Fish type Time from first low (h) Test statistic P-value n
Mean a Median u?
Lake Hatchery 9.57 9.03-10.20 09.15 1.16 <0.01 75
Wild 10.85 09.63-10.48 10.85 0.27 <0.01 43
Estuary Hatchery 10.50 09.17-11.77 10.63 0.35 <0.01 63
Wild 07.90 06.67-09.40 07.67 0.31 <0.05 38
Marine arrays Hatchery 09.85 08.88-10.82 10.02 0.44 <0.01 39
Wild 10.77 08.97-12.00 10.73 0.19 <0.05 22

Data in bold indicate departure from circular uniformity, i.e. Atlantic salmon (Salmo salar) smolt movements were more likely to occur at a specific tidal time. n is the
total number of fish detected passing the receivers at each section. Mean and median times are hours since low tide at which smolts left the lake, left the estuary and
arrived at the final marine array. Confidence intervals (Cl) for the population mean time were calculated using a bootstrapping approach assuming an underlying von

Mises distribution. Watson’s critical value is 0.19 for all sample sizes

through the estuary (GLM Likelihood ratio test x*=4.56,
p=0.3). Tidal state when smolts left the brackish lake and
time of day when smolts left the estuary had a significant
effect on survival to the marine arrays (GLM Likelihood
ratio test x*>=20.99, p <0.05, Table 6). Smolts leaving the
brackish lake during ebb tides had a higher probabil-
ity of survival to the marine arrays (ANOVA x*>=10.95,
p<0.05) while migration into the marine environment
during hours of daylight increased the probability of sur-
vival to the marine arrays (ANOVA x*=14.12, p<0.05).
Model predicted probability of survival was highest for
fish leaving the brackish lake during ebb tides and leav-
ing the estuary at daytime (0.88) and lowest for fish leav-
ing the lake on a flood tide and leaving the estuary during
night (0.12; Table 6).

Discussion

The results of this acoustic tagging study provide esti-
mates of survival for Atlantic salmon smolts from the
Burrishoole for each phase of the early marine migra-
tion (lake, estuary and early marine). Survival was
highest through the brackish lake and estuarine areas,
although these habitats are often identified as areas of
low survival [21, 25, 35, 57]. Survival of both wild and
hatchery smolts was particularly low within the early
marine environment. The mean daily mortality rate
averaged across the three phases was 10.2% for wild and
26.1% for hatchery smolts. This compares to an over-
all mean daily mortality rate of 0.56% and 0.73% across
the whole marine migration, based on mean percent-
age return rates of 8.1% and 3.7% for wild and ranched
grilse, respectively [44]. Considering the long-range
migrations undertaken by Atlantic salmon, the high
overall mortality observed through the early migration
period in this study (wild mean 37% and hatchery mean
42%) indicate that there is a major survival bottleneck
during this phase.

In this study, smolts of hatchery and wild origin had
similar survival rates. Previous studies report lower sur-
vival of hatchery-reared salmon in the natural environ-
ment compared to wild salmon [48, 50, 55, 64, 80, 84].
This may be explained by the fact that wild salmon are
more experienced at hunting prey and avoiding predators
[23]. The hatchery-reared smolts used in this study are
derived from a line-bred ranching stock that are ranched
on an annual basis and their return rates to rivers as
adults are invariably lower than that of wild smolts [44].
The differences in survival between the hatchery reared
and wild stocks may therefore arise later in the migra-
tion and there may be further survival bottlenecks in the
open marine environment. Marine survival of salmon
has been shown to be affected by growth [17, 76], disease
and parasites [83, 91], environmental conditions [29, 46,
93] and the availability or distribution of food [5, 29, 75].
Hatchery-reared salmon may be more vulnerable to these
effects. Long range tracking of migrating smolts of hatch-
ery and wild origin could help to confirm when in the life
cycle the differences emerge.

In any tagging study, the possible influence of the han-
dling and tagging procedure on estimated survival rates
must be considered. We used the smallest available tags
with sufficient detection range to ensure that the tag-
body mass percentage was sufficiently low to minimise
their effects on the fish [7, 15]. The maximum tag—body
mass was 5.8%, which is below that considered for good
survival in recent telemetry studies (<8% [54], 7% [14].
The analysis showed no evidence that variables associated
with the tagging procedure caused variation in survival.
We are confident that tagging-related mortalities were
minimised. However, we cannot rule out the possibility
that some of the mortalities were due to the procedure
itself. Tagging and handling procedures can contribute
to mortality shortly after tagging [19, 21, 32, 39]. The
interaction of handling and osmotic stress is likely to
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Fig. 4 Circular plots displaying the time (hours since low tide) within the tidal cycle that hatchery and wild Atlantic salmon (Salmo salar) smolts left
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Table 5 Mean swimming depth of Atlantic salmon (Salmo salar)
smolts tagged with V7P tags in 2018 within each partitioned area

Location Mean swimming depth (m)
Overall Wild (n=1) Hatchery
(n=3)
Lake 0.9 0.8 0.8
Estuary 1.6 20 1.5
Inner bay-Marine 04 0.2 04
Outer bay-Marine 23 1.6 24

Inner bay—Marine represents data from the receivers located between the
estuary and the marine arrays among the small islands in the inner bay. Outer
bay—Marine includes data from the marine arrays

contribute to mortality by reducing a smolt’s ability to
detect and evade predators or initiating a decline of
immune functions and disease resistance [4, 20, 33, 96].
In this study, smolts that were not detected beyond the
release location were treated as potential tagging mor-
talities, as this is the period when tagging-related mor-
talities were most likely to occur. Movement beyond the
release location was taken as an indication that a smolt
had recovered well following the procedure and it was
assumed that survival thereafter was not majorly influ-
enced by the tagging effects.

Some hatchery smolts (n=16) were recorded moving
back and forth between the brackish lake, estuary and
inner bay before moving out of range of the receivers or
being detected at one location for an extended period of
time. None of these smolts were detected at the marine
arrays. The mean swimming speed for two of these fish
increased significantly suggesting that the tags were
located in the stomach of a large predator. At the marine
array at Clare Island, several tags (n=7) from hatchery
smolts were detected at the marine arrays between one
and three days after migrating through, which may also
be indicative of a predation event. Similar movements of
tagged smolts were reported in the Burrishoole by Moore
et al. [68] and were interpreted as predation events. Fol-
lowing the release of smolts, the majority of losses are
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likely to be due to mammal, fish and avian predation [13,
25, 26, 32, 47, 90, 92]. Harbour seals (Phoca vitulina),
which predate on salmonids [12, 82], occur on several of
the small islands within the inner bay which the smolts
pass on their migration route [59, 72]. The seals are
known to enter the brackish lake during the wild smolt
run, particularly when large numbers of hatchery smolts
are released for the experimental ranching programme.
Other potential predators include otter (Lutra lutra),
mergansers (Mergus merganser), cormorant (Phalacro-
corax carbo) and grey heron (Ardea cinerea) (Ger Rogan,
pers. comm.). Northern Clare Island and Achillbeg Island
(located at the main exit route) are host to a number of
predatory sea birds including gulls (Larus spp.), awks
(Alcidae) and gannets (Morus bassana). Predatory fish
including large sea trout (Salmo trutta) and pollock (Pol-
lachius pollachius), are also present within the bay along
with some species of cetaceans. Therefore, migrating
smolts are exposed to a wide range of predators during
the early phase of the migration and predation is a plau-
sible explanation for the back and forth movements that
were observed.

Alternatively, the smolts may have reversed their direc-
tion during the migration. Migration reversal behaviour
and migration near freshwater inputs has been previ-
ously documented for smolts [32, 38, 56, 61, 66] and
linked to tidal phases and possible acclimatisation to
avoid osmoregulatory issues [22, 32, 38, 56]. Addition-
ally, smolts use flow and discharge in riverine systems as
migratory cues during downstream migration [41, 62].
However, the low flow levels and the large tidal influence
during this study were unlikely to have influenced direc-
tional cues and caused reversal of smolts. Return to fresh
water has also been reported to be linked to presence
of the parasitic salmon louse (Lepeophtheirus salmonis)
which exist within the distribution range of Atlantic
salmon [24]. Salmon lice have low tolerance to freshwater
and smolts may return to reduce infestation and regain
any osmoregulatory function effected by the presence of
the louse [66, 89, 91]. In this study, the reversal events

Table 6 Predicted probabilities of Atlantic salmon (Salmo salar) smolt survival to the marine arrays (Sy,,) from the best fit GLM

modelling survival in relation to movements

Model: Sy, ~ Lakeg +Estuarypy

Lakeg; Estuarypy Fit SE Residual scale 95% Cl Predicted
probability

Ebb Day 1.99 044 1 0.76-0.95 0.88

Ebb Night 0.00 0.39 1 0.32-0.68 0.50

Flood Day 0.00 049 1 0.28-0.73 0.50

Flood Night =199 0.71 1 0.03-0.35 0.12

EF refers to ebb/flood and DN refers to day/night



Doogan et al. Animal Biotelemetry (2023) 11:39

only occurred in hatchery smolts, possibly because they
are more vulnerable to osmoregulatory issues or pre-
dation [23, 95] or because their larger size makes them
more attractive to larger predators [94].

Both wild and hatchery smolts migrated into the estu-
ary and coastal areas primarily on ebb tides. This is con-
sistent with evidence from other populations [21, 38, 53,
61, 65]. In this study, tidally synchronised movement
appeared to provide an advantage as migration into the
marine during an ebb tide was associated with higher
survival probabilities. Mean migration time was approxi-
mately 10 h after low water (approximately four hours
into an ebbing tide). The results showed that migrating
within the main channels, close to the surface (mean
0.4 m within inner bay) and during a time where cur-
rent speed is high increased the probability of survival;
this strategy may allow smolts to reach the open ocean
faster with a lower energetic cost [69] while also reduc-
ing predation risk [21]. Additionally, smolts that left the
estuary during hours of daylight had an increased prob-
ability of survival to the marine arrays. While there was
no statistically significant association between wild smolt
migration and the diel cycle, hatchery smolts were more
likely to move into the estuary and arrive at the marine
array during hours of daylight. Smolts that migrate dur-
ing daylight may be able to take advantage of visual cues
for navigation or predator avoidance.

Our results showed that Atlantic salmon smolts in
the Burrishoole remain in the brackish lake for approxi-
mately 2—3 days before moving quickly through the short
estuary and marine areas. The majority of smolts fol-
lowed a route to the North of Clare Island but showed
no preference for any part of that channel. A high-reso-
lution model of Clew Bay developed by Nagy et al. [70]
describes the main currents around Clare Island, con-
firming that the strongest currents flow out of Clew Bay
through the channel north of Clare Island. It appears that
the migrating smolts follow these currents and take the
most direct route out of the bay towards feeding grounds
to the north. There is little variation in velocity across the
area where the marine arrays were located which may
explain the movement pattern exhibited by smolts at the
northern array. It has been suggested that salmon may be
drawn to fish farms encountered on their seaward migra-
tion, where predators can also accumulate [53, 91]. How-
ever, we found that smolts showed no preference for the
route closest to the fish farm receiver and there was no
evidence that the presence of the fish farm significantly
impacted movements to Clare Island.

In conclusion, this study identified the early marine
migration through Clew Bay as an important survival
bottleneck for Burrishoole salmon smolts. Results sug-
gest that smolts take advantage of tides and daylight to
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increase chances of survival. Perhaps the largest threat to
smolts is the high numbers of natural predators within
coastal environments and these spatially partitioned
estimates of mortality rates can inform the design of
appropriate management measures such as predator
deterrence. Further tagging studies are recommended to
identify survival bottlenecks later in the migration and to
examine how behaviour varies between catchments due
to genetic differences and local adaptations of salmon
stocks to environmental variables. These efforts can
inform catchment-specific management and conserva-
tion efforts to increase the resilience of salmon stocks.
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