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We examined the survival and progression rates of 101 anadromous brown trout Salmo trutta L. post-smolts from
two Danish river systems, Karup and Simested, with acoustic telemetry as they migrated through a large Danish
fjord system (the Limfjord). No ﬁsh were documented to residualize permanently within the fjord, and the
minimum survival in the fjord was low (26%) while the mortality per km of migrated linear distance (0.8%
km−1) was similar to that found in adjacent and smaller Danish fjords. Survival was positively correlated with
length (P = 0.003) but not with condition and river of origin. The fjord has an eastern outlet into the Kattegat
and a western outlet into the North Sea, but the western outlet did not exist until 1825. No ﬁsh left the fjord in
the western direction in the study and all surviving ﬁsh (n = 20) left the fjord in the eastern direction. The
results suggest that ﬁsh from rivers Karup and Simested may have over time become adapted for leaving the
Limfjord in the eastern direction and that predation rates and environmental characteristics of the fjord are more
important for the fjord's ability to function as a suitable growth habitat for post-smolts than size and the
availability of food within it.

1. Introduction

2008; Koed et al., 2006; Jepsen et al., 2006; Middlemas et al., 2009;
Thorstad et al., 2012). Local adaptations may help individual ﬁsh
overcome the dangers associated with this migration, and have been
observed commonly in brown trout and other salmonids (Quinn and
Brannon, 1982; Svärdson and Fagerström, 1982; Fraser et al., 2011).
Svärdson and Fagerström (1982) found that sea trout from streams
entering the Baltic maintained their inherited migration strategy even
when transferred to other river systems, while Järvi et al. (1996) found
that newly emerged sea trout fry from small streams migrated directly
to sea in streams of the Baltic region, apparently as an adaptation to the
frequent occurrences of low summer water levels that characterized the
streams.
For post-smolts, migration success to marine waters and travel
speeds are thought to be aﬀected by species and watershed size
(Melnychuk et al., 2010), ﬁsh size (Bohlin et al., 1993; Aarestrup et al.,
2015) as well as route choice, with especially high mortality in river
inlets and coastal regions (Healy et al., 2017). Migration route choice
and regions of high mortality are of particular interest for the management and conservation of these species. The Limfjord (Northern
Jutland, Denmark) oﬀers a peculiar site to study these route-speciﬁc
movements and survival of post-smolts because it runs into both the
North Sea and the Kattegat on the western and eastern sides, respectively, and because the western outlet to the sea did not exist until a

Salmonids are some of the best studied ﬁsh species in the world.
While our knowledge on their migratory behavior is quite extensive,
our understanding of the causes for individual survival at sea is limited.
Brown trout (Salmo trutta L.) are of particular interest as their stocks
have seen a decrease in recent decades likely due to high mortality at
sea for anadromous individuals (sea trout) (Butler and Walker, 2006;
Gargin et al., 2006). Mature adults spawn in freshwater, after which
alevins will emerge from the eggs and move up the water column to
begin feeding (Klemetsen et al., 2003). Individuals spend anywhere
between 1 and 8 years in freshwater streams or rivers before migrating
to marine environments as smolts where they spend between 0.5 and 4
years before returning to freshwater to spawn (Elliott, 1994; Crisp,
2000; Thorstad et al., 2016). The ﬁsh are termed post-smolts after entering the marine environment. Growth at sea and survival of marine
stages is important for future recruitment, though large knowledge gaps
still remain in this area (Lucas and Baras, 2001; Klemetsen et al., 2003;
Drenner et al., 2012).
Seaward migration is energetically costly, and involves high predation risks. This is true for both smolts and mature individuals, though
the early marine stage is critical for post-smolt survival, and mortality
has been shown to be particularly high in this period (Nathan et al.,
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Table 1
Mean body length (cm, ± SD), weight (g, ± SD), number that exited the Limfjord, and mean time (days) spent in the Limfjord for tagged brown trout (Salmo trutta)
from rivers Simested and Karup. Only ﬁsh that left the fjord are included in the calculations. Note that the fjord for the Simested-ﬁsh is deﬁned as the compartment
between RS3 (11.2 km from the river mouth) and the fjord outlets as the hydrophone at the river outlet was lost.
River

Fish tagged

Length (cm)

Mass (g),

No. exiting fjord

Time in fjord (days)

Simested
Karup

51
50

15.3 ± 1.8 (13.2–20.1)
16.0 ± 1.8 (14.0–23.0)

33.5 ± 12.9 (19.0–69.2)
40.9 ± 17.7 (25.6–111.8)

9
11

19.5
38.3

easterly winds are more frequent and wind speeds are generally less
intense (Sand-Jensen and Møller, 2010).
The fjord received a large inﬂux of nutrients in the second half of
the 20th century and today, the Limfjord remains heavily eutrophicated
despite a reduced nutrient load in recent years (Olesen, 1996; Markager
et al., 2006). An investigation of anadromous brown trout stomach
content in the fjord compared stomach contents between years
1958–1963 and 1994–1996. Findings suggest that food was still plenty
in 1994–1996 despite reduced environmental quality in the fjord, but
that the sea trout diet had changed to consist of mainly polychaetes and
ﬁsh in 1994–1996 rather than crustaceans, insects and ﬁsh in
1958–1963 (Ebert, 2004).
The fjord has a population of harbor seal (Phoca vitulina) and great
cormorants (Phalacrocorax carbo) that likely predate on trout smolts
(Andersen et al., 2007). In recent years, grey seals (Halichoerus grypus)
have also started foraging in the fjord. The position of seal and cormorant colonies in or around the fjord has not been mapped, but the
areas surrounding RS3 and the river mouths of rivers Karup and Simested (Fig. 1) are known to be very active predator areas; both harbor
seals and cormorants were spotted at RS3 on every visit to maintain the
equipment, while cormorants were spotted at each visit to the river
mouths.

stormﬂood created it in 1825 (Meesenburg, 1996). The post-smolts may
therefore be evolutionarily adapted for going east in the fjord, but as of
yet, the behavior of post-smolts within the Limfjord has not been well
described.
Brown trout post-smolts have been shown to leave the neighboring
fjords Randers and Mariager, though some individuals possibly stayed
in the larger Mariager fjord (del Villar-Guerra et al., 2013; Aarestrup
et al., 2014). In Norwegian fjords, which are signiﬁcantly larger in size,
brown trout post-smolts and adult individuals have a greater tendency
to reside within the fjords in comparison to Danish fjords (Thorstad
et al., 2007; Jensen et al., 2014; Eldøy et al., 2015; Flaten et al., 2016).
Food resources in the Limfjord are reported to be plentiful for sea trout
(Ebert, 2004) despite a recent decline in the environmental quality of
the fjord (Olesen, 1996; Markager et al., 2006). An overall decision to
leave the fjord may therefore indicate that fjord size and food availability are not the most important factors determining whether brown
trout post-smolts reside in the fjord, or take the risk associated with
migrating out of it.
In the present study, we investigated the migration route of downstream migrating brown trout post-smolts through the Limfjord. We
aimed to investigate which outlet the post-smolts used to reach the sea
and whether they stayed in the fjord as seen in Norwegian fjords of
similar size, or left it as seen in smaller Danish fjords. We hypothesized
that smolts would migrate east as a result of adaptations developed over
time and that some of them would residualize in the fjord to forage for
extended periods given the abundance of food items. Furthermore, we
evaluated survival of the post-smolts and aimed to identify areas of
particularly high mortality, with the objective of providing valuable
information for the management of this brown trout population.

2.2. Smolt capture and tagging
Brown trout smolts were captured via electroﬁshing. Selected ﬁsh
were above 13.0 cm in length, and had completely smoltiﬁed (i.e.,
silver in color and elongated pectoral ﬁns). Fish were obtained from
two sites, rivers Karup and Simested, with 50 and 51 smolts tagged in
each river respectively (Table 1). In river Karup, smolts were caught at
a site located 31 km from the river mouth, while the smolts in Simested
were caught at three diﬀerent sites: 1 km from the outlet (N = 34),
31 km from the outlet (N = 10) and 37 km from the outlet (N = 7).
Upon capture, ﬁsh were kept in freshly oxygenated water until processing. They were then anesthetized (benzocaine at 300 ppm until
their opercular rate had slowed signiﬁcantly), weighed ( ± 0.1 g), and
measured ( ± 0.1 cm). The ﬁsh were subsequently placed in a V-shape
surgical table and tagged with acoustic transmitters (Thelma Biotel, 7.3
by 18 mm, 1.2 g in water, power output of 139 dB re 1 μPa at 1 m, www.
thelmabiotel.com) inserted into the body cavity through a mid-ventral
incision (4 ± 2 mm), anterior to the pelvic girdle. The incision was
then closed with 2–3 sutures. The entire operation lasted between 1 and
2 min. Fish were then left to recover in fresh oxygenated water for
10–20 min, before being returned to the river at their site of capture. All
procedures were carried out according to the Danish Experimental
Animal Committee (2017-15-0201-01164).
The average transmission delay for the tags was 60 s, giving the tags
a guaranteed battery life time of 114 days, meaning that tags were
guaranteed to last until 23rd of July. Thelma tags are not programmed
to stop and therefore continue to transmit until the battery runs out,
which was expected to happen after 190 days, on 10th of October.

2. Materials and methods
2.1. Study area
The ﬁsh were caught and tagged in the rivers Karup and Simested in
Northern Jutland, Denmark. The rivers have respective catchment areas
of 763 km2 and 241 km2, and mean discharges of 9300 l s−1 and 2000 l
s−1. Both rivers run into the Limfjord; a 160 km long fjord with a
western outlet to the North Sea and an eastern outlet to the Kattegat
(Fig. 1). The Limfjord is generally shallow with depths rarely exceeding
15 m and a maximum depth of 24 m at Hvalpsund. The fjord was not
connected to the North Sea in the west until 1825 when a stormﬂood
created the western opening which has been maintained since
(Meesenburg, 1996). At present, the western opening is approximately
780 m wide, while the eastern opening is approximately 450 m wide.
The fjord therefore connects the saline North Sea (30–33 at the western
outlet using the Practical Salinity Scale) with the more brackish Kattegat (20–25 at the eastern outlet) and as a consequence, salinity levels
generally decrease towards the eastern part of the fjord. The fjord
switches between stratiﬁed and mixed conditions as diﬀerences in sea
surface level, diﬀuse freshwater inﬂow and periodic events with inﬂow
of saline water from the North Sea during storms occur (Hofmeister
et al., 2009). There are no measurements of current speed and direction
in the fjord, but the ﬂow pattern in the fjord is mainly chaotic with
wind-driven currents during strong easterly or westerly winds. Westerly
winds generally dominate the region, except during spring when

2.3. Hydrophone deployment
A total of 20 Vemco VR2W-69 kHz receivers were deployed at the
river outlets and narrow parts of the Limfjord to track the migratory
103
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Fig. 1. Water depths of the Limfjord (left) and map of Denmark with adjacent seas (right). Receiver stations (RS) are marked with crosses while lost receiver stations
during the study period are marked with circles. Bathymetry data was provided by the Danish Shellﬁsh Centre.

the smolt-run data was not recovered and no smolts were registered on
the new hydrophone. Unfortunately, there was a substantial loss of
hydrophones during the migration season, and eight hydrophones were
lost within the Limfjord (Fig. 1). RS4 25 km from the eastern outlet of
the fjord was therefore used to determine if the ﬁsh had attempted to
leave the fjord in the eastern direction. All hydrophones in the Limfjord
were oﬄoaded on 9-11th of August 2017 and again in November and
December 2017.

Table 2
Receiver site information for the sites that were operational through the entire
study period with width at the site, number of receivers deployed, mounting
method and distance between the receivers.
RS1

RS2

RS3

RS4

Karup

Width at site
No. of receivers
Receivers mounted to

780 m
2
Buoys

1030 m
2
Buoys

190 m
2
Beacons

Distance between
receivers

480 m

470 m

180 m

350 m
2
Harbor
front
350 m

20 m
1
Bridge
pillar
NA

2.4. Environmental data
Water temperature was measured at the hydrophone position at the
outlet of river Karup during the study period to compare the temperature during outmigration with other studies. Satellite measured
fjord and sea surface temperature was downloaded from www.marine.
copernicus.eu for the entire fjord and for a 10 × 10 km area outside the
western and eastern outlet of the Limfjord, respectively, to compare the
temperature at sea when the post-smolts entered it with that observed
in other studies. The sea surface temperatures were downloaded as
daily means from the top 2.0 m of the water column, measured at night
in the time period of 2100 to 0700 h.

patterns of the ﬁsh (Fig. 1). Two hydrophones were placed at each
receiver site except in the river mouths where only one hydrophone was
placed in each river (Table 2). The location of the hydrophones was
carefully planned to ensure that there were no “deaf zones” caused by
depth morphology or other obstacles across the site. Detailed bathymetry charts were therefore used to select sites where the depth proﬁle
of the fjord was u- or v-shaped. Extensive sand drift occurs at some
sites, resulting in a frequently maintained navigation channel for larger
ships in the middle of the site. The receivers at these sites were therefore placed below buoys with one buoy being placed at the edge of the
navigation channel to enable it to hear if a tagged ﬁsh moved across in
the deeper waters of the navigation channel.
Some variability in detection range was to be expected as documented by Mathies et al. (2014), and several factors like stratiﬁcation of
the water column, currents and bubbles suspended into the water
column by waves may cause these variations (Thorstad et al., 2000).
Based on site conditions like distance between receivers, depth, chance
of stratiﬁcation and exposition to waves, we considered RS1 and RS2 as
the sites with the highest chance of not detecting a ﬁsh. Range testing
was therefore performed at RS2, to ensure that the lack of detections in
the western part of the fjord was not due to poor coverage across the
receiver sites. Range testing was carried out during the morning in 4–6
ms−1 south-westerly winds and waves at moderate size for this site.
Testing was done by deploying a 7 mm Thelma test tag emitting a signal
at 139 dB every 10 s for 3 min at 12 diﬀerent positions across the fjord
with 50–100 m between each station. The tag was deployed at a depth
of 1 m below a ﬂoating device that was dragged 15 m behind the boat.
The hydrophones at the river outlets were deployed in January
2017 and the receiver at the outlet of River Karup was emptied on 26th
of May while the hydrophone at the outlet of river Simested was found
missing on the same date. A new hydrophone was deployed at the
outlet of River Simested on 30th of May, but the old hydrophone with

2.5. Data analysis
Data was downloaded from the receivers and stored in a database.
For the analysis, the fjord was considered as the compartment between
the river outlet and the western outlet (RS1) and the eastern outlet
(RS4) for the Karup-ﬁsh while the lost hydrophone at the outlet of River
Simested meant that RS3 was considered as the fjord entry point for the
Simested-ﬁsh although it was located 11.2 km from the true river outlet
(Fig. 1). A registration on a hydrophone at a receiver site was interpreted as the ﬁsh having moved past the receiver if it was not subsequently detected on a receiver closer to the tagging location. Registrations on the hydrophones at the eastern (RS4) or western (RS1)
outlets were similarly interpreted as the ﬁsh having left the fjord in that
direction. Migration speed was calculated as the shortest possible distance between two receiver sites divided by the time between the ﬁrst
registrations at each receiver site, except at the Karup-outlet, where the
last registration counted, as several ﬁsh resided there for a few days
before moving into the fjord. The overall migration speeds and residence times of the post-smolts in the fjord was calculated for the ﬁsh
that survived through the fjord. This means that only ﬁsh that entered
the fjord and left it again were included in the calculation, while the
two ﬁsh that were detected on receivers within the fjord but who did
not leave the fjord later on were excluded from the overall calculation
104

Estuarine, Coastal and Shelf Science 209 (2018) 102–109

M.L. Kristensen et al.

of migration speeds and residence time.
A logistic regression was used to analyse whether stream of origin,
ﬁsh length and condition had an eﬀect on the probability of ﬁsh leaving
the fjord. Condition was calculated using Fulton's K where condition
mass
= 100
. The outcome (leaving the fjord or not) was entered as delength3
pendent variable while stream of origin, ﬁsh length and condition were
entered as independent variables. The variables were tested for collinearity visually and by using the vif-function from the car package in R.
VIF-values of 1.06 (length) 1.29 (condition) and 1.26 (stream) suggested no problems with collinearity (Fox and Weisberg, 2011;
Dormann et al., 2012). The R2-value of the model was 0.33.
The currents in the fjord are mainly wind-driven (www.
danskhavnelods.dk), and the easterly or westerly wind speed and
strength was therefore considered as a proxy for current direction in the
fjord during May where the ﬁsh would have chosen which direction to
go. The daily mean east/west wind vectors were therefore calculated
with regional wind data from the Danish Meteorological Institute
(www.dmi.dk) consisting of daily mean wind strength and direction
which was split into the east/west vector using trigonometric functions.
The running mean east/west vector during the month was calculated
from the daily vectors to follow the development in mean direction and
speed of the wind.
All data was sorted and arranged in Microsoft Excel and treated and
analysed further in R Studio Version 1.0.136 (www.r-project.org).

Fig. 2. (a) Tag and registration dates of the post-smolts. Triangles are Simestedﬁsh (lowest 51) and circles are Karup-ﬁsh (highest 50). RS3 is used as fjord
entry for the Simested-ﬁsh on the ﬁgure although it is placed 11.2 km from the
river outlet. The transmitters were guaranteed to last until July 23rd but expected to last until October 10th and there were no registrations in the system
after July 4th. (b). Measured temperature in the river at the outlet and satellite
measured surface (0–2 m) temperatures in the Limfjord and in 10 × 10 km
areas at the eastern and western fjord-outlets to the Kattegat and North Sea. The
river is generally warmer than the fjord, and the fjord is generally warmer than
the sea. Temperatures are higher at the eastern sea outlet during May, but
otherwise similar in the study period.

3. Results
3.1. Range testing
A total of 77% of the emitted ID signals from the 12 positions across
the site were detected on the receivers, with 77–100% of emitted IDsignals being detected at the 10 positions within the fjord. Coverage
was weaker on the shallow, 1 m deep positions close to shore, and 28%
and 31% of detections emitted from these positions were detected. The
test tag was resting a few centimetres above the substrate at these positions, but we chose to keep it this way, as a post-smolt could have
migrated close to the fjord bed at this depth close to shore.
Range testing was not performed at RS3 and RS4 and at the river
mouths. One ﬁsh from River Karup was detected at RS4 without having
been detected at the Karup outlet previously, while no ﬁsh from River
Simested were detected beyond RS3 without previous detection there.
18 of the 20 post-smolts that were registered at RS3 and 11 of the 20
post-smolts that were registered at RS4 were detected on the receivers
on both sides of the fjord, indicating good coverage across the sites.

tagged 1 km from the outlet, 40% (4/10) for the ﬁsh tagged 31 km from
the outlet and 29% (2/7) for the ﬁsh tagged 37 km from the outlet.
The 31 ﬁsh that did not make it to RS3 were assumed dead, as severe hypoxia developed in the compartment between the river mouth
and RS3 during July (Hansen et al., 2017), and no ﬁsh were detected
moving back to the river after a receiver was re-installed there on May
30th.
3.3. Marine phase
The distance from the river outlets to RS4 (used as the eastern fjord
outlet) was 93 km for Karup-ﬁsh and 102 km for Simested-ﬁsh. RS3 was
the ﬁrst receiver site encountered by the Simested-ﬁsh due to the loss of
the outlet-station in Simested, and the distance from RS3 to RS4 was
91 km. The distance from the river outlets to the actual eastern fjord
outlet was 121 km and 132 km for Karup and Simested, respectively,
while the distance to the western fjord outlet was 102 km and 113 km
for Karup and Simested-ﬁsh, respectively.
Two ﬁsh from River Karup were registered at RS3 9.5 and 43.1 days
after they had left the river. The ﬁrst of these was not registered again
thereafter, while the other was registered at RS3 again 1.9 days later
and then at RS4 (eastern fjord outlet) 91 km away 5.2 days later. This
ﬁsh therefore spent 45.0 days in the region close to the river outlets
before migrating the 91 km from RS3 to RS4 with a velocity of
17.5 km d−1.
Only one ﬁsh was detected in the western end of the fjord. This ﬁsh
was from River Karup and was registered at RS2 on 3rd of May but was
not registered again thereafter. No ﬁsh were registered at the western
outlet of the fjord (RS1) or at RS5 which leads into a small compartment
where several smaller rivers and streams run into the fjord.
A total of 20 smolts left the fjord to the east, of which nine were
from River Simested and 11 were from River Karup. In total, 18 of these
left between May 19th and June 9th. The remaining 2 individuals left
the fjord later, on June 21st and July 4th. The registration at the eastern
outlet on July 4th was the last registration of any post-smolt in the
entire system in the study period that lasted until expected battery

3.2. River phase
In River Karup, 42 of the tagged 50 smolts migrated downstream
and left the river. Unfortunately, the corresponding number for River
Simested is unknown due to the disappearance of the receiver at the
outlet. Nonetheless, a total of 20 individuals were detected at RS3
(11.2 km away from the outlet).
In river Karup, the 42 smolts left between April 9th and May 3rd
(Fig. 2a). The distance from the tagging site to the river outlet was
31 km, which the ﬁsh traveled with a mean velocity 2.4 km d−1 or 0.18
bl s−1 (SD = ± 0.14 bl s−1). Minimum survival to the river outlet for
Karup-ﬁsh was 84% (42/50). The ﬁsh experienced a mean temperature
of 8.5° C at the river outlet as they left the river (individual range between 6.4° C and 11.8° C). The mean satellite measured temperature of
the centre of the fjord was 7.7° C as the ﬁsh entered it (Fig. 2b).
In river Simested, the 20 smolts registered at RS3 were detected
between April 23rd and May 20th. Of these 20 individuals, 14 (70%)
had been tagged 1 km from the outlet, 4 (20%) had been tagged 31 km
from the outlet and 2 (10%) had been tagged 37 km from the outlet.
The minimum survival to RS3 was therefore 41% (14/34) for the ﬁsh
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Fig. 5. Modelled survival probability at diﬀerent lengths with 95% conﬁdence
intervals (dotted lines).
Fig. 3. Migration speed (3a) and residence time (3b) in the area between river
mouth and the eastern outlet at RS4 for the Karup-ﬁsh and between RS3 and
RS4 for the Simested-ﬁsh. Horizontal black lines represent medians, boxes represent values between the ﬁrst and the third quartiles of the data and red
diamonds represent mean values. Only ﬁsh that made it out of the fjord are
included. Note that the Simested-ﬁsh have already migrated 11.2 km in the
fjord before reaching RS3, and the speeds and residence times are therefore not
directly comparable. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the Web version of this article.)

experienced by the ﬁsh at sea as they entered the Kattegat was 12.4° C
with a range of 10.2° C to 15.1° C between individuals. If the ﬁsh had
left the fjord in the western direction on the same dates, the mean
temperature they would have experienced was 11.6° C with a range of
8.4° C to 14.9° C between individuals. Sea surface temperatures were
generally lower in the North Sea than in the Kattegat during May, but
similar during the rest of the study period (Fig. 2b).

depletion in mid-October.
The mean velocity through the 93 km of fjord between the river
mouth and the eastern fjord outlet at RS4 was 2.76 km d−1
(SD = 0.75 km d−1) or 0.20 bl s−1 (SD = 0.05 bl s−1) for the Karupﬁsh (Fig. 3). The Simested-ﬁsh migrated the 91 km between RS3 and
the fjord outlet at RS4 with 6.9 km d−1 (SD = 4.9 km d−1) or 0.44 bl
s−1 (SD = 0.28 bl s−1). The mean residence times in the fjord for the
ﬁsh that made it to the outlet was 19.5 days (SD = 10.0 days) for the
Simested-ﬁsh and 38.8 days (SD = 13.5) for the Karup-ﬁsh. The values
are, however, not comparable, as RS3 is located 11.3 km from the outlet
of River Simested which means that the early marine phase is not included in the migration speed for the Simested-ﬁsh.
The ﬁsh appeared to migrate mainly during the evening and night.
In total, 80.2% of all registrations on the hydrophones occurred between 16:00 and 4:00.
The wind data revealed generally easterly winds in the region in the
beginning of May 2017 and westerly in the end of the month (Fig. 4a)
resulting in a mean vectorial east/west component of almost zero
during the entire month (Fig. 4b).
The satellite measured daily mean temperature of the fjord showed
an increase in fjord temperature from 7.3° C as the ﬁrst ﬁsh entered it
on April 9th to 15.9° C as the last ﬁsh left it on July 4th. The mean fjord
temperature during the period was 12.1° C. The mean temperature

3.4. Survival
The combined minimum survival in river and fjord was 18% for ﬁsh
originating from River Simested and 22% for River Karup when assuming that the remaining ﬁsh had died and had not expelled the tag or
experienced tag malfunction. The survival in the fjord was 26.2% (11/
42) for the Karup-ﬁsh while the survival between RS3 and RS4 was
45.0% (9/20) for the Simested-ﬁsh.
The mortality rate was 0.5% km−1 in the river and 0.8% km−1 in
the fjord for the Karup-ﬁsh while the Simested-ﬁsh had a mortality rate
of 0.6% km−1 in the fjord (between RS3 and RS4).
Length had a signiﬁcant eﬀect on the fate of ﬁsh in the fjord such
that larger ﬁsh tended to leave the fjord more (logistic regression,
P = 0.003; Fig. 5), but condition (P = 0.56) and stream of origin
(P = 0.68) had no signiﬁcant eﬀect.
The reason for mortality was not documented for the post-smolts,
except for two Simested-ﬁsh where the tags were found at a random
scan through cormorant nesting areas 19 and 36 km from the river
outlet. Both of these post-smolts had disappeared between their tagging
site 1.0 from the river outlet and RS3.

Fig. 4. a. Daily east/west wind vector (m s−1) in the region
during May 2017. Easterly winds are positive values while
westerly winds are negative values. Figure 4b. The running
mean east/westerly wind vector (m s−1) in the same period.
The winds were generally easterly in the beginning of the
month and westerly in the end of the month, resulting in the
mean wind movement ending close to zero in May 2017.
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4. Discussion

These results suggest that a shallow, highly productive and eutrophicated fjord environment may not provide a well-suited post-smolt
growth habitat for the ﬁsh to stay in, even if the mortality associated
with migrating through it may be high.
Studies with mark-recapture and genetic assignment techniques
reveal a high abundance of Limfjord-trout in the Kattegat-Western
Baltic region (data unpublished). Our ﬁndings support these observations: post-smolts appear to migrate eastward through the Limfjord into
the Kattegat, where they presumably undergo their somatic growth and
return to their native rivers through the Limfjord as sea trout.
Once beyond the river outlet, all but one ﬁsh headed in the eastern
direction towards the Kattegat even though the distance to the western
outlet is approximately 19 km shorter from both rivers. This clear
preference for migrating east occurred despite the net current in the
fjord being neutral during May 2017. We therefore hypothesize that the
choice to go east may be rooted in historical reasons, as the ﬁsh may be
evolutionarily adapted for going east as the western opening did not
exist until 1825 (Meesenburg, 1996).
Local adaptations are common in trout populations and may inﬂuence individual migratory behavior by conferring some advantages that
may help the ﬁsh survive the dangers that the populations have been
commonly exposed to (Quinn and Brannon, 1982; Fraser et al., 2011).
Analysis of scale samples from the 1910s and 1950s have revealed that
the gene pools of the Karup and Simested trout populations are almost
unaltered (6% for Karup and little or no change in Simested) by previous stockings with non-indigenous trout (unpublished). We therefore
ﬁnd it likely that the anadromous brown trout populations in those
rivers are still genetically adapted for migrating east. Local adaptations
of this type have previously been documented in sea trout in the Baltic
region by Svärdson and Fagerström (1982) and Järvi et al. (1996), and
the preference of the Simested- and Karup-ﬁsh for going east suggests
that any advantage of taking the shorter western route to the sea has
not been large enough to modify the inherited preference of the population, even though the opportunity to go west has existed since
1825.
It is possible that diﬀerences in osmoregulatory cost associated with
migrating west towards the more saline North Sea (30–33 versus 20–25
in the Kattegat) has helped maintaining the eastward movement to the
less saline Kattegat/Baltic seas. The advantage conferred by migrating
into a salinity of 8–10 units lower may not counterweigh the costs associated with migrating an additional 19 km in the fjord perhaps because osmoregulatory costs and mechanisms are complex, and thus
post-smolts may continue to choose the eastern outlet (Morgan and
Iwama 1991, 1999; Baeuf and Payan, 2001). Other factors, such as
diﬀerences in predation risk, may also be important drivers along the
diﬀerent routes, but their extent along each route remain unknown.

We tracked wild brown trout post-smolts leaving the river systems
and migrating through a large fjord system with two possible exit routes
– one which has always existed (eastern) and another made in more
recent years (western). We provide evidence that the smolts migrated
out to sea through the eastern outlet of the Limfjord, and our results
suggest that the smolts either appeared to leave the fjord or die in it.
4.1. Range of the receivers
The coverage generally appeared strong at the Karup river mouth
and at RS3 and RS4, while post-smolts moving close to the bottom on
shallow waters at RS2 could have avoided detection if they moved directly past the site. The range determined by the test at RS2 may diﬀer
in various environmental conditions or even on a daily basis (Payne
et al., 2010; Thorstad et al., 2000). It is therefore possible that some ﬁsh
may have migrated past RS2 and avoided detection. The ﬁsh would,
however, have to move through areas with water deeper than 2 m to get
around the harbor and pier facilities present at the narrower RS1, and
since no ﬁsh were detected at this site, we ﬁnd it unlikely that our setup
have failed to detect a westward movement in the population.
4.2. River and fjord behavior
The smolts left River Karup between April 9th and May 3rd (Fig. 2a)
in river temperatures ranging between 6.4° C and 11.8° C, which is
within the normal period and temperatures for spring-migration in
Danish smolts (Aarestrup et al., 2002; del Villar-Guerra et al., 2013).
It was expected that some of the post-smolts would residualize in
the relatively large Limfjord, as previous studies have showed variable
residency and migratory behavior for smolts in fjord systems. For example, no smolts stayed in the small Randers fjord (Aarestrup et al.,
2014), few stayed in the larger and deeper Mariager Fjord (del VillarGuerra et al., 2013) while all or a large proportion of post-smolts and
adult ﬁsh stayed in the larger Norwegian fjords (Thorstad et al., 2007;
Jensen et al., 2014; Eldøy et al., 2015; Flaten et al., 2016). It was thus
expected that a proportion of post-smolts would stay in the Limfjord,
but we found no evidence of any post-smolts residing in fjord after July
4th despite evidence for an abundance of food items there (Ebert,
2004). In fact, only two post-smolt detections were made after June 9th,
and both of these were from ﬁsh that appeared to be leaving. The lack
of evidence for post-smolt residency in the fjord was surprising given
that the Limfjord is comparable to the Norwegian fjords in terms of
surface area, and the Danish Mariager Fjord in terms of depth. While it
is not impossible for individuals to have residualized in the fjord
without being detected, we ﬁnd it unlikely that the ﬁsh would remain
undetected by one of the receiver stations before the expected batterylifetime ended in mid-October if a large proportion of the ﬁsh had
stayed. Of the 20 post-smolts detected to leave the compartment between the Simested-outlet and RS3, 11 disappeared between RS3 and
RS4 (the fjord outlet) and could have residualized permanently in the
fjord. Mortality per km was already low between RS3 and RS4 for the
Simested-ﬁsh, and we therefore ﬁnd it unlikely that a large proportion
of these 11 post-smolts settled as permanent fjord-residents, though we
cannot make this conclusion for certain.
Temperatures in the fjord ranged between 7.3° C from the ﬁrst entry
of a tagged ﬁsh to 15.9° C as the last ﬁsh left it, and fjord temperatures
were generally higher than temperatures at the sea outlets during the
study period (Fig. 2b). Brown trout growth is reported as optimal in
temperatures ranging between 12 and 17° C (Elliott and Hurley, 2000a;
b; Larsson, 2005) and individuals may seek areas with warmer temperatures when residing in cold waters (Jensen et al., 2014). However,
with 18 of 20 ﬁsh leaving the fjord into colder sea water before fjord
temperatures reached 14.0° C in the present study, we suggest temperatures are not the main driver in the decision to leave the Limfjord.

4.3. Migration speed
Simested-ﬁsh migrated with a velocity of 6.9 km d−1 between RS3
and the eastern outlet at RS4, while the Karup-smolt migrated with a
velocity of 2.8 km−1 through the fjord (Fig. 3). As a consequence, the
residence time of the Simested-ﬁsh was shorter (19.5 days) than the
Karup-ﬁsh (38.8 days). The 11 Karup-ﬁsh and nine Simested-ﬁsh that
arrived at RS4 at the eastern outlet did, however, arrive at approximately the same time. The diﬀerence in migration speed between the
two populations is likely to be a result of slow initial migration after
leaving the river, as the speed of the Simested-ﬁsh in the ﬁrst 11.2 km of
the fjord is not included in their average fjord migration speed due to
the loss of the receiver at the Simested river outlet. A similar slow initial
migration has previously been documented by Middlemas et al. (2009).
This is corroborated by the late arrival at RS3 for the Simested-ﬁsh,
which on average arrived at the RS3-site 11.2 km from the river outlet
20 days later than the Karup-ﬁsh had arrived at the Karup-outlet in
spite of 34/51 of the Simested-ﬁsh being released just 1.0 km from the
river-outlet. Adding 20 days and 11.2 km to the movement data on the
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Simested-ﬁsh, results in them having a mean velocity of 2.8 km−1,
which is exactly the same as the Karup-ﬁsh.
We acknowledge the limitations of the comparisons we can make
based on speed measurements given the loss of the Simested outlet
receiver. Nonetheless, the migration speed for Karup-ﬁsh is comparable
to those from previous studies with similar set ups. With a speed of
2.8 km d−1, Karup-ﬁsh migrated slower than ﬁsh from the nearby
Randers fjord (appr. 5 km d−1 in the outer fjord; Aarestrup et al., 2014)
where all smolts also left the fjord. This is likely due to the Limfjord
having a more chaotic ﬂow pattern than the Randers fjord, which is
narrow and has a general outgoing current in the surface layers due to
the high outﬂow of freshwater into the fjord.

Nathan et al., 2008; Middlemas et al., 2009; Thorstad et al., 2012). The
same study (del Villar-Guerra et al., 2013) is also the only Danish study
where a part of the tagged sea trout have been documented to stay in
the fjords. This suggests that predation in Mariager Fjord is low compared to other Danish fjords, and that low predation rates are crucial for
fjord residency to occur in shallow, highly productive and eutrophicated systems like the Danish fjords.
In conclusion, the present study identiﬁes a crucial eastward route
for outmigrating brown trout post-smolts through the Limfjord. Our
ﬁndings suggest that post-smolts from rivers Simested and Karup do not
residualize in the fjord for long periods of time despite large food
abundance there, though some ﬁsh may have residualized without
being detected. Because adult return rates are highly dependent on the
survival of smolts and post-smolts, understanding the causes of low
survival is an important step for improving population survival, productivity and sustainability. The preference for the eastward route calls
for further investigation to understand the drivers for such preference.
For example, the eﬀect of salinity, predation pressure and evolutionary
adaptations would be interesting avenues of future research to understand the underlying drivers behind the choice of migration route in
post-smolts. The investigation of important migratory routes using
telemetry provides a valuable approach to allocate conservation resources. Performing similar studies in rivers of varying sizes may also
provide insight on population-speciﬁc routes, if any exist. The rivers
Karup and Simested are large, and ﬁsh from smaller rivers and streams
that enters the fjord may have other adaptations and behave diﬀerently.
However, ﬁndings obtained from studies carried out in the Limfjord and
other Danish fjords so far suggest that shallow and eutrophicated fjords
may not be suited for post-smolt growth if other factors like predation
pressures are unfavorable, even if the systems are large and have
abundant food resources within them. This could be of potential management interest elsewhere in the world where fjords and estuaries are
prone to eutrophication and predation.

4.4. Survival
We further demonstrate that the period following marine entry is
associated with high mortality in anadromous brown trout in the
Limfjord. Only 20 of 51 smolts from River Simested made it to RS3
(11.2 km from the river mouth), despite 34 of the smolts having been
tagged 1.0 km from the river mouth. Furthermore, no post-smolts were
detected as returning to the Simested-river after the missing receiver
was replaced on 30th of May, although severe hypoxia developed in the
area between the Simested-outlet and RS3 during July (Hansen et al.,
2017). We suggest that early mortality was high, although the exact
reason for disappearing has only been documented for two ﬁsh, where
the tags have been found later in random searches through cormorant
nesting areas located 19 and 36 km from the river outlet.
In general, the obtained values for survival in the fjord must,
however, be considered minimum values, as tag malfunctioning, tag
expulsion, lack of detection or residency outside receiver range may
lead to under-estimation of survival. In addition, the tagging and
handling process may have aﬀected the ﬁsh by inducing some degree of
stress, which may have had delayed consequences such as reduced
growth and survival of tagged individuals compared to untagged conspeciﬁcs (Jepsen et al., 2008).
Minimum cumulative river and fjord survival was similar between
ﬁsh originating from either rivers (19% and 22%), suggesting that ﬁsh
from both populations sustain similar mortality rates in the rivers and
fjord. Minimum survival was relatively low (20%) in comparison to
those found in the adjacent Randers fjord by Aarestrup et al. (2014)
(79%) and Mariager Fjord by del Villar-Guerra et al., 2013 (53% left the
fjord, 47% stayed or died in the fjord). However, mortality per km was
found to be similar with a range of 0.6–0.9% km−1 in Randers fjord,
and 0.8% km−1 and 0.6% km−1 for Karup- and Simested-ﬁsh respectively, when the post-smolts that disappeared in the fjord are assumed
dead. This suggests that the distance which must be traveled within a
fjord to reach the sea may be a key player in smolt marine survival and
potentially also a factor that can lead to locally adapted populations
that stay in the fjords like in the larger Norwegian fjords (Thorstad
et al., 2007; Jensen et al., 2014; Eldøy et al., 2015; Flaten et al., 2016).
We found that larger individuals had a higher probability of surviving through the fjord than smaller individuals, perhaps due to predation as seen in other studies (e.g. Jepsen et al., 2006; Koed et al.,
2006; Nathan et al., 2008). Being smaller in size may reduce swimming
velocity (and thus a ﬁsh may be less likely to escape a predator), increase the number of potential predators (based on gape size of predators) but also increases the tag burden (mass of body to tag ratio).
Together, these may have exposed ﬁsh to greater risks of predation, and
thus lower survival. Similar size-dependent survival has previously
been observed in studies investigating the migration of sea trout (e.g.,
Bohlin et al., 1993; Aarestrup et al., 2015) and other salmonids (e.g.
Kallio-Nyberg et al., 2006), though there is also evidence for no sizedependent survival (e.g., del Villar-Guerra et al., 2013). The latter study
also found a very high initial survival of 76% after 30 days, which
contradicts the classical description of high mortality during the early
marine phase for post-smolts (Jepsen et al., 2006; Koed et al., 2006;
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