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Atlantic salmon (Salmo salar) smolts are vulnerable to predators during their seaward 
migration. To determine whether sea trout (Salmo trutta) exhibit a coupled migration to 
exploit the smolt run, we tracked Atlantic salmon smolts exiting the Vosso River in 2012 
(n = 40) and 2013 (n = 50) as well as sea trout tagged in 2012 (n = 40) within an array 
of acoustic receivers. Spatial survival analysis was used to investigate patterns in smolt 
mortality, revealing no difference in survival between 2012 and 2013. In both years, losses 
were greatest in the rivers and their estuaries compared with the inner and outer fjord 
areas. Sea trout were predominantly detected in the area used by smolts in autumn, after 
the spring smolt run concluded and coinciding with the spawning migration of sea trout. 
High rates of smolt mortality merit further investigation to resolve low smolt survival in 
this region.

Introduction

Migration connects habitats by rapidly con-
veying matter, energy, and pathogens across 
boundaries. Seasonal pulses of nutrients brought 
by migratory animals may therefore represent 
important resources to many consumers (Furey 
et al. 2018). The phenomenon of migratory 
coupling is observed when consumers, such as 
predators, make migratory movements to exploit 
another migrating species (Furey et al. 2018). 
Pacific salmon migrations yield classic exam-
ples of migratory coupling with predators such 
as salmon sharks (Lamna ditropis), bull trout 
(Salvelinus confluentus) and brown bears (Ursus 
arctos) that exhibit synchronous movements to 

exploit the seasonal migrations of this important 
prey species (Hulbert et al. 2001, Schindler et 
al. 2013, Furey et al. 2016). For many migra-
tory species, however, the relationship between 
migrants and their predators are poorly under-
stood and more research is needed to reveal 
examples of migratory coupling in other preda-
tor-prey systems.

Understanding the behaviour of predators is 
critical to developing management approaches 
that account for predator-prey dynamics in eco-
systems. Experiments with electronic tags have 
revealed instances in which tagged prey have 
been consumed by predators, such as Atlantic 
salmon (Salmo salar) smolts eaten by striped 
bass (Morone saxitilis; Gibson et al. 2015) and 
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sockeye salmon (Oncorhynchus nerka) smolts 
consumed by bull trout (Furey et al. 2016). Elec-
tronic tagging is well suited to investigating the 
extent of migratory coupling in these systems by 
tagging predators and prey and observing how 
predator and prey habitat use coincide in space 
and time.

Outmigration of Atlantic salmon smolts 
through rivers, estuaries and to the open ocean 
rapidly transports energy and matter across 
boundaries, which represent nutrient transfer 
from freshwater to the marine environment. 
During the springtime migration of smolts out 
from rivers, birds, mammals and other fishes 
are observed consuming smolts (Larsson 1985, 
Hvidsten and Møkkelgjerd 1987, Heggenes and 
Borgstrøm 1988, Hvidsten and Lund 1988, Ken-
nedy et al. 2018, Nelson et al. 2018). Congeneric 
brown trout (Salmo trutta) spawn in the same 
rivers as Atlantic salmon and some will migrate 
to the sea where they predominantly remain in 
coastal areas within the fjord to feed and grow 
before returning to their natal river to spawn 

after months or years at sea (Klemetsen et al. 
2003, Thorstad et al. 2016). While residing in 
both freshwater and the marine environment, sea 
trout have been observed to feed on outmigrating 
Atlantic salmon smolts (Fig. 1). Whether this 
represents seasonal specialization indicative of 
migratory coupling or whether this is opportun-
istic generalist feeding is uncertain. Therefore, 
better knowledge of migratory coupling of sea 
trout to salmon smolt migration would add sig-
nificant insight into the dynamics between these 
two migratory congeners.

The Vosso River was once a major salmon-
producing river in Norway that collapsed in the 
1980s with ongoing efforts focused on recovery 
of the wild stock. Wild smolts are supplemented 
annually with hatchery-reared fish as part of 
recovery efforts. Predation of both hatchery and 
wild smolts originating from the Vosso River by 
brown trout (Fig. 1) could represent a bottleneck 
that hinders reestablishment of the population, 
particularly if trout specialize on smolts during 
the migration. Observations confirm that sea 
trout consume Atlantic salmon smolts, but diet 
analyses by Davidsen et al. (2017) did not sug-
gest Atlantic salmon to be an important com-
ponent of the sea trout diet in fjords of central 
Norway (e.g., Rauma, Trondheimsfjord). None-
theless, details of sea trout behaviour during 
the salmon smolt run are needed to determine 
whether their behaviour responds to a transient 
increase in availability of this seasonally avail-
able prey species, which would indicate migra-
tory coupling.

To investigate possible migratory coupling in 
Atlantic salmon smolts migrating from the Vosso 
River, we tracked sea trout movement and smolt 
migrations using acoustic telemetry. Receivers 
were placed in the estuary, inner fjord and outer 
fjord to detect spatial dynamics of sea trout and 
migrations out of the fjord by salmon in 2012 
and 2013. Spatiotemporal distributions of sea 
trout and Atlantic salmon smolts were resolved 
by kernel density calculations to test the extent 
of overlap in the distribution of the predator 
with the prey species. We hypothesized that sea 
trout movements correspond to the salmon smolt 
migration and predicted that when smolts were 
present (i.e., during their seaward migration), 
the degree of spatial overlap between sea trout 

Fig. 1. Photographs of predation events by Salmo 
trutta. Top: a smolt removed from the stomach of a 
trout captured in Lake Evanger in the Vosso River. 
Middle: a trout captured in a marine net and a smolt 
removed from the stomach. Bottom: a brown trout cap-
tured with many smolts in the stomach.
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and Atlantic salmon smolt distributions would be 
highest, indicating that sea trout were behaviour-
ally coupled to the smolt migration.

Methods

Atlantic salmon smolts and sea trout were stud-
ied in the Osterfjord in western Norway. The 
Osterfjord is located north of the city of Bergen 
and the Vosso River discharges at the distal end 
of the fjord. Other salmon- and trout-producing 
rivers in the fjord include Arnaelva, Daleelva, 
Ekso, Modalen and Loneelva. Whereas Atlantic 
salmon migrate out from freshwater as smolts, 
traveling through the fjord and to the open ocean 
to feed and grow, sea trout remain predominantly 
in coastal areas to feed and may make more 
frequent back-and-forth movements within the 
fjord and between the marine and freshwater 
environments (Eldøy et al. 2015). Sea trout has 
been observed to prey upon Atlantic salmon 
smolts in this system (Fig. 1).

Tagging of sea trout

To investigate predator aggregation around 
the Atlantic salmon smolt run, an acoustic telem-
etry array was established in the Osterfjord to 
track the habitat use and migration of both sea 

trout and Atlantic salmon. The array consisted 
of receivers at 37 locations (38 in 2013) in rivers 
and their estuaries, the inner Osterfjord and outer 
fjord beyond the islands (Fig. 2). Detections 
were recorded between 24 April 2012 and 20 
December 2013. From 24 May to 17 June 2012, 
we selected 40 sea trout (52.7 ± 11.2 cm) and 
instrumented each with an acoustic transmitter, 
one of which was never detected. Cultivated 
Atlantic salmon smolts were tagged in the Vosso 
River fish hatchery on 21 May 2012 (n = 40, 
length = 16.9 ± 0.4 cm) and on 21 May 2013 
(n = 50, length = 16.8 ± 0.4 cm).

Two models of acoustic transmitters 
(VEMCO Ltd, Canada) were used to track sea 
trout during the study: the V13-1L (n = 27, 
13 mm × 36 mm, mass in air = 11 g, bat-
tery life ~1117 days) and V13P-1L (n = 11, 
13 mm × 48 mm, mass in air = 13 g, battery 
life ~727 days). Prior to tagging, fish were 
anesthetized with a combination of MS-222 and 
Benzocaine. The fish were then placed in a 
stable position on top of a wet cloth. Water was 
applied to the eyes and gills to avoid desiccation. 
Length and weight were measured while the fish 
was anesthetized. A small incision (3–4 cm in 
length) was made in the lower part of the body 
cavity, carefully avoiding puncture of any inter-
nal organs. The tag was rinsed in a solution of 
alcohol, disinfected water and an antibacterial 
solution before insertion through the incision. 

Fig. 2. Network map of sea trout (Salmo trutta) and Atlantic salmon smolt (Salmo salar) detections in the Vosso 
River and estuary and the Osterfjord, Western Norway. Receivers were situated in estuaries, in the inner Osterfjord 
(> –30000 UTM) and outer fjord (< –30000 UTM). Movements between receivers are illustrated by lines connecting 
receiver with thicker lines representing more frequent movements in between.
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The wound was closed using sutures (4-0 nylon, 
Ethicon) and a tissue adhesive (Braun His-
toacryl). The fish recovered from surgery in a 
large bucket of water and were released when 
they re-oriented and resumed a normal rate of 
gill ventilation and pectoral fin movement. No 
fish died following capture, during surgery, or 
during recovery. Upon release, each individual 
swam away and none lingered at the release site. 
The surgery protocol was approved as described 
above by the Norwegian National Animal 
Research Authority (ID 4141) with provisions 
for reporting of adverse events — but no welfare 
issues were encountered.

Production and tagging of hatchery 
salmon smolt

Smolts were produced in Lake Evanger, a 
lake within the Vosso River, in a custom-made 
small net-pen. This method allows for produc-
tion of 1-year old smolts, which grow to an 
average size of ~12–14 cm before release in 
mid- or late May. Size V7 tags were surgically 
implanted into the abdomen of the smolt. Mini-
mum size for tagging was 16.2 cm. The fish was 
anesthetized with a combination of Benzocaine 
and MS-222 in 2012 and with 2-phenoxyethanl 
in 2013 before surgery. A small ventral inci-
sion was used to place the tag into the cavity 
of the fish and sutured together with surgi-
cal glue (only suture was applied in 2013) to 
close the wound. Fish were then released in a 
holding pen to recover before being released. 
The national animal welfare committee (FOTS, 
ID 5185) approved the study protocols with 
a human endpoint of euthanasia if any fish 
exhibited abnormal behaviour following tag-
ging, but this did not occur. Forty fish were 
tagged and released in 2012 and 50 fish were 
tagged and released in 2013. In both years, fish 
were released together with a large group of 
cultivated fish (30 000) in the inlet of the river 
on 21 May. The date is just after the median date 
of the migration of wild smolt in the river. The 
size of the tagged cultivated smolts ranged from 
16.2–17.9 cm (average: 16.8 cm, SD: 0.39). 
There were no differences in size of tagged fish 
in 2012 (avg. 16.9 cm) and 2013 (avg. 16.8 cm). 

Data on smolt migration have been previously 
presented in Vollset et al. (2016).

Data Analysis

Behaviour within the receiver array was quanti-
fied using spatial and temporal metrics describ-
ing individual movements. We were specifically 
interested in factors affecting the survival of 
smolts along their migration, factors contribut-
ing to the patterns of space use by sea trout and 
indicators of migratory coupling.

Smolt Movement

To determine what factors contributed to the 
survival of the smolts, we implemented spatial 
survival analysis. Capitalizing on the west–east 
orientation of the river and fjord, we used the 
longitude as a spatial axis along which to ascer-
tain survival (in lieu of time, which is normally 
used in survival analysis). We took the maxi-
mum longitude from the point of origin that a 
smolt was detected as an indication of how far 
it migrated. Those making it to the outer fjord 
were considered survivors (event = 0), while 
those that did not were considered mortalities 
(event = 1). For the survival analysis, the sur-
vival object was therefore a combination of the 
minimum longitude and its fate (whether it made 
it to the outer fjord or not) as a function of body 
length and release year. Survival analysis was 
implemented with the cph function in the rms 
package (Harrell 2018).

Sea Trout Movement

To determine whether sea trout movements were 
affected by body length or condition factor, we 
used linear regression with the lm function in 
R ver. 3.6.1 (R Core Team 2019). Two analyses 
were conducted with different dependent vari-
ables: one with the maximum distance moved 
from release (by maximum longitude); and one 
by individual kernel density (95%), calculated 
with the kde function in the ks package (Duong 
2019). The condition factor was derived using 
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Fulton’s K: K = 100 × weight / (length)3 as in 
Eldøy et al. (2015).

Migratory Coupling 

To investigate migratory coupling, we computed 
a spatiotemporal kernel density estimate for 
salmon and sea trout using longitude and day of 
the year to compare the overlap between the two 
species with the kde function in the ks package. 
The area was measured with the gArea function 
in rgeos package and overlap was determined 
using the gIntersection function (Bivand and 
Rundel 2018). Using individual ranges as repli-
cates, the spatiotemporal range was measured for 
each fish and the area of the range was compared 
between salmon and trout using a statistical t-test 
with the t.test function.

Finally, we measured the spatial area of 95% 
usage by kernel smoothing using the kde func-
tion. Detections were filtered to one per day per 

individual per receiver. The range was generated 
for Atlantic salmon and compared to the sea 
trout polygons for each month by computing 
the area of overlap using the gIntersection and 
gArea functions. A t-test was implemented to 
compare the proportion of overlap of sea trout 
range during May and June and beyond (April, 
July–October) the typical smolt run timing with 
the 95% smolt kernel density area with the 
t.test function. Figures were drawn with ggplot2 
(Wickham 2016).

Results

Sea trout (mean 370 ± 219 d) were detected for 
longer periods than Atlantic salmon (t = –9.50, 
p < 0.01). Detection periods (i.e., time between 
the first and last detection in the array) were 
not different for salmon released in 2012 
(35 ± 42 d) compared with 2013 (32 ± 35 d, 
t = 0.38, p = 0.71). Seven of the 90 smolts (8%) 

Fig. 3. Location (longitude) of final transmission by smolts tagged in 2012 (n = 40) and 2013 (n = 50) originating 
from the Vosso River. Vertical lines generally separate zones into the river and estuary area of the Vosso River, 
inner Osterfjord and outer fjord. Note that the x-axis is reversed (longitude going the wrong direction) for ease of 
interpretation. 
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inhabited by salmon smolts in October (45%), 
November (54%) and December (39%). How-
ever, most smolt detections were in May, June 
and July, suggesting a mismatch between the 
timing of smolt and sea trout overlap (Appendix 
Fig. A1). Indeed, the smallest proportion of trout 
detections were on receivers in rivers and their 
estuaries in May, June, July and August (Fig. 5), 
corresponding to a higher incidence of habitat 
use in the Osterfjord and areas beyond. There 
was a near-significant difference suggesting that 
the temporal overlap of sea trout with the 95% 
area used by smolts could be higher at times 
beyond the smolt run compared with during the 
run (t = 2.35, df = 6.51, p = 0.05).

Discussion

Sea trout moved throughout rivers, estuaries, 
inner fjord and outer fjord areas around the 
Osterfjord with a high degree of spatial, but not 
temporal, overlap with Atlantic salmon smolts. 
There was evidence that sea trout movements 
were condition-dependent and that any predation 
of smolts was the result of generalist behaviour 
given that we did not find any evidence of aggre-
gated behaviour during the smolt run. Although 
sea trout have been observed consuming Atlantic 
salmon smolts, their behaviour in the fjords was 
not indicative of migratory coupling. Despite 

released in 2012 and 2013 were detected on 
receivers in the outer fjord, suggesting they 
were survivors of the early marine migration. 
There was no significant relationship of length 
(z = –0.17, p = 0.86) or release year (z = 1.47, 
p = 0.14) with smolt survival to the outer fjord 
and most individuals disappeared prior to enter-
ing the fjord (Fig. 3).

Sea trout with a smaller condition factor 
upon tagging had a larger 95% kernel area (area 
was log transformed for normality of residu-
als, t = –4.13, p < 0.01). However, there was no 
influence of individual condition (t = 1.17, p = 
0.25) or length (t = 0.03, p = 0.97) on the maxi-
mum distance travelled away from the Vosso 
River based on longitude. The spatiotemporal 
core area measured 6.20 units (dimensionless) 
for sea trout and 1.03 for salmon smolts with 
an overlap of 0.99 units (Fig. 4). When using 
individuals as replicates, there was a significant 
difference between the size of the spatiotemporal 
area of sea trout and salmon smolts (t = –6.63, 
df = 37.11, p < 0.01, seven salmon and one trout 
excluded for which kernel density could not be 
estimated). Collectively, sea trout occupied areas 
up to 106 km2 in May and as little as 9.9 km2 in 
December; their range overlapped most in areas 

Fig. 4. Density map of Atlantic salmon smolt (Salmo 
salar) and sea trout (Salmo trutta) predators in the 
Vosso River and estuary and Osterfjord area of western 
Norway. Density is a function of the longitude individu-
als were tracked at (because the river and fjords have 
a west–east axis, this provides an index of the seaward 
distance travelled) and day of the year. Colours indicate 
density of smolts in space and time whereas the trout 
distribution was more diffuse during the study. 

Fig. 5. Plot of the extent of the overlapping range (95% 
kernel density) of sea trout for each month with the 
overall range of Atlantic salmon smolts (note that the 
salmon range is not considered at the monthly scale), 
as a proportion. Vertical lines are used to reference 
the typical months of the smolt run from the river and 
through the fjord covered by receivers.
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sea trout being found to occupy the same area as 
where we measured the Atlantic salmon smolts 
for their migration, they did so later in the 
year when the spring smolt migration would 
already have concluded and likely were using 
those areas near the river during the early phase 
of their spawning migration. This is important 
because it shows that sea trout use these areas 
and are not limited or excluded from them, but 
despite the seasonal influx of prey from smolts 
migrating out of the Vosso River, they spend 
time in other areas rather than focus on an area 
with many migrating smolts. Although there are 
other rivers in the area, the Vosso River is the 
largest and produces a large number of smolts 
both of wild and hatchery origin, which was why 
we predicted it would aggregate predators.

Mortality during the early marine migra-
tion can be high for Atlantic salmon (Thorstad 
et al. 2012). Indeed, we found that most smolts 
were lost prior to being detected in the inner 
Osterfjord, suggesting that they died during the 
early phase of migration through rivers and their 
estuaries. Birds and other fish species have been 
recorded predating salmon smolts in large num-
bers during the downriver migration, including 
gadids (Hedger et al. 2011, Vollset et al. 2016). 
Only a small percentage of the smolts that we 
released made it to the outer fjord (8%), which 
we interpreted as surviving the early marine 
migration. A comparison with other studies sug-
gests 8% is a very small rate of survival; 75% of 
smolts successfully navigated the Altafjord from 
the rivermouth of Alta to the end of the fjord, 
31% of smolts of different fjord origin made it 
out of the Hardangerfjord system and approxi-
mately 35% for wild and hatchery salmon smolts 
at 37 km through the Romsdalsfjord (Thorstad 
et al. 2007, Davidsen et al. 2009, Plantalech 
Manel-La et al. 2011). Vollset et al. (2016) also 
demonstrated that the likelihood of being regis-
tered outside the estuary was conditional on the 
migration speed of the individual and speculated 
that this could be because slower migrating indi-
viduals were more vulnerable to predators.

There were important differences in the sea-
sonal distribution of sea trout in the Osterf-
jord. Sea trout may remain at sea during the 
winter, but many return to freshwater in the late 
summer and autumn to reproduce (Klemetsen et 

al. 2003), which is consistent with our observa-
tions that the distribution of the sea trout popu-
lation shifted towards the rivers and estuaries 
during this period. Our receivers were not active 
from January–March, so we do not have addi-
tional information about the habitat use during 
the winter months, but by springtime (beginning 
in April), sea trout were active in the marine 
environment. This usage of marine habitat in 
both the inner and outer fjords reflected a distinct 
difference from our hypothesis that sea trout 
would overlap in space and time with the migrat-
ing smolts. This finding was particularly clear 
given that the sea trout were released in an area 
overlapping the smolt run in 2012, so the obser-
vation that they were using marine areas imme-
diately after release implied an active seaward 
movement during this period rather than lingering 
to exploit smolts. Eldøy et al. (2015) observed 
greater dispersal by sea trout with poorer condi-
tion and although we did not find that the condi-
tion factor was related to distance from the river 
changed, we did find that sea trout measured to 
have a poorer condition factor tended to inhabit a 
larger kernel density area. Together, this suggests 
that sea trout in poor condition were more active 
than those with a higher condition factor and may 
be taking more time and searching more for food 
to improve their condition and not remaining in a 
small area close to the river to exploit smolts. The 
results from this study thus confirms the result 
from Vollset et al. (2016), which inferred, based 
on trolling, that there were relatively low abun-
dance of sea trout in the estuary during the smolt 
run. They suggested that this could be due to the 
generally poor status of the population of sea trout 
in the Vosso River. Nevertheless, even small sea 
trout populations could potentially inflict a large 
impact on the smolt population if they exhibit 
migratory coupling; yet, we found no evidence 
of this in our study. What we observed was the 
seasonal migration of trout from freshwater to use 
the marine area during the summer and the return 
migration to spawn in autumn, uncoupled from 
the smolt run in springtime. This corresponds to 
diet analyses showing that fish prey of sea trout 
were predominantly sandeel (Ammodytes tobi-
anus), sprat (Sprattus sprattus), herring (Clupea 
herengus) in central Norway, comprising 18% of 
the diet (Davidsen et al. 2017) and in southern 
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Norway, where clupeids and gobiids, were the 
primary food source (Knutsen et al. 2003).

Predation is an important driver of smolt mor-
tality of all anadromous species and predation 
on salmon smolts has been observed throughout 
literature on smolt behaviour. Healthy salmon 
populations provide an important nutrient sub-
sidy to many species and predators have a role 
in migratory culling, which can be compensa-
tory mortality of sick or weak individuals (e.g., 
Bradley and Altizer 2005). For example, Miller 
et al. (2014) found that predated sockeye salmon 
(Oncorhynchus nerka) smolts were more bur-
dened by pathogens than surviving counterparts 
did. Populations with poor abundance such as 
that in the Vosso River may be more vulner-
able to predation if predators do not reduce their 
rate of prey consumption in response to small 
population size (i.e., depensation; Liermann and 
Hilborn 2001). Kennedy et al. (2018) estimated 
smolt mortality in lakes, where an aggregation of 
pike (Esox lucius) was simultaneously tagged and 
tracked, was 31.2% per km compared with 2.4% 
per km in the river. In fjords, Atlantic cod (Gadus 
morhua) was tracked by Hedger et al. (2011), 
who suggested that some cod aggregated around 
river mouths during the smolt run and were using 
shallow depths at night, indicative of foraging on 
smolts. Vollset et al. (2016) also documented cod 
predation of the smolt at the end of the estuary in 
the Vosso River.

Recent approaches have yielded evidence 
of predation on salmon smolts by striped bass 
(Morone saxitilis; Gibson et al. 2015, Daniels 
et al. 2018). We attempted to summarize move-
ment metrics for all our tagged fish and apply 
similar statistical learning algorithms to identify 
salmon smolts that had been eaten by predators 
based on their movement tracks, but the model 
performed poorly and was not included in this 
paper. Sensor tags have also been developed to 
directly ascertain information about tagged fish 
predation; although this tool would not provide 
direct information about the species of predator, it 
would add substantial value to confirm the fate of 
more tagged smolts (Halfyard et al. 2017).

It is important to take into consideration that 
the salmon used in this study was hatchery salmon 
smolt. Salmon smolts with a hatchery background 
behave differently and may be more susceptible to 

predation (Hvidsen and Lund 1988, Aarestrup et 
al. 2014, Barlaup et al. 2018). More recent studies 
on smolt migration using wild fish in the Vosso 
River, however, indicate that migration time over-
laps with the migration window of salmon smolts 
in this study and that mortality of wild fish is also 
high during the estuarine transition. In a synthesis, 
Thorstad et al. (2012) estimated median mortality 
in estuaries of 6.0% per km compared with mor-
tality in rivers (2.3% per km) and in coastal areas 
(1.4% per km). The observation that so few smolts 
make it to the fjord reduced the sample size with 
which we could calculate spatial metrics, which 
could have negatively affected the kernel density 
estimates calculated for smolts. Nevertheless, this 
study provides relevant information to stakehold-
ers working to restore Atlantic salmon in the 
Vosso River, indicating that sea trout movement 
does not respond strongly to the smolt migration 
by moving into areas more occupied by smolts.

Conclusions

Understanding the factors contributing to smolt 
mortality in the riverine and early marine phases 
of migration are critical to conservation. Sea 
trout predation could affect survival of smolts 
emigrating from the Vosso River, where low 
rates of survival are observed (Barlaup et al. 
2018). Although our study does not rule out pre-
dation as an important mechanism, we did not 
find evidence that sea trout aggregated around 
the Vosso River during the smolt run, which 
would have been interpreted as evidence for 
migratory coupling and specialization on this 
seasonal pulse of nutrients (Furey et al. 2018). 
If the smolts were being eaten by mobile aquatic 
species such as salmonids, gadoids, or marine 
mammals, we would have expected to observe 
more movement of the tags within the array 
in the bodies of predators (e.g., Gibson et al. 
2015, Daniels et al. 2017). Dead smolts would 
be expected to drift downriver and eventually 
settle on the bottom or be taken by a scavenger 
(Muhametsafina et al. 2015, Havn et al. 2017). 
A greater receiver coverage around the estuary 
could assist in making finer-scale observations of 
smolt migration through this critical area as well 
as novel tags equipped with predation sensors 
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(Halfyard et al. 2017). Further research is clearly 
needed to identify mechanisms contributing to 
the high mortality of salmon smolts observed in 
this study, but migratory coupling of sea trout and 
salmon smolt do not appear to be an important 
factor given the lack of an aggregative response 
revealed by tracking in this study (Vollset et al. 
2016).
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Appendix

Fig. A1. Range polygons, 95%, for sea trout (Salmo trutta, colours for each month) and Atlantic salmon (Salmo salar, all 
months) in the Ostefjord, Norway. Overlap of the 95% range of trout with the salmon range was the highest in the autumn 
when sea trout were returning to estuarine areas to spawn, rather than in the spring when the salmon were actually there (refer 
to Fig. 5).


