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Abstract

Atlantic salmon (Salmo salar L.) were studied during their upstream migration in three Norwegian regulated
rivers; the Rivers Mandalselva, Nidelva and Orkla (mean annual water discharge 88, 123 and 71 m3xs-1, respec-
tively). A total of 169 salmon (body length 51-108 cm) were radio tagged during 1996-2002. The studies were
focussed on migration past power station outlets, residual flow stretches (6, 2.6 and 22 km long, respectively),
over dams and weirs and on the effects of artificial freshets. The salmon were delayed at power station outlets.
The behaviour at the outlets seemed dependent on water discharge and design of the outlet. The salmon were fur-
ther delayed by low water discharge (3-5 m3s-1) and a number of weirs and dams on the residual flow stretch in
the Rivers Nidelva and Mandalselva. Some salmon even reversed direction and migrated downstream again after
entering the residual flow stretches, probably due to confusion by the much lower water discharge than in the
river below the power station outlet. In contrast, the higher residual flow in the River Orkla (10-20 m3s-1) did not
seem to delay the upstream migration, although the dam at the power station intake did. The studies showed that
even dams and weirs that seemed not physically difficult for salmon to pass acted like migration barriers. Positive
effects on the upstream migration by artificial freshets were found in the River Mandalselva one of the years, but
not in the River Orkla (artificial freshets were not studied in the River Nidelva). However, the migration speeds
in the River Mandalselva were so low, and the movements generally so erratic, that the importance of the fres-
hets in stimulating the salmon to pass the residual flow stretch was insignificant.
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Introduction

The installation of hydroelectric power stations on
rivers may hinder or harm migrating salmonids.
Downstream migrating smolts are reported to suf-
fer mortality when passing through dams or turbi-
nes (Raymond, 1988; Hvidsten and Johnsen,
1997). Upstream migration to the spawning
grounds may be affected by altered water dischar-
ges, dams, weirs, fish passages and other migration
barriers (Webb, 1990; Laine et al., 2002;
Karppinen et al., 2002). Outflows from hydropo-
wer stations may also attract fish and delay the
upstream migration (Andrew and Geen, 1960;

Brayshaw, 1967; Arnekleiv and Kraabøl, 1996). 
Water discharge is the factor most frequently repor-
ted to control the upstream migration of salmonids
(Banks, 1969; Jonsson, 1991). Water discharge
appears to be an important factor stimulating adult
Atlantic salmon (Salmo salar L.) to enter rivers
from the sea (e.g. Huntsman, 1948; Saunders, 1960;
Potter, 1988; Smith et al., 1994). Upstream migra-
tion in rivers also appears to be stimulated by eleva-
ted flow (e.g. Huntsman, 1948; Hayes, 1953;
Dunkley and Shearer, 1982; Baglinière et al., 1990).
However, the relationship between physical factors
and migration is complex, and many other factors
may also affect the migration (Banks, 1969;
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Jonsson, 1991). In regulated rivers with possibilities
of controlling the water discharge, artificial freshets
may be used to stimulate the upstream migration of
Atlantic salmon (Huntsman, 1948; Hayes, 1953;
Banks, 1969). However, little is known about the
effects of different water discharges and duration of
such freshets on migration. 
The aim of this paper is to present and synthesise
results from studies of upstream migration of radio
tagged Atlantic salmon in three Norwegian regula-
ted rivers; with focus on power station outlets, resi-
dual flow stretches, dams and weirs and on the
effects of artificial freshets. The purpose is to
determine factors important for the passage of sal-
mon past hydropower installations and affected
river stretches. 

Materials and methods

Study area 
Atlantic salmon were studied during their
upstream migration past power stations in the
Rivers Mandalselva, Nidelva and Orkla (Fig. 1).
The power stations are similar in that they have
water intake just above a dam in the main river and
the outlet in the main river some km downstream
(Fig. 2). The river stretch between the intake and
the outlet (residual flow stretch) has a reduced
water discharge. The rivers differ in mean annual
water discharge, minimum discharge in residual
flow stretch, discharge of artificial freshets, num-
ber of weirs/dams in the residual flow stretch and
origin of the salmon (Table 1). 
The fish populations in the Rivers Mandalselva
and Nidelva are negatively affected by acid preci-
pitation. The native Atlantic salmon populations
are extinct, and the Atlantic salmon entering these
rivers during the 90s were non-native, mainly ori-
ginating from neighbouring rivers and salmon
farm escapes. (The River Mandalselva is cur-
rently limed and a salmon population being re-
established.) The River Orkla has a native salmon
population. The rivers and power stations are
described in further detail in Hvidsten (1993),
Thorstad and Heggberget (1998) and Thorstad et
al. (2003).

Capture and tagging of fish
A total of 169 Atlantic salmon were captured and
radio tagged during 1996-2002 (Table 1). In the River
Mandalselva, the salmon were captured in a fish pas-
sage and released in the lower part of the residual
flow stretch, just above the tunnel outlet. In the River
Nidelva, the fish were captured in bag nets and relea-
sed 2 km downstream from the power station outlet,
or collected in the fish passage at the dam and trans-
ported downstream to the same release site. No dif-
ferences were found between salmon collected at the
dam and salmon captured in bag nets in migratory
speeds or behaviour (Thorstad et al., 2003). In the
River Orkla, the fish were captured by hook and line
and released in the pool downstream the power sta-
tion outlet. Ideally, the fish should be captured in the
sea outside the river mouth for studies of upstream
migration, since capture in the river may disturb the
migration pattern. However, resources for capture in
the sea were not available for these studies, and fish
were caught in bag nets in the river or collected from
fish ways, which are also gentle catch methods. In
the River Orkla, where there is no fish ways (and no
bag nets available), the fish had to be captured by
hook and line. In all three rivers, the fish were either
tagged and released immediately after captured or
kept for up to 12 days (most of the fish less than six
days) in a net pen or wooden boxes until tagging and
release. This was done to standardise release dates
for groups of fish. Negative effects of keeping fish
like this is not known.
Radio transmitters (Model 2040 or 2120, Advanced
Telemetry Systems, ATS) were externally attached
to the fish below the dorsal fin, as described in
Økland et al. (2001). The transmitters had weight in
air of 10-11 g and weight in water of 6-8 g.
Swimming performance of similarly sized salmon
was not affected by such transmitters in laboratory
trials (Thorstad et al., 2000). To recognise indivi-
dual fish, each radio tag had a unique combination
of frequency and pulse rate.

Recording of the fish after release
During upstream migration, the fish were positio-
ned by manual tracking (within ± 250 m or less,
receiver model R2100, ATS) every third day in the
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Fig. 1 – Map of Norway showing the Rivers Orkla, Nidelva and Mandalselva.

River Mandalselva and in the River Nidelva in
1999, every forth day in the River Nidelva in 1997
and every second day in the River Orkla. After the
upstream migration period, the fish were tracked
less often, but after standardised tracking schemes,
until December or January. During artificial fres-
hets in the Rivers Mandalselva and Orkla, the fish
were located just prior to every freshet, twice a day
during the freshets (morning and evening) and the
morning after the freshets.

In the River Mandalselva in 1996, a data logger
(DCC II, ATS) was installed at two of the weirs
locally considered as migration barriers to conti-
nuously and automatically record tagged fish in
these areas. In the River Nidelva, a data logger was
installed at the tunnel outlet both years. A multiplex
(ATS) connected to the DCC II provided the ability
to automatically select and monitor four antennae
separately. Antenna 1 covered the area downstream
the tunnel outlet, antenna 2 the area outside the out-
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let, antenna 3 (underwater antenna) a small area just
outside the outlet, and antenna 4 the area upstream
the outlet. It was thus possible to record when fish
stayed outside the outlet, or when they entered the
tunnel and the residual flow stretch (see Thorstad et
al. 2003). In the River Orkla, a data logger was
installed at the power station outlet and at the dam at
the power station intake.

Study design
In the River Mandalselva, migration in the residual
flow stretch (3 m3s-1) and further upstream, and the
effects of artificial freshets in the residual flow
stretch, were studied for two years (Table 1). The
design of the dam limited the maximum rate at
which water could be released to 13 m3s-1. Six dif-
ferent freshets were released in 1996 (Thorstad and
Heggberget, 1998), and two similar freshets in
1997 (each freshet consisted of increased water
discharge to 13 m3s-1 in two following days from
8:30 to 20:30 hours). 

In the River Nidelva, migration past the power sta-
tion outlet and in the residual flow stretch was stu-
died for two years; one year with residual dischar-
ge of 3 m3s-1, and the following year of 5 m3s-1, to
see if increased discharge stimulated the migration
(Table 1). 
In the River Orkla, migration past the power station
outlet, in the residual flow stretch and further
upstream was studied for one year (Table 1). The
effects of artificial freshets in stimulating salmon to
pass the power station outlet and residual flow
stretch were studied during four freshets (lasting
from 6 to 15 hours, with water discharge of 23-30
m3s-1, Table 1). Two of the freshets were released in
connection with rain and a natural increase in water
discharge. The residual discharge in the River Orkla
was minimum 20 m3s-1 until 1 September and 10
m3s-1 thereafter (Fig. 3). Salmon that migrated
downstream after catch and release and stayed in the
downstream parts of the rivers, were not included in
the analyses.

Table 1 – Information on studies of radio tagged salmon past Laudal power station in the River Mandalselva, Rygene
power station in the River Nidelva and Svorkmo power station in the River Orkla. Information on water discharges is
given for the study periods, except mean annual water discharge.
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Previously published results
Two previous publications are produced from these
studies. One publication analysed the effects of
artificial freshets in the River Mandalselva in
1996, concluding there were no significant effects
of the six freshets released (Thorstad and
Heggberget, 1998). The other publication analysed
the results from the River Nidelva in 1997, conclu-
ding that salmon were delayed by the power station
outlet and in the residual flow stretch at a water
discharge of 3 m3s-1 in the residual flow stretch
(Thorstad et al., 2003). Previously published
results are not repeated in this paper, but are refer-
red to as a basis of comparison to the new results
presented in this paper.

Data analyses
The data did not meet the assumptions of parame-
tric tests, and non-parametric tests were therefore
used. Mann-Whitney U tests were used to test
whether two independent samples came from the
same population. The Kruskal-Wallis test was used

in the case of more than two independent samples,
whereas the Wilcoxon signed ranks test was used
when comparing two related samples. A Yates-cor-
rected Chi-square calculation was used to compare
observed and expected frequencies in two catego-
ries to test whether the categories contained the
same proportion of values.

Results

Delays at power station outlets
In the River Nidelva in 1999, when water dischar-
ge in the residual flow stretch was 5 m3s-1, 74%
(n=31) of the tagged salmon migrated upstream to
the tunnel outlet after release, where they stopped
for on average 4.1 days (range 0-39). This was a
shorter stop than in 1997, when the residual dis-
charge was 3 m3s-1 (average 22.4 days, Mann-
Whitney U test, U=91.0, P<0.001). However, the
fish seemed to be attracted by the tunnel outlet also
in 1999, and returned to the outlet one or more
times after up- or downstream movements. In total,
the fish was recorded at the outlet on average
during 27% (range 0-92%) of the tracking surveys.
Results from the data logger and manual tracking
showed that in 1999, the fish rather stayed outside
the power station tunnel, instead of entering the
tunnel and mainly staying inside the tunnel as they
did in 1997. In 1999, only seven salmon had a lon-
ger stay than 1 h inside the tunnel (up to 77 h).
However, the proportion of salmon entering the
residual flow stretch was not different between the
two years (10 of 17 in 1997 versus 25 of 31 in
1999, Yates-corrected Chi-square calculation,
χ2=2.65, P=0.20).
In the River Orkla, salmon also stopped at the
power station outlet, before migrating further
upstream (on average 42 days, range 0-101, n=25).
The salmon were not recorded immediately at the
tunnel outlet, but stayed in the pool 150-200 m
downstream from where the water from the tunnel
and the residual flow stretch run together. 

Migration on residual flow stretches
In the River Mandalselva, 17% (n=9) of the radio
tagged salmon passed the residual flow stretch and

Fig. 2 – Schematic outline of the Laudal power station
in the River Mandalselva, Rygene power station in the
River Nidelva and Svorkmo power station in the River
Orkla, which all have intake and outlet in the main river.
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Fig. 3 – Timing of upstream migration of individual salmon (red dots [note that three salmon passed the same day in
mid September] or blue lines when the exact timing was uncertain) from the tunnel outlet in the River Orkla in rela-
tion to artificial freshets (dotted vertical lines) and water discharge. Solid vertical lines indicate dates when salmon
were radio tagged. Data on hourly water discharge during 1 June to 31 October was provided by the Power Stations in
Orkla (KVO), and is shown from the first to the last date every month. 
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migrated further upstream the river. This was a lar-
ger proportion than in previous years with a lower
residual discharge (0.25 m3s-1 in 1993 and 1.5 m3s-1

in 1994-1995), when 1.5% (1993) and 3.7% (1994-
1995) of the salmon passed the residual flow
stretch according to results from fish traps catching
all salmon entering and leaving the stretch those
years (Yates-corrected Chi-square calculation,
χ2=5.20, P=0.023). The radio tagged salmon spent
on average 42 days (range 14-69) in passing the
residual flow stretch, corresponding to a migration
speed of 0.15 km(day-1). After passing the residual
flow stretch, average migration speed for the same
individuals increased to 3.6 km(day-1). 
In the River Nidelva, none of the salmon managed
to pass the dam at the power station intake. Both in
the River Mandalselva and River Nidelva, salmon
distributed themselves over the entire residual flow
stretch, and generally showed an erratic movement
pattern with up- and downstream movements.
Based on where the salmon stopped, or turned and
migrated downstream in the two rivers, none of the
weirs could be identified as more serious migration
barriers than the others, except the dam at the power
station intake and one of the other weirs in the River
Mandalselva. The two weirs locally considered as
migration barriers in the River Mandalselva did not
appear to delay salmon more than the others. Some
of the salmon turned and migrated downstream
again just after entering the residual flow stretch.
This was especially notable in the River Nidelva in
1999, where 24% (n=6) of the salmon moved down-
stream again after being recorded just upstream the
outlet, and they did not enter the residual flow
stretch again later in the season.
In the River Orkla, salmon seemed not to be dela-
yed in passing the residual flow stretch. The sal-
mon spent on average 9.7 days in passing the
stretch, which corresponded to an average migra-
tion speed of 3.1 km(day-1). This was not different
from the migration speed further upstream the
river, which was on average 3.7 km(day-1) for the
same individuals (Wilcoxon signed ranks test, Z=-
0.31, P=0.75). However, the salmon seemed to be
delayed at the dam at the power station intake,
where they spent on average 11 days (range 2-24)
before passing.

Effects of artificial freshets
In contrast to no effects in 1996, positive effects of
the artificial freshets on the upstream migration
were found in the River Mandalselva in 1997.
Number of weirs passed per hour was higher during
both of the freshets (including a 10-13 hour period
after the freshet) than during the remaining upstream
migration period (Wilcoxon signed ranks tests, Z=-
2,28, P=0.023; Z=-2,11, P=0.035), and distance
moved was higher during one of the freshets
(Wilcoxon signed ranks test, Z=-2,58, P=0.010).
However, the migration speeds in question were so
low (0.2-0.5 km(day-1) during freshets and 0.08
km(day-1) during the remaining upstream migration
period), and the movements generally so erratic,
that the importance of the freshets in stimulating
the salmon to pass the residual flow stretch was
insignificant. Freshets were not obligatory for the
passage of any of the weirs, as all the weirs at some
occasion were passed during residual water dis-
charge.
The upstream migration from the power station
outlet in the River Orkla were not highly stimula-
ted by freshets, as only one salmon (4%) migrated
upstream during a freshet (Fig. 3). Of the salmon
migrating upstream later in the season, 17 (68%)
stayed outside the outlet during at least one of the
freshets without passing (two of the salmon stayed
during four freshets, two salmon stayed during
three freshets and four salmon stayed during two
freshets). The upstream migration happened during
a wide range of water discharges, both in the resi-
dual flow stretch (between 11 and 28 m3s-1) and
from the tunnel outlet (0-55 m3s-1), during increa-
sing, decreasing and stable water discharges (Fig.
3). Water discharge from the power station varied
from 0 to 2.8 times higher than from the residual
flow stretch when salmon passed the tunnel outlet
and migrated further upstream (this relationship
varied between 0 and 3.6 during the season, and
was on average 1.3 times). Migration in the resi-
dual flow stretch also did not seem to be stimula-
ted by the freshets, but the sample size was low,
except during the last freshet, when there was no
difference in distance moved between the days
before, during and after the freshet (Kruskal-Wallis
test, n=14, χ2=1.5, P=0.46). 
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Discussion

Delays at power station outlets
Results in the present study showed that both native
and non-native salmon were delayed at power sta-
tion outlets during their upstream migration, even
though the localities in the River Nidelva and River
Orkla did not seem to imply any physical migration
barriers (passage of power station outlet was not stu-
died in the River Mandalselva). Salmon may natu-
rally stop in some pools during their upstream
migration, but the stops at the tunnel outlets both in
the River Nidelva and Orkla were much longer than
what was observed in comparable pools in the River
Tana (average 5-9 days in the most popular pools,
Økland et al., 2001). The shorter delay observed in
the River Nidelva than in the River Orkla may be
because the salmon were tagged later in the season,
closer to spawning. The results in the present study
are in accordance with other studies describing
delays at power station outlets (Andrew and Geen,
1960; Brayshaw, 1967; Webb, 1990; Chanseau and
Larinier, 1999).
Behaviour at the outlets seemed to be affected by
both water discharge and the design of the outlet.
Effects of water discharge were demonstrated in
the River Nidelva, where the salmon mainly stayed
inside the power station tunnel the first year of the
study (Thorstad et al., 2003), whereas they mainly
stayed in the river outside the outlet the second
year, when the residual discharge was higher. No
other factors were known to differ between the two
years. However, the increase in water discharge
was not sufficient to increase the proportion of sal-
mon entering the residual flow stretch. The design
of the outlet seemed to affect where the fish stayed
at the outlets. In the River Nidelva, where the tun-
nel empties straight into the river, the most “natu-
ral” migration route is into the tunnel, and salmon
must keep slightly to the right to enter the residual
flow stretch. In the River Orkla, the tunnel empties
into a side stream, which run together with the resi-
dual flow stretch 100 m downstream from the tun-
nel outlet. Upstream migrating salmon must either
turn left to enter the side stream from the tunnel
outlet, or slightly to the right to enter the residual
flow stretch. These differences between the rivers

may be the reason why the fish stayed inside or just
outside the tunnel outlet in the River Nidelva, whe-
reas they stayed in the pool downstream from
where the water from the side stream and the resi-
dual flow stretch run together in the River Orkla.
One may think that factors such as water discharge
in the residual flow stretch, water discharge from the
power station, or the relationship between these two,
would affect the upstream migration past tunnel out-
lets. However, the artificial freshets did not seem to
affect the upstream migration from the outlet in the
River Orkla, and the passage by individuals happe-
ned during a wide range of water discharges in the
residual flow stretch and through the power station
in both rivers (for results from the River Nidelva,
see Thorstad et al., 2003). In the River Orkla, the
water discharge was usually 1-2 times higher from
the tunnel outlet compared with the residual flow
stretch when upstream migration from the outlet
occurred. The power station was closed for a period
in August, without stimulating the migration,
which may be due to unusually warm weather con-
ditions and low water discharges during the period.
Closing the power station in a period with rain and
higher water discharge would maybe stimulate the
upstream migration. 
It can be concluded from these studies that relatively
short and small artificial freshets in large regulated
rivers may be a waste of water and money in stimu-
lating Atlantic salmon to pass power station outlets.
However, Arnekleiv and Kraabøl (1996) found posi-
tive effects by artificial freshets on trout (Salmo trut-
ta) migration past a tunnel outlet, and effects by
water discharge also on Atlantic salmon cannot com-
pletely be ruled out. Complex relationships may
exist, and for example changes in water discharge or
quality on a micro scale may be important.
Furthermore, water discharge may not be important
until the salmon is motivated for migration.

Migration on residual flow stretches
A water discharge of 20 m3s-1 in the residual flow
stretch in the River Orkla did not seem to reduce the
migration speed. The migration speed was both
comparable to migration speeds on river stretches
upstream the residual flow stretch and in other rivers
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(e.g. Johnsen et al., 1998; Hayes et al., 1953;
Smirnov, 1971), although other studies have repor-
ted higher migration speeds, such as Hawkins and
Smith, 1986; Aarestrup et al., 2000). In contrast, the
much lower residual flow in the Rivers Mandalselva
and Nidelva seemed to delay the migration, pro-
bably together with a number of weirs constituting
migration barriers (see below). The importance of
increased water discharge on residual flow stretches
was also demonstrated by the fact that an increase in
residual discharge in the River Mandalselva from
0.25 to 3 m3s-1 increased the proportion of salmon
passing the residual flow stretch. 
Large-grown salmon and sea trout may enter small
rivers (3-5 m3s-1) seemingly without any problems.
The delays seen in the residual stretches in the River
Mandalselva and Nidelva is, therefore, probably
related to salmon entering a big river and then sud-
denly finding themselves on a river stretch with a
much lower water discharge. This may also have
been the reason why some salmon turned and
migrated downstream again after entering the resi-
dual flow stretch. Such behaviour was also observed
for sea trout entering fish passages, and it was spe-
culated that the fish tried to find an alternative route
or wait for better conditions (Aarestrup et al., 2003). 
As for passage of power station outlets, relatively
small and short artificial freshets did not seem to sti-
mulate migration in residual flow stretches to a large
extent, although small effects were found one of the
years in the River Mandalselva. A large number of
studies have reported that increases in water dis-
charge have stimulated the upstream migration of
salmon (see e.g. references in the introduction).
Strikingly few studies have reported that they found
no relationship between upstream migration and
water discharge (but see Hawkins and Smith, 1986;
McKinnell et al., 1994). One may speculate that stu-
dies finding no effects are under-reported and, thus,
the effect of water discharge on the upstream migra-
tion exaggerated, especially in large rivers with a
generally high water discharge.

Migration barriers
Dams and weirs delayed upstream migration in all
the three rivers, although none of them seemed to be

physically difficult migration barriers. In the Rivers
Mandalselva and Nidelva, there were no weirs
where all salmon stopped or where they only passed
at increased discharge, and it seemed like the moti-
vation to migrate was reduced due to a combination
of low water discharge and a high number of obsta-
cles. Salmon in the Rivers Mandalselva and Nidelva
probably had no previous experience of the rivers,
which may have decreased their motivation to
migrate upstream compared with native salmon.
However, escaped farmed salmon in two other
Norwegian rivers appeared motivated to migrate
upstream and distributed themselves further
upstream than the wild salmon during spawning
(Økland et al., 1995; Heggberget et al., 1996;
Thorstad et al., 1998). The lack of motivation to
migrate upstream in the Rivers Mandalselva and
Nidelva may, therefore, not be explained by origin
or lack of river imprinting. This was confirmed by
the results from the River Orkla, where native sal-
mon also seemed to be delayed by the dam,
although it seems not to be a physically difficult
obstacle to pass. It can be concluded from the results
in this study that seemingly easy obstacles to pass
may considerably delay salmon in their upstream
migration. Ovidio and Philippart (2002) concluded
from a five-year study in the same way that some
small obstacles are not as insignificant as initially
thought and can significantly disrupt and/or obstruct
fish upstream movements.
Delays in the upstream migration may obviously
create conflicts in the organisation of a sport fishery
when salmon arrive in the upper parts of the waters-
hed later after hydropower development. However,
the biological importance of such delays is not
known, as long as the salmon arrive on the spawning
grounds in time for the spawning season. Atlantic
salmon often enter the rivers several months before
spawning (Nordqvist, 1924; Hawkins and Smith,
1986), and may hold position at the spawning
grounds for one to two months before spawning
(Økland et al., 2001). As pointed out by Fleming
(1996), there is no satisfactory adaptive explanation
for the early river entry time of adult Atlantic sal-
mon. If the early river entry is associated with some
kind of advantages, delays during the upstream
migration will involve corresponding disadvantages.
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