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Abstract

The freshwater phase of the first seaward migration of juvenile Atlantic salmon

(Salmo salar) is relatively well understood when compared with our understanding of

the marine phase of their migration. In 2021, 1008 wild and 60 ranched Atlantic

salmon smolts were tagged with acoustic transmitters in 12 rivers in England, Scot-

land, Northern Ireland and Ireland. Large marine receiver arrays were deployed in the

Irish Sea at two locations: at the transition of the Irish Sea into the North Atlantic

between Ireland and Scotland, and between southern Scotland and Northern Ireland,

to examine the early phase of the marine migration of Atlantic salmon smolts. After

leaving their natal rivers' post-smolt migration through the Irish Sea was rapid with

minimum speeds ranging from 14.03 to 38.56 km.day�1 for Atlantic salmon smolts

that entered the Irish Sea directly from their natal river, to 9.69–39.94 km.day�1 for

Atlantic salmon smolts that entered the Irish Sea directly from their natal estuary.

Population minimum migration success through the study area was strongly corre-

lated with the distance of travel, populations further away from the point of entry to

the open North Atlantic exhibited lower migration success. Post-smolts from differ-

ent populations experienced different water temperatures on entering the North

Atlantic. This was largely driven by the timing of their migration and may have signifi-

cant consequences for feeding and ultimately survivorship. The influence of water

currents on post-smolt movement was investigated using data from previously con-

structed numerical hydrodynamic models. Modeled water current data in the north-

ern Irish Sea showed that post-smolts had a strong preference for migrating when
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the current direction was at around 283� (west-north-west) but did not migrate when

exposed to strong currents in other directions. This is the most favorable direction

for onward passage from the Irish Sea to the continental shelf edge current, a known

accumulation point for migrating post-smolts. These results strongly indicate that

post-smolts migrating through the coastal marine environment are: (1) not simply

migrating by current following (2) engage in active directional swimming (3) have an

intrinsic sense of their migration direction and (4) can use cues other than water cur-

rent direction to orientate during this part of their migration.

K E YWORD S

acoustic tags, coastal zone, current following, marine migration, migration cues, post-smolts,
slope current, telemetry

1 | INTRODUCTION

Migration is common in both aquatic and terrestrial organisms and

involves population-level directed seasonal movements amongst habi-

tats (Avgar et al., 2014; Dingle & Drake, 2007). These movements

often occur over long distances and can evolve if the fitness benefits,

such as increasing the likelihood of acquiring resources, outweigh the

costs of migration (Avgar et al., 2014; Mueller & Fagan, 2008; Tamario

et al., 2019). The costs associated with long distance migration can

include increased exposure to natural and anthropogenic stressors,

predators, diseases, and parasites (Altizer et al., 2011; Dieperink

et al., 2002; Holm et al., 2006; Shephard & Gargan, 2021). In addition,

there is potential for navigational error, which may increase the likeli-

hood of mortality (Furey et al., 2015; Lilly et al., 2021). Understanding

the navigational cues that guide the timing and direction of movement

involved in migrations will help to uncover the ecological processes

involved (Minkoff et al., 2020; Nathan et al., 2008). There is still very

little known about the cues that marine organisms use to navigate

through the open sea. The lack of visual landmarks in pelagic environ-

ments (Luschi, 2013) have driven interest in investigating the use of

magnetic fields, localized water currents, and salinity and temperature

gradients as navigation aids in this environment (Dadswell

et al., 2010; Lohmann et al., 2022; Minkoff et al., 2020).

One species that undergoes long distance marine migrations is

the Atlantic salmon (Salmo salar). The Atlantic salmon is an anadro-

mous salmonid that spawns in fresh water and migrates to sea to

access better feeding opportunities (Limburg & Waldman, 2009). The

main assumed benefits of migration to sea are higher fecundity in

females and greater mating success in males, that result from a larger

body size from faster growth at sea compared with freshwater

(Adams et al., 2022). However, there are costs associated with this

migratory strategy including increased energy expenditure and expo-

sure to anthropogenic and natural stressors in the marine environ-

ment (Alerstam et al., 2003; Limburg & Waldman, 2009).

After 1–7 years in their natal river, Atlantic salmon smolts begin

to migrate downstream towards the estuarine environment (Milner

et al., 2003; Thorstad, Uglem, et al., 2012; Zydlewski et al., 2014). This

downstream migration tends to occur during the night and is rapid,

with migration more likely during periods of high river discharge

(Bjerck et al., 2021; Lothian et al., 2018). Nocturnal migration is

thought to be a tactic that decreases the risk from visual predators

(Lefèvre et al., 2012). Larger smolts are thought to be better able to

evade predators due to their faster swimming speeds (Flávio

et al., 2021). Atlantic salmon smolts from rivers in the UK and Ireland

enter the estuarine environment during late April and May. Following

entry to sea water they are referred to as post-smolts until December

31st of the same year (Gilbey et al., 2021; ICES, 2020). Once in the

estuary, post-smolts have been reported to rely on tidal currents to

rapidly transit this habitat, mainly moving during the night at ebb tide

(Lacroix et al., 2004; Lothian et al., 2018). Studies have shown a posi-

tive relationship between sea entry date and subsequent marine sur-

vival, however, the mechanism through which this occurs is uncertain

(although for discussion of possibilities see Friedland et al., 1998;

Kennedy & Crozier, 2010).

Until recently, knowledge of the distribution of post-smolts in the

offshore marine environment has largely been limited to research

directed surface trawls and the allocation of captured post-smolts to

river of origin by genetics or tagging (Gilbey et al., 2021; Holst

et al., 2000; SALSEA-Merge, 2012). For post-smolts migrating from riv-

ers in the UK and Ireland, trawl data have shown that post-smolts from

multiple river systems overlap temporally (in May and June) and spa-

tially in the continental slope current which flows approximately north
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to the west of the coasts of Ireland and Scotland (Gilbey et al., 2021;

Holm, 2000; SALSEA-Merge, 2012). The slope current ultimately flows

towards known salmon feeding grounds in the Norwegian Sea and the

Vøring plateau, where post-smolts from the UK, Ireland and elsewhere

in Europe, have been captured during the month of August (Gilbey

et al., 2021; Holm, 2000; Shelton et al., 1997). In addition, post-smolts

are present in the slope current and Vøring plateau when water tem-

peratures range between 6 and 12�C (Gilbey et al., 2021; Hindar

et al., 2020; Holm, 2000; Holm et al., 2003).

Whilst there is a reasonable body of literature on the navigational

cues used by smolts in fresh water and some data on the location of fish

of known origin in the offshore marine environment, there is currently a

knowledge gap in our understanding of how they navigate through the

coastal marine environment (Crozier et al., 2018; Mork et al., 2012).

Information on the environmental cues that post-smolts may use in

coastal marine regions is mostly limited to inferences from the results of

particle tracking studies. These studies suggest that how salmonid post-

smolts use the navigational cues available to migrate in coastal areas is

likely to be dependent on the geographic location of the river system

(Furey et al., 2015; Mork et al., 2012; Ounsley et al., 2020). Thus, post-

smolts may adopt strategies that increase their metabolic costs by

actively swimming in a direction different from local current patterns, if

such tactics increase their chances of arriving at feeding grounds during

periods of high prey abundance and/or decrease their exposure to pred-

ators (Ounsley et al., 2020). For example, Mork et al. (2012) predicted

from simulations that post-smolts emigrating from rivers along the west-

ern coast of Ireland could gain a migration cost advantage on their migra-

tion towards their northern feeding grounds by migrating with the

continental slope current early in their marine migration. In contrast,

Ounsley et al. (2020) used simulated post-smolt movements from rivers

that drain to the west coast of Scotland to note that for post-smolt

migration to coincide with the temporal and spatial patterns of post-

smolts in the continental shelf edge current shown by scientific trawling

surveys, considerably more active swimming in directions that frequently

deviate from local current patterns was necessary.

An understanding of the migratory pathways and cues used for

navigation by Atlantic salmon is important information for manage-

ment of anthropogenic coastal activity on this important species

(Furey et al., 2015; Gilbey et al., 2017). Acoustic telemetry has devel-

oped sufficiently in the last few years to allow for the tracking of rela-

tively small Atlantic salmon smolts and post-smolts as they make the

transition from river to the sea. The technique involves inserting a

small transmitting tag into a study animal. The tag emits a sound sig-

nal, coded with a unique identification number that can be detected

by acoustic receivers often placed in a fixed position in the marine

environment (Crossin et al., 2017). In this study we used acoustic

telemetry to describe the migration of salmon from 14 sites in 12 riv-

ers around the Irish Sea.

This study had three main objectives:

1. To compare the relative migration success of post-smolts amongst

populations migrating through the Irish Sea from different river

systems.

2. To identify some underlying drivers of variation in migration

success.

3. Identify the environmental cues which best predict the migration

of Atlantic salmon through the transitional zone from the Irish Sea

into the North Atlantic.

2 | MATERIALS AND METHODS

This study was made possible by an extensive collaboration between

six projects (SeaMonitor; the West Coast Tracking Project; COM-

PASS, the Nith, Derwent and AFBI Salmon Tracking Projects) involv-

ing 14 different research groups who shared tasks and data to

address the regional scale questions addressed here.

2.1 | Study area

The Irish Sea (51.9� to 56� N; 2.9 to 7.0 �W) is a channel that extends

around 350 km roughly orientated along a north–south axis. It connects

to the North Atlantic Ocean in the north via the North Channel and to the

Celtic Sea in the south (Figure 1; Dabrowski et al., 2010; Howarth, 2005).

For the purpose of this paper, the North Channel is included as part of the

Irish Sea. The main drivers of the current in the Irish Sea are the M2 (the

gravitational effect of the moon) and S2 (the gravitational effect of the

sun) tidal constituents with the dominant flow directed northwards

(2.50 km3.day�1; Olbert et al., 2012; Olbert & Hartnett, 2010).

2.2 | Fish capture and tagging

In this study, 1008 wild and 60 ranched (River Burrishoole) Atlantic

salmon were captured as migrating smolts from 14 sites in 12 separate

rivers (in the UK and Ireland) during April and May 2021. Wild smolts

were captured using either a 1.2 m diameter rotary screw trap, a fyke

net or a wolf trap (River Burrishoole only). Ranched smolts from the River

Burrishoole were reared in ponds adjacent to their natal river and

released at the same location as wild smolts (see Cotter et al. 2022 for

more information). Smolts were tagged in one river in England (River

Derwent), four rivers in Scotland (the Rivers Gryffe, Endrick, Nith,

Bladnoch,) plus one tributary of the River Nith (the River Crawick), six riv-

ers in Northern Ireland (Rivers Glendun, Carey, Bush, Bann, Roe, n = 11,)

and one tributary of the River Bann (Agivey) and one river in Ireland

(River Burrishoole; Figure 1; Table 1). Tagged fish were released at the

capture site except for those from the River Endrick and River Derwent

where a proportion of fish were also transported downstream before

release (Figure 1; Table 1). Data on fish tagged from each of the two trib-

utaries of the Nith catchment (River Nith & Crawick) were combined

(henceforth called the River Nith). Similarly, data from the River Bann

and Agivey River were combined as the River Bann (Figure 1). Salmon

smolts were tagged with five models of acoustic tags (V7-2x, V7-4x,

V8-4x, V7D-2x; InnovaSea, Bedford, Nova Scotia, Canada). All models

emit a coded acoustic signal on 69 kHz, the signal being emitted with a
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pre-determined mean delay (with variation around that delay) from the

last signal; the nominal delay of tags in this study are shown in Table 1.

The minimum fork length and weight of smolts tagged with V7-2x, and

V7-4x was 130 mm and 20 g, respectively. Tag models used differed in

their dimensions. The mass and length of tags were: V7-2x, 1.5 g and

19.5 mm, V7-4x 1.8 g and 21.5 mm, V8-4x 2.0 g and 20.5 mm,

and V7D-2x 1.7 g and 22.0 mm. The tags were programmed with differ-

ing transmission rates and had expected battery life durations of 99 to

522 days dependent on tag model and tagging location (Table 1).

2.3 | Fish tagging

Tagging followed standard surgical tagging methods. In general, once

anesthetized with MS222, smolts were measured for fork length

(±0.1 cm) and mass (±0.1 g). The tag was then inserted into the

abdominal cavity through a ca. 9–10 mm anterior to posterior incision

made lateral to the ventral midline, anterior to the pelvic girdle. One

or two interrupted surgeon knots were then used to close the incision

using veterinary sutures. The fish were placed in aerated water to

recover and released once fully recovered (see Lilly et al., 2021 for

details). In the River Burrishoole, fish were held overnight in covered

flow-through tanks before release the following day, elsewhere fish

were released on the same day as tagging during daylight hours. The

care and tagging of Atlantic salmon smolts was conducted under

license from national authorities (UK Home Office license PP0483054

(England/Scotland); UK Home Office license PPL2869 (N. Ireland);

HPRA License AE19121/P003 Case No. 7028960 (Ireland).

2.4 | Acoustic receiver deployment

In total 183 acoustic receivers operating at a frequency of 69 kHz

were deployed in this study (Table S1; Figure 1). This included VR2W/

F IGURE 1 Map displaying the 14 capture sites in 12 rivers where Atlantic salmon smolts (n = 1008) were captured for tagging in England,
Scotland, Northern Ireland and the Republic of Ireland for this study. In addition, 60 hatchery origin smolts were tagged and released in the River
Burrishoole. The coastal region each river belongs to is referenced in brackets next to the river name. Where Region one (1) refers to the Solway
Firth (Rivers Derwent, Nith, Bladnoch); Region two (2) refers to the Clyde Estuary (Rivers Endrick and Gryffe); Region three (3) refers to the Bush
Coastal region (rivers Bann, Bush, Carey and Glendun); Region four (4), refers to Lough Foyle (rivers Roe and Faughan); Region five (5), refers to
Clew Bay (River Burrishoole). Tagged fish release sites are represented by stars, and acoustic receivers (n = 183) are represented by gray dots.
Marine monitoring lines (A and B) in the Irish Sea are labeled in alphabetical order from south to north. Twenty-two acoustic receivers were
initially deployed at monitoring line A. One hundred and eight acoustic receivers were deployed at monitoring line B and are labeled in numerical
order from the furthest west receiver (R1) on the monitoring line to the furthest east (R108). Refer to Figure S2 for the locations of acoustic
receivers that were not retrieved from marine monitoring line A (n = 2) and B (n = 9).
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Tx receivers (InnovaSea Ltd., Nova Scotia, Canada) deployed at the

exit of the rivers where smolts were tagged (n = 11; Figure 1;

Table S1). Only smolts that were detected on the final riverine

receiver were included in the analysis. In addition, three monitoring

lines were deployed at the exit of estuaries and embayments including:

the Clyde Estuary (n = 8; Figure 1; Table S1), Lough Foyle (n = 10;

Figure 1; Table S1) and Clew Bay (n = 10; Figure 1; Table S1). Here an

estuary was defined as “a basin where river and ocean forcing (being both

tides and waves) interact to determine [its] physical properties” (Hume

et al., 2007) and a coastal embayment as “an extension of the sea into an

indentation of the coast” (Schwartz, 1982).

Lastly, two monitoring lines consisting of VR2AR receivers (see

Lilly et al. (2021) for a description of acoustic receiver types) were

deployed in the Irish Sea; this included a line of 22 acoustic receivers

extending from Larne, Northern Ireland to Portpatrick, Scotland

(54.83� N 5.71� W to 54.89� N 5.14� W) deployed by the COMPASS

project (Figure 1; monitoring line A; distance ca. 36 km; mean receiver

spacing [± SD] = 1.13 km ± 1.83 � 10�3 km; mean depth of

receivers = 0.14 ± 0.02 km) and a line of 108 acoustic receivers

extending from Malin Head, Ireland to Port Weymss, Scotland

deployed by the SeaMonitor project (Figure 1; monitoring line B; dis-

tance ca. 63 km; mean receiver spacing = 0.58 ± 0.20 km; mean

depth of receivers = 0.04 ± 0.02 km). The combination of V7 tags and

VR2AR acoustic receivers has been reported in three studies to have

a raw detection efficiency of 75% and 90% at 200 m in coastal condi-

tions in Scotland similar to those of this study (Main, 2021; Newton

et al., 2021; Honkanen et al., 2018). In our study, 19 acoustic

receivers could not be retrieved at the end of the study and were pre-

sumed lost. This included four at the exit of the Clyde Estuary, three

at the exit of Lough Foyle, one at the exit of Clew Bay, two from mon-

itoring line A, and nine from monitoring line B (Table S1; Figure S2).

2.5 | Environmental data

Modeled water current data for the study area were derived from the

Marine Institute's Northeast Atlantic Model, or NEA-ROMS

(Dabrowski et al., 2016). The model is based on the Regional Ocean

Modeling System (ROMS), a free-surface, hydrostatic, primitive equa-

tion ocean model (Shchepetkin & McWilliams, 2005). The model

domain covers a significant portion of the North-West European con-

tinental shelf with a horizontal and vertical resolution of about 4 km

and 40 sigma levels (total number of vertical layers), respectively. It is

one-way nested within the high- resolution (1/12�) Mercator Ocean

PSY2V4R2 operational model of the North Atlantic, whereby daily

values for potential temperature, sea surface height and velocity are

linearly interpolated at the open ocean boundaries (Nagy et al., 2020).

Seawater temperature was derived from the WeStCOMS model

(Aleynik et al., 2016). This model resolves the circulation over an area

extending from the Isle of Man to the North Minch, and from the

Scottish mainland to the Outer Hebrides archipelago, with a varying

horizontal resolution of 0.1–2.3 km. WeStCOMS has a terrain-

following coordinate system (Chen et al., 2006), meaning that the

depths of the vertical layers change depending on the bathymetry and

the fluctuations of the sea level. Temperature was derived from the

layer closest to the surface, with a depth range from zero to two meters

below the surface. This depth was chosen as post-smolts have been

reported to migrate primarily in the top three meters of the water col-

umn during their early marine migration (Davidsen et al., 2008; Holm

et al., 2006; Newton et al., 2021). In a tidally mixed area like the Irish

Sea, the vertical gradients of temperature are minimal. Therefore, the

temperature in the WeStCOMS surface layer is representative of the

temperature at the depth where post-smolts migrate.

WeStCOMS is restarted every week from a resting state, intro-

ducing a discontinuity in the circulation series. Nevertheless, the dis-

tribution of temperature and salinity is retained. As a result, the model

restart does not affect the continuity of the temperature series. Lastly,

in this study, hourly ocean currents and temperatures were derived

from the closest NEA-ROMS and WeStCOMS nodes to each acoustic

receiver deployment location.

2.6 | Statistical analysis

All analyses in this study were conducted using R versions 3.5.3 and

4.1.1 (R Core Team, 2021).

2.7 | False detection filtering

Detection data was filtered for false detections using the short-

interval criterion in the R package Glatos and by removing consecutive

detections at a single receiver that occurred within the period that

was less than the minimum nominal delay of that tag (Table 1;

Holbrook et al., 2018; Pincock, 2012 (for a detailed description of

false detection filtering see Lilly et al. (2022)). Post-smolts that were

detected at monitoring lines A and B for multiple days beyond the

date when 75% of post-smolts had left the Irish Sea were removed

from the analysis, as such detections were likely either a fish mortality,

or a tag that was consumed by a predator. In this study only one

detection met this criterion; that of a tag implanted into an Atlantic

salmon post-smolt from the River Bann (ID: 46806) detected on moni-

toring line B from June 30th – July 6th. All other tags detected at lines

A and B in this study were assumed to be indicative of the presence

of a passing post-smolt.

2.8 | Migration success

Minimum migration success was defined as the number of post-smolts

detected at a monitoring line expressed as a proportion of all detec-

tions of tags that entered the Irish Sea either from their natal river, or

estuary (Clyde Estuary (River Endrick, River Gryffe), Lough Faughan

(River Roe, River Faughan) (Figure 1). The minimum migration success

rate for a river or group of rivers migrating northward through the

Irish Sea, is the minimum migration success rate for that group
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expressed proportionate to the distance traveled in km (%.km�1). Min-

imum migration success rates calculated for post-smolts entering the

Solway Firth (from the rivers Derwent, Nith and Bladnoch) should be

interpreted with caution as there was no acoustic receiver array

deployed south of monitoring line A which prevented us from deter-

mining if these post-smolts were engaging in southerly migrations

(Green et al., 2022). Therefore, while results are reported for these

rivers in subsequent tables, their minimum migration success to moni-

toring line B is not directly compared to other populations.

2.9 | Biotic factors influencing migration success

To examine the effects of biotic factors on minimum migration success

through the Irish sea, fork length (fl), mass, tag burden (fraction of tag

mass to body mass), condition factor (k) (calculated according to Barn-

ham and Baxter (1998)), date of sea entry and minimum distance trav-

eled to monitoring line B were used as factors in a General Linear

Mixed Model (GLMM) with a binomial error structure and logit link

function that was fit using the R package lme4 stats (Bates et al., 2015).

Logit Migration success�FLþkþDate of seaentryð

þMinimum distance traveledþ 1jRiverð Þ: ð1Þ

River was included as a random effect (Kessel et al., 2016). The

dependent variable (Irish Sea migration success) was coded as 1, if a

post-smolt tag was detected on monitoring line B, and 0 if a post-

smolt tag was detected entering the marine study area but not on

monitoring line B. Smolts migrating from rivers draining into the Sol-

way Firth were excluded from this analysis (rivers Derwent, Nith and

Bladnoch) for the reason indicated above, as were smolts from the

River Burrishoole as this river did not drain directly into the Irish Sea.

River Faughan smolts were also removed from the analysis as mass

measurements were not available. Smolts that were not detected

leaving their natal river or estuary but were detected on monitoring

line B (n = 19) were removed from the analysis. Date of sea entry was

converted to a Julian day (decimal date) using the function ‘decimal_-

date’ in the R package lubridate (Grolemund & Wickham, 2011). Cor-

relation between continuous variables was assessed using Spearman's

Rank correlation tests. Fork length was highly correlated with mass

(r = 0.94) and tag burden (r = �0.90), therefore the initial model only

included fork length, k, Julian day and minimum distance traveled.

Thus, 257 detections were included in the analysis (1 = 101,

0 = 156). The ‘glmulti’ function in the glmulti package with a wrapper

to incorporate the random effect was used to select the model that

contained the best set of independent variables with the lowest

Akaike Information Criterion (AIC) (Barry et al., 2016). The top three

models that had a ΔAICc <2 were then compared with likelihood ratio

tests using the function ‘lrtest’ in the R package lmtest (Zeileis, & Hor-

thorn., T., 2002) to determine the significance of each explanatory

variable in the final model. Lastly, once the final model was deter-

mined, McFaddens R2 was used to assess the fit of the model.

2.10 | Migration duration and speed

The mean duration of the post-smolt migration through the Irish Sea

was calculated as the time elapsed between the final tag detection at

the point of entry to the marine study area and their first detection

at monitoring line B. In addition, the mean speed of migrating post-

smolts through the Irish Sea was calculated in kilometers per day (km.

day�1). To do this the minimum distance traveled to reach monitoring

line B, calculated as a straight-line distance (excluding land) using the

Google Earth “Ruler tool” between the point of entry to the study site

and monitoring line B (sensu Barry et al., 2020), divided by the time

elapsed between the two detection points.

2.11 | Post-smolt distribution

To assess the distribution of detections of Atlantic salmon post-smolts

across monitoring lines A and B, post-smolt detections were grouped

into regional clusters based on the proximity of neighboring rivers.

Five regional clusters were identified. Region 1 was defined as the

Solway Firth (Rivers Derwent, Nith and Bladnoch), Region 2 was the

Clyde Estuary (Rivers Endrick & Gryffe), Region 3 was the Bush

Coastal region (Rivers Bann, Bush, Carey & Glendun), Region 4 as

Lough Foyle (Rivers Roe & Faughan) and Region 5 was Clew Bay

(River Burrishole).

Pearson Chi-square tests (χ2) were used to determine if the detec-

tion frequency of tags in post-smolts from each region was equally

distributed amongst receivers on monitoring lines A and B. Due to the

large number of receivers in each monitoring line, line A receivers

were clustered into 11 groups comprising two adjacent receivers and

monitoring line B was divided into 12 groups of nine adjacent

receivers. To ensure that the number of post-smolts detected in a

receiver group was not overestimated, duplicated detections of the

same individual fish in the same receiver group were removed. Lastly,

if post-smolt tags were detected in adjacent groups within a period of

time less than the tag's nominal delay (Table 1) then only the initial

detection was retained for analysis.

The distribution of post-smolt tag detections on monitoring lines

A and B was visualized using the ‘get_google_map’ function in the R

package ggmap (Kahle & Wickham, 2013). A heatmap of the number

of post-smolt tag detections at each site was constructed using the

‘stat_density_2d’ function in the R package ggplot2 (Wickham, 2016).

Lastly, to determine where most post-smolts exited the Irish Sea, the

interquartile range of the receivers where their initial detection

occurred on monitoring line B was extracted for each population. The

interquartile range represents the 25th – 75th percentile around

the median of the receiver locations (ordered from 1 to 108), on

which post-smolts were detected on monitoring line B. For this analy-

sis and the analyses described below, the migration exit point from

the Irish Sea was defined as the initial detection of tagged fish on

monitoring line B, as at this point, we knew they were traveling in a

broadly north westerly direction and assumed that entry into the

North Atlantic followed.
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2.12 | Migration timing

To determine the dates when the highest percentage of post-smolts

were most likely to enter and exit the Irish Sea for the North Atlantic,

the median and 25% quantiles of dates were calculated for the final

detection of tagged post-smolts at the point of entry to the study area

(either from their natal river (regions 1 and 3) or estuary (regions

2 and 4) and on initial detection on monitoring line B (Bjerck

et al., 2021).

2.13 | Environmental correlates of transition into
North Atlantic

2.13.1 | Temperature

To determine if most post-smolts exited from the Irish Sea into the

North Atlantic during the temperatures reported for Atlantic salmon

during their riverine and marine migration, the modeled average daily

water temperature recorded across all receiver locations on monitor-

ing line B on the median date when post-smolts from each river sys-

tem had their initial detection on monitoring line B was extracted

from the WeStCOMS model.

2.14 | Environmental cues of transition into North
Atlantic

2.14.1 | Time of day

To determine if the exit of a post-smolt from the Irish Sea was depen-

dent on time of day, the mean number of exits for each hour of the

day and night were compared. Where day and night were defined as

the hours between sunrise and sunset and between sunset and sun-

rise, respectively (Christoffersen et al., 2019). Sunset and sunrise

times were calculated using the getSunlightTimes function in the R

package suncalc (Thieurmel & Elmarhraoui, 2019). The initial detection

of a post-smolt on monitoring line B during each hour was then con-

verted to degrees (and to a circular object) using the R package circular

and visualized using circular rose diagrams (Lund & Agostinelli, 2018),

where 0� and 180� represented midnight and noon, respectively (Lilly

et al., 2022).

2.14.2 | Current direction

Hourly current direction data for each receiver location on monitoring

line B was obtained from the NEA-ROMS hydrodynamic model as

described above, where currents traveling in the north to east, east to

south, south to west and west to north were represented by compass

bearings in the ranges from 1� to 89�, 90�–179�, 180�–269� and

270�–359�, respectively. Since the current direction data were aver-

aged over hourly periods, the timestamps when post-smolts were

initially detected on monitoring line B were also rounded to the near-

est hour. Rayleigh's tests of uniformity were then used to test

whether the initial detection of a post-smolt on monitoring line B

coincided with a specific current direction. These movements were

visualized using circular rose diagrams (Lilly et al., 2022; Murray

et al., 2018).

To assess whether post-smolts were exiting the Irish Sea with the

most frequent current direction, we used rose diagrams to plot

the current direction when a post-smolt was initially detected on a

receiver on monitoring line B versus the current directions available

to them at the same receiver during the timespan they were present

in the Irish Sea region. Rose diagrams were created for the five

receivers where the highest number of initial detections of post-

smolts occurred.

3 | RESULTS

3.1 | Tagged fish summary

In total, 582 Atlantic salmon smolts successfully migrated from their

natal river into estuarine and marine waters and were included in this

study. The mean fork length (mean mm ± SD, n = 527), mass (g,

n = 489) and tag burden (tag to body mass ratio, n = 489) of wild

smolts in this study were 149 ± 12.7 mm, 35.0 ± 9.3 g and 0.05

± 0.01, respectively. The mean fork length, mass and tag burden of

ranched smolts (n = 55) from the River Burrishoole in this study were

197.0 ± 11.8 mm, 87.3 ± 17.7 g and 0.02 ± 0.01, respectively.

3.2 | Migration metrics

For Atlantic salmon smolts that entered the Irish Sea directly from

their natal river (regions 1 and 3) minimum migration success ranged

from 6% for the River Nith post-smolts to 62% for River Bann post-

smolts (Table S2). Atlantic salmon smolts from regions 1 and 4 had to

migrate through their natal estuary prior to reaching the Irish Sea. The

minimum migration success of post-smolts through the Irish Sea for

fish from these rivers ranged from 24% for River Endrick post-smolts

to 95% for River Faughan post-smolts (Table S2).

The minimum migration success rates in the Irish Sea (the number

of fish that were detected at monitoring line B as a proportion of

those entering the study area expressed as percentage per unit dis-

tance traveled) differed between rivers. Minimum migration success

rate for Atlantic salmon smolts that entered the Irish sea directly from

the exit of their natal river ranged from 0.02%.km�1 for River Nith

smolts to 1.35%.km�1 for River Bann post-smolts (Table S2). Further-

more, minimum migration success rate for Atlantic salmon smolts that

entered the Irish sea directly from the exit of their natal estuary ran-

ged from 0.14%.km�1 for river Endrick post-smolts to 2.51%.km�1 for

River Faughan post-smolts.

The first date of entry of post-smolts into the Irish sea was

dependent on the date they exited either their natal river (smolts from
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regions 1 and 3) or estuary (regions 2 and 4). The period between the

first date of entry of a tagged post-smolt into the Irish Sea and detec-

tion of the last individual leaving the study site was 63 days. Across all

populations the median dates of entry and exit of post-smolts from

the Irish Sea were May 6th ± 8.1 days (± SD; range: April 18th – June

2nd) and May 14th ± 13.4 days (range: April 21st to June 20th),

respectively (Table S3). While most post-smolts entered the Irish Sea

during the first two weeks in May, there appeared to be a difference

between rivers based upon their total distance traveled through the

Irish Sea (Tables S2 and S3; Figure 2). Most post-smolts from rivers in

Northern Ireland exited the Irish Sea by the second week in May,

whereas post-smolts from English and Scottish rivers left during the

first week of June (Figure 2; Table S3). There were no post-smolts

from the River Burrishoole detected in the Irish Sea receiver arrays

(A and B), however, the median date of entry into the coastal zone,

west of Ireland for post-smolts from this river in 2021 was May

11th ± 2.0 days (Figure 2; Table S3). However, it is important to note

that smolts from the River Burrishoole were acoustically tagged later

in the spring in comparison to all other rivers in this study (excluding

the River Faughan; Table 1).

One consistent finding amongst all rivers is that post-smolts

undertook rapid migrations through the Irish Sea. For smolts that

entered the Irish Sea directly from their natal river, their mean mini-

mum migration speed (± SD) through Irish Sea (regions 1 and 3) ran-

ged from 14.03 ± 7.32 km.day�1 for River Derwent post-smolts to

38.56 ± 12.86 km.day�1 for River Bann post-smolts (Table S2). In

addition, for post-smolts that entered the Irish Sea from their natal

estuary, their minimum migration speed through the Irish Sea ranged

from 9.69 ± 1.71 km.day�1 for River Endrick post-smolts, to 39.94

± 12.04 km.day�1 for River Roe post-smolts (Table S2).

3.3 | Predictors of minimum migration success

Modeling minimum migration success through the Irish Sea showed

that only minimum migration distance successfully predicted the prob-

ability of a successful migration (p = 0.005; Table 2). K (p = 0.50) and

Julian day (p = 0.41) did not significantly improve the model (Table 2).

In addition, a General Linear Model (GLM) was used to fit the final

model as there was not a significant difference between the

final model with and without river location included as a random

effect (χ2 = 0, df = 2, p = 1). However, only 4% of the variation in

migration success was explained by minimum migration distance

(Table 2: R2M = 0.04). The mean distance (± SD) for Atlantic salmon

smolts which made a successful or unsuccessful migration through

the Irish Sea was 87.6 ± 57.0 km (± SD) and 116.5 km ± 57.5 km,

respectively. The model predicted the overall probability of a detected

successful migration by a post-smolt through the Irish Sea at the mini-

mum (38.0 km), mean (105.1 km) and maximum (168.0) distance trav-

eled by fish in this study were 52.9, 38.6 and 26.8%, respectively

(Table 2; Figure 3).

3.4 | Monitoring line passage

Post-smolts were detected on a mean number of 1.4 ± 0.9 (± SD;

n = 43; range: 1–6) receivers on monitoring line A and 1.9 ± 1.1

(n = 148; range: 1–6) receivers on monitoring line B. Only post-smolts

migrating from regions 1 (Rivers Derwent, Nith & Bladnoch) and

2 (Rivers Endrick & Gryffe) were detected at monitoring line A

(Table S2; Figure 4). Post-smolts from all river systems in regions 1 to

4 were detected on monitoring line B (Table S2; Figure 4). There were

no post-smolts from Region 5 (River Burrishoole) detected on either

of monitoring line A or B.

In this study, post-smolts migrating from the same coastal region

displayed similar passage positions on monitoring lines A and B

(Figure A3). The total number of post-smolts detected at each receiver

grouping on monitoring line A from regions 1 and 2 was evenly dis-

tributed across the line (Region 1: χ210 =14.56, p=0.149; Region 2:

χ210 =12.71, p=0.24; Figure 4a,b). In contrast, the number of post-

smolts detected at each receiver grouping on monitoring line B, where

post-smolts transition from the Irish Sea to the North Atlantic was not

evenly distributed across the monitoring line (Region 1: χ211 =33.2,

p=4.9�10�4; Region 2: χ211 =35.4, p=2.2�10�4; Region 3: χ211

=176.5, p=2.2�10�16; Region 4: χ211 =40.5, p=3.0�10�5;

Figure 4).

F IGURE 2 A boxplot plot displaying the dates (mm-dd) when
Atlantic salmon (Salmo salar) post-smolts (n = 582) were last detected
in their natal river/estuary (Rivers Endrick, Gryffe, Roe, Faughan) or
coastal embayment (River Burrishoole) and entered the coastal zones
of the Irish Sea or the west coast of Ireland (River Burrishoole;
Figure 1: Clew Bay) and were detected on monitoring lines A and B
(excluding the River Burrishoole Figure 1). In the boxplots, the centre
line represents the median, the box encompasses the 25 to 75%
quartiles, the bars are the values within 1.5 interquartile units and the
dots represent outliers. It should be noted that the dates when smolts
were tagged (represented by the dashed black line) differed in each
river system. The thick black lines divide rivers into their coastal
regions (see methods).
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In general, there appeared to be a relationship between where on

the line B a post-smolt was detected and the location of the river

drainage into the Irish Sea. For example, post-smolts migrating

through the Irish Sea from regions located along the west coast of

Scotland (Figure 4a,b; Figure S3b–e) and England (Figure 4a;

Figure S3a) appeared to have a higher likelihood of being detected

near the centre of monitoring line B, with the highest concentration

(interquartile range) of post-smolts migrating from regions 1 and

2 being detected over a distance of approximately 20 km between

receivers 49 and 75 (nsmolts = 11) and 47–78 (nsmolts = 20), respec-

tively (Table 3; Figure 4a,b; Figure S3a–e). By contrast, post-smolts

migrating from rivers in Northern Ireland appeared to remain close to

the Irish coast, with the highest concentration (interquartile range) of

post-smolts migrating from regions 3 and 4 detected over a distance

of approximately 15 km between receivers 31–44 (nsmolts = 48) and

24–39 (nsmolts = 11), respectively (Table 3; Figure 4c,d; Figure S3f–k).

3.5 | Environmental correlates of migration

3.5.1 | Temperature

In this study, most (median value; Table S3) Atlantic salmon post-

smolts from rivers in Northern Ireland exited the Irish Sea during the

period of April 24th (River Bush) to May 17th (River Faughan), when

the daily water temperature across monitoring line B ranged from 9.1

to 9.9�C. In contrast, most (median value; Table S3) post-smolts from

Scottish/English rivers exited the Irish Sea approximately two weeks

later, during the period of May 29th (River Endrick) to June 4th (River

Bladnoch) when the temperature ranged from 10.3 to 11.0�C.

3.6 | Environmental cues initiating migration

3.6.1 | Time of day

Atlantic salmon post-smolts were detected exiting the Irish Sea during

all hours of the day. However, a higher mean number of post-smolts

per hour were found to exit the Irish Sea during the day (nhours = 43,

0.15 ± 0.11 post-smolts/hour (± SD)) compared with during the night

(nhours = 25, 0.11 ± 0.26 post-smolts/hour).

3.6.2 | Current direction

In this study, the timing of a post-smolt migrating from the Irish Sea

into the wider North Atlantic (first detection on monitoring line B

receiver) was highly dependent on current direction (z = 0.49,

TABLE 2 Parameter values from the
General Linear Mixed Model (GLMM)
and General Linear Model (GLM)
assessing the influence of the fork length
(fl), condition factor (K), julian day and
minimum distance traveled (min.
distance; see methods) on the successful
migration of Atlantic salmon post-smolts
through the Irish Sea.

Model Variable Value SE z-value p R2
M R2c

Initial Intercept �1.14 3.90 �0.29 0.77 0.09 0.09

FL 0.12 0.13 0.93 0.35

K �1.37 1.35 �1.02 0.31

Julian day 2.88 6.24 0.46 0.64

Min.distance traveled �7.30 2.73 �2.67 7.54 x 10�3

Final Intercept 0.44 0.26 1.71 0.09 0.04

Min.distance �8.63 2.27 �3.80 1.45 x 10�4

Note: River location was included as a random effect in the initial model (GLMM) and the final model

(GLM) did not included river as a random effect. The last two columns show the variation explained by

the fixed effects (R2
M) and the full model (R2

C; fixed effects and the random effect [River]).

F IGURE 3 The binomial General Linear Model (GLM) model
showing the effect of minimum migration distance (Distance [km])
from the exit of smolts natal river/estuary to monitoring line B on the
probability of migration success (measured as minimum migration
success) of Atlantic salmon (Salmo salar) post-smolt through the Irish
Sea. The shaded region is the 95% confidence interval of the final
model.
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F IGURE 4 Heatmaps displaying the number of Atlantic salmon (Salmo salar) post-smolts detected at each acoustic receiver on monitoring
lines A and B (Figure 1) during the period of this study. The black stars show the location of each river (n = 11) where Atlantic salmon post-smolts
originated. Rivers are grouped by coastal region where they entered the Irish Sea (Figure 1, (a) Region 1: Rivers Derwent, Nith, Bladnoch;
(b) Region 2: Rivers Endrick, Gryffe; (c) Region 3: Rivers Bann, Bush, Carey, Glendun; (d) Region 4: Rivers Roe, Faughan).

TABLE 3 The interquartile range of
receiver locations on monitoring line B
(Figure 1) where post-smolts from each
coastal region (No. smolts) (rivers from
each region combined in “Overall”) and
river had their initial detection in this
study, as well as the length of the

monitoring line (distance [km]) and % of
line (% of interquartile range/distance of
entire line [distance �63 km]) over which
the interquartile range occurred.

Interquartile range of initial detections

Region River No. smolts total No smolts Range Distance (km) % of line

1 Overall 22 11 49–75 15.30 24.36

Derwent 11 6 47–74 15.10 24.04

Nith 6 3 50–63 7.65 12.18

Bladnoch 5 2 54–80 14.40 22.93

2 Overall 36 20 47–78 17.60 28.03

Endrick 9 6 41–71 17.80 29.34

Gryffe 27 15 49–79 16.90 22.77

3 Overall 68 48 31–44 6.13 11.26

Bann 21 13 27–37 5.95 9.47

Bush 39 29 33–44 6.61 10.53

Carey 3 2 47–74 15.10 24.04

Glendun 5 3 34–45 6.03 9.60

4 Overall 23 11 24–39 8.91 14.19

Roe 5 3 24–34 6.08 9.68

Faughan 18 10 22–40 10.80 17.20

5 Burrishoole 0 0 - - -

Note: The interquartile range represents the 25th–75th percentile around the median receiver location

(nlocations = 108) on monitoring line B (ordered from 1 to 108) on which smolts were detected.
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p < 0.001). The mean current direction (circular mean degree) at the

time of initial post-smolt detection (all rivers combined) occurred at

283.3� ± 1.11� (± SD; between west and north-west; range: 0–353�;

Figure 5b). Furthermore, the highest proportion of post-smolts

(n = 60; 40.3%; Table 4) were initially detected on monitoring line B

during an ebb tide when currents were tracking westwards. During

the period when these post-smolts were detected, the westward

component of the current was approximately four times faster (0.68

± 0.41 m/s) than the northward component (0.17 ± 0.10 m/s;

Table 4). Lastly, most post-smolts exited the Irish Sea when currents

were tracking in a westerly direction. Examination of the five receivers

with the most post-smolt detections, showed that post-smolts would

be exposed to considerable variation in current direction. For exam-

ple, a high proportion of the currents tracked north-east on the ebbing

tide (Figure S4). However, despite this most post-smolts exited the

Irish Sea when currents were tracking in a westerly direction,

indicating that they were responding to current direction when choos-

ing to migrate.

4 | DISCUSSION

Prior to this study, our understanding of post-smolt migration through

the Irish Sea was limited to a few studies with small sample sizes com-

prising post-smolts from one or two rivers from the same country

conducted by a single research project (Barry et al., 2020; Green

et al., 2022). While these provided valuable insights into the migratory

patterns of post-smolts through the Irish Sea, our study highlights the

importance of merging resources and disseminating results from pro-

jects conducted across jurisdictions to better understand the early

marine migration and to improve conservation efforts of Atlantic

salmon (Flye et al., 2021).

F IGURE 5 Rose diagrams depicting (a) the hour of the day and (b) the direction of currents (�) when Atlantic salmon (Salmo salar) post-smolts
were initially detected at a unique acoustic receiver on monitoring line B. The green and blue arrows show the mean hour (a) and mean current
direction (b) when post-smolts were initially detected respectively (Lilly et al., 2022). The orange and yellow bands (a) show the variation in
sunrise and sunset times for the total period over which any post-smolts were detected on monitoring line B (ie. April 21st–June 20th).

TABLE 4 The proportion of Atlantic salmon (Salmo salar) post-smolts (%) initially detected on monitoring line B (n = 148) when mean current
(averaged hourly, modeled values ± SD [range]) was orientated in a north-east (1–89�), south-east (90–179�), south-west (180–269�) and north-
west (270–360�) direction.

Current
direction

Degree
range

% of
smolts (n) Mean direction (�) Mean u (m/s) Mean v (m/s) Mean speed (m/s)

NE 1�–89� 18 (26) 53.60 ± 0.50 (0–89.0) 0.59 ± 0.45 (0–1.28) 0.28 ± 0.14 (0–0.46) 0.72 ± 0.36 (0.04–1.29)

SE 91�–179� 5 (8) 109.0 ± 0.33 (91.0–147.0) 0.82 ± 0.40 (0.13–1.30) 0.27 ± 0.30 (0–0.81) 0.89 ± 0.43 (0.24–1.42)

SW 181�–269 36 (54) 255.70 ± 0.18 (218.0–269.0) 1.04 ± 0.31 (0.49–1.75) 0.25 ± 0.15 (0.01–0.55) 1.09 ± 0.29 (0.57–1.77)

NW 271–359 40 (60) 291.40 ± 0.37 (271.0–353.0) 0.68 ± 0.41 (1.64–0.05) 0.17 ± 0.10 (0.01–0.48) 0.73 ± 0.37 (0.11–1.67)

Note: The horizontal (u; m/s) and vertical (v; m/s) components of the current speed for each directional grouping is provided as well as the absolute speed

(Mean speed; m/s; sum of vertical and horizontal components).
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4.1 | Migration success

In this study we measured the minimum migration success of post-

smolts through the coastal zones of the Irish Sea. The actual migration

success is likely to be higher than the minimum reported here and the

variation between minimum migration success and actual migration

success may differ between rivers of origin for several reasons. The

receiver locations where tags were detected along monitoring line B

differed by river group and it is likely that detection probabilities would

differ across the line due to the loss of a few receivers and differences

in depth throughout the study area (Figure S2). Therefore, it is possible

that some post-smolts were able to pass through monitoring line B

without being detected. However, despite these caveats, the high den-

sity of receivers in this line (mean receiver spacing = 580 m) and previ-

ously measured detection efficiencies (75%–90% at 200 m) in coastal

conditions in Scotland (Main, 2021; Newton et al., 2021; Honkanen

et al., 2018) strongly point to relatively high detection probability for

the monitoring line where post-smolts passed out of the Irish Sea and

into the North Atlantic. Thus, it is assumed here that comparisons of

between-river minimum migration success rate are likely to represent

real between-population differences.

4.2 | Biotic predictors of Irish Sea passage

Here we report that there was a negative relationship between the

minimum total distance traveled through the Irish Sea and

the population-specific minimum migration success pointing to migra-

tion success being a function of migration distance. Overall minimum

migration success for Atlantic salmon post-smolts that entered the

Irish sea directly from their natal river ranged from 6% for River

Nith smolts (278 km through the Irish Sea to the North Atlantic) to

62% for River Bann smolts (46 km). Furthermore, overall minimum

migration success for Atlantic salmon post-smolts that entered the

Irish sea from their natal estuary ranged from 24% for River Endrick

post-smolts (168 km through the Irish Sea to the North Atlantic) to

95% for River Faughan post-smolts (38 km). Unsurprisingly post-

smolts migrating a greater distance through the Irish Sea also spent

more time migrating (e.g. from natal river exit: River Derwent:

256.0 km, 23.04 days versus River Bush: 47.1 km, 1.31 days; from

estuarine exit: River Endrick: 168.0 km, 17.86 days versus River Roe:

14.8 km over 1.02 days).

The loss of Atlantic salmon post-smolts from the cohort of

migrating post-smolts in this study is likely related in part at least, to

natural threats. Predators such as Harbor seals (Allegue et al., 2020;

Carter et al., 2001), cetaceans (e.g. the Bottlenose Dolphin [Tursiops

truncatus]; Arso Civil et al., 2019; Wilson et al., 1997), piscivorous

birds (e.g. the Cormorant [Phalacrocorax carbo]; Kennedy &

Crozier, 2010), and fishes (e.g. Atlantic cod (Gaadus morhua), Saithe

(Pollachias virens); Thorstad et al., 2011; Thorstad, Uglem, et al., 2012)

have been reported as present in river mouths and estuaries during

the period when salmonids are present, suggesting that they may prey

on post-smolts. These species are also found in the Irish Sea;

however, it is currently unknown what effects they may have on

migrating post-smolts during their early marine migration (Brown

et al., 2012; Flávio et al., 2020; Kennedy & Crozier, 2010; Kiely

et al., 2000; Mackey et al., 2004; Righton et al., 2001). One assump-

tion of our study is that all tag detections at monitoring line B (except

for one that was removed) were those of post-smolts. Supporting this

assumption is the observation of the similarity of swim speeds and

directional passage reported by previous studies (Chaput et al., 2019;

Green et al., 2022). However, we were unable with complete certainty

to rule out the possibility that some detections were from tags inside

a post-smolt predator. Future studies could utilize predation tags

and/or acoustically tag potential predators of post-smolts to better

quantify predator behavior (Gibson et al., 2015; Hanssen et al., 2022;

Lennox et al., 2021; Nash et al., 2022).

Contrary to other estuarine and early marine migration studies sug-

gesting that larger post-smolts have a higher likelihood of completing a

successful migration, here we report that for post-smolts migrating

through the Irish Sea, there was no size effect on successful Irish Sea

passage (Gregory et al., 2018; Gregory et al., 2019). Larger smolts are

thought to undertake more efficient, faster migrations due to their

higher muscle mass, thus reducing their exposure to predators (Flávio

et al., 2021; Kennedy et al., 2022). In this study, the smallest size of

smolt tagged was constrained to limit tag burden. Here tag burden, the

ratio of tag mass to fish body mass, did not exceed 0.07, the value at

which negative effects of tag burden may manifest in some species

(Brown et al., 2010). However, a result of this constraint is that the smal-

ler smolts in the size range of migrants were not included in this study

which may have prevented us from detecting a size effect on survival.

The date of sea entry is thought to be a key factor linked to post-

smolt growth and survival, as it may dictate the likelihood of overlap

of migrating fish with key prey items such as fish larvae and amphi-

pods (Hvidsten et al., 2009; Thorstad, Uglem, et al., 2012; Utne, Pauli,

et al., 2021). In this study we did not find any effect of Irish Sea entry

date on marine migration success. While the timing of Irish Sea

entry did vary by up to a month for fish from some populations

(e.g. Table S3; River Endrick, 30 days) on average, post-smolts spent a

relatively short period in the Irish Sea, ranging from 1.0 ± 0.71 to

22.8 ± 8.45 days (mean ± SD; Table S2) for River Roe and River Nith

post-smolts, respectively. Scientific trawling surveys targeting post-

smolts are required to determine if post-smolts are consuming signifi-

cant amounts of prey while migrating through the Irish Sea and if prey

abundance varies from early to late spring (SalSea Merge, 2012). Due

to their relatively efficient migration through the Irish Sea, we specu-

late that post-smolts may not utilize the Irish Sea region for feeding

but instead focus on making a rapid transition through the area to

reduce the time taken to reach more northern feeding grounds

(Table S2; Ounsley et al., 2020).

4.3 | Migratory pathways

Results from this study suggest that post-smolts migrating from the

same coastal region exhibit similar migratory patterns when migrating
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through the Irish Sea. However, there is an apparent difference in

migratory patterns between post-smolts migrating from Northern Irish

and English/Scottish Rivers. Post-smolts from regions 1 and 2 appeared

to exit the Irish Sea near the centre of monitoring line B, whereas very

few post-smolts from rivers in Northern Ireland (regions 3 and 4) were

detected exiting on the north eastern half of monitoring line B. There

were no smolts from Ireland (Region 5) detected on monitoring line

B. Based on the capture locations of coded wire tagged post-smolts

collected by scientific surface trawling surveys in 2008 and 2009,

smolts from the west of Ireland appear to travel in a northerly direction

on a migratory path to meet the northerly current along the edge of

the continental shelf of Scotland (Holst, 2012; Mork et al., 2012).

Consistent with the findings of Barry et al. (2020) and Green et al.

(2022) it appears that most post-smolts migrate in a north, to north

westerly direction through the Irish Sea. However, ten post-smolts

that entered the Irish Sea from Region 2 (River Endrick, n = 4; River

Gryffe, n = 6) were detected making a southerly migration towards

monitoring line A, and two of these were subsequently detected

migrating back to monitoring line B (Table S2). The largest freshwater

input into the Irish Sea originates from the ClydeEstuary, which cre-

ates a southerly coastal current extending to the Mull of Galloway.

This current is most notable during the ebb tide (Kasai et al., 1999;

Young et al., 2000). The post-smolts from Region 2 may have been

diverted south by this current. The remaining eight fish from Region

2 migrating south past monitoring line A remain unaccounted for.

Although highly speculative, it is not impossible that these fish may

have migrated further south around the coast of Ireland. This possibil-

ity requires further investigation.

Based upon their predicted migratory trajectories it appears that

the risk of spatial overlap between migrating post-smolts and anthropo-

genic stressors in the Irish Sea is minimal (ICES, 2023). Most fisheries in

this region operate nearshore, targeting invertebrates such as Norwe-

gian lobster (Nephrops norvegicus) using demersal trawls (ICES, 2019).

During their coastal migration, Atlantic salmon post-smolts have been

reported to remain within the top six metres of the water column and

results from our study suggest that a majority of post-smolts migrate

away from nearshore coastal area (Davidsen et al., 2008).

While post-smolts from English and Scottish rivers did take

between two and three weeks to migrate through the Irish Sea, all

post-smolts were found to undergo relatively efficient migrations,

moving rapidly (10–39 km.day�1;Table S2). Migration speeds in this

study are similar to those reported by both Barry et al. (2020) and

Green et al. (2022) who showed that post-smolts from rivers in North-

ern Ireland and England migrate quickly through the Irish Sea at rates

of 7 and 26 km.day�1, respectively.

4.4 | Environmental correlates of post-smolt
transition

4.4.1 | Temperature

Across all populations the sea temperature ranged between 9 and 11�C

as post-smolts migrated out of the Irish Sea into the wider North

Atlantic. This is similar to temperatures reported during their offshore

marine migration (Holm et al., 2006; Ounsley et al., 2020). Post-smolts

from Northern Irish populations experienced sea water temperatures of

around 9–10�C compared with fish from English and Scottish popula-

tions where the temperature was marginally higher (�10–11�C). This is

almost certainly an effect of the differences in the timing of migration

for these populations. However, the temperature experienced may

have some consequences for migrating fish. Water temperatures expe-

rienced by post-smolts has been reported to be a critical factor associ-

ated with post-smolt growth and ultimately adult return rates

(Friedland et al., 1998). Sea temperature in the coastal zone is also

thought to be important in determining the likelihood of post-smolts

overlapping with high abundances of key prey items once in marine

waters (Thorstad, Whoriskey, et al., 2012; Utne, Paul, et al., 2021).

4.5 | Environmental cues of post-smolt transition

4.5.1 | Time of day

Contrary to our expectations, here Atlantic salmon post-smolts were

found to exit the Irish Sea regardless of the time of day. Some studies

have noted that as post-smolts transition from the riverine to early

marine environment, they shift from a primarily nocturnal migration,

to migrating both during the night and day (Davidsen et al., 2009;

Dempson et al., 2011; Lacroix & McCurdy, 1996). The likelihood of

diurnal migration is thought to be related to a trade off between the

risk of encountering predators and the need to locate prey. Predators

have been reported to aggregate near the outlets of rivers and estuar-

ies during periods when large numbers of prey are present (Hastie

et al., 2016; Zamon, 2001). Migrating during the night may be benefi-

cial to smolts navigating through rivers and estuaries as they contain a

higher number of migratory constriction points in comparison to the

pelagic zone of the coastal marine environment (Lacroix et al., 2004).

Post-smolts are visual predators that must feed during their early

marine migration to fuel the energetic costs of migrating vast dis-

tances to reach their northern feeding grounds (Utne, Thomas,

et al., 2021). Migrating during the day as well as at night may be a

strategy that increases their chances of capturing prey along their

migratory route (Andreassen et al., 2001; Hedger et al., 2008; Kadri

et al., 1997).

4.5.2 | Current direction

To date there has been one acoustic telemetry study assessing the

potential environmental drivers of post-smolt movement through

the Irish Sea and results suggested that post-smolts were traveling

with the outgoing current (Barry et al., 2020). However, this study

was limited to a small sample size (n = 3) and was not able to deter-

mine the direction of the current, limiting the ability to generalize the

findings to multiple rivers from the UK and Ireland.

By combining actual post-smolt movement data with detailed

current data in the Irish Sea, here we show that Atlantic salmon post-
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smolts were exiting the Irish Sea with the outgoing tide when currents

were tracking in a west-north-west direction towards the continental

shelf slope current. The main driver of the current in the Irish Sea are

the M2 and S2 tidal constituents with the dominant volume of water

directed northwards during the spring and winter; however, during

the summer months the dominant volume of water can reverse to

southward (2.50 km3.day�1; Howarth, 2005; Olbert et al., 2012;

Olbert & Hartnett, 2010). During the post-smolt migration period, cur-

rents at the point where the Irish Sea transitions into the wider North

Atlantic were, at different times, flowing in almost all possible direc-

tions. In this study, migrating post-smolts showed a very strong pref-

erence for migrating when the current was on average 283� from

north (approximately west-north-west) with remarkably little variation

around that (standard deviation on the mean of 1.1�). There are a

number of logical conclusions that flow from this finding. These

results strongly indicate that post-smolts migrating through the

coastal marine environment in the Irish Sea area: (1) are not simply

migrating by current following (2) that they engage in active direc-

tional swimming (3) that they must have an intrinsic sense of the

direction of their migration and (4) that they must use cues other than

water current direction to orientate during this part of their migration.

All of these provisional conclusions require to be specifically tested in

future studies.

This study is the first to describe the early marine migration of

post-smolts from a large number of rivers (12) in the UK and Ireland

over the same migration season. While in this study we were able to

obtain baseline information on the spatial variation in migration sur-

vival, timing, directionality and some drivers of post-smolt migration

through the Irish Sea, results are limited to only one year. With warm-

ing oceanic conditions, which have been shown to modify local circu-

lation patterns, these results may not adequately describe future

migratory behavior of post-smolts migrating through the Irish Sea

(Olbert et al., 2012; Thorstad et al., 2021; Thorstad, Whoriskey,

et al., 2012). Rising water temperatures may cause post-smolts to

transition to the Irish Sea when biotic and abiotic conditions are less

conducive to survival (Hvidsten et al., 1998; Kennedy &

Crozier, 2010). Therefore, temporal repeatability of this project over

multiple years is required to quantify temporal variation and to exam-

ine whether changes in ocean circulation patterns could modify migra-

tory patterns and post-smolts migration success through the Irish Sea

(Chaput et al., 2019; Thorstad, Whoriskey, et al., 2012).
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