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Liming restores Atlantic salmon (Salmo salar)
populations in acidified Norwegian rivers

Trygve Hesthagen, Bjorn M. Larsen, and Peder Fiske

Introduction

Anthropogenic disturbances of natural populations com-

Abstract: Acidification has exterminated or seriously reduced Atlantic salmon (Salmo salar) populations in 40—45 Norwe-
gian rivers. As this problem still exists, liming to restore salmon has been necessary, which now involves 21 of these riv-
ers. Thirteen rivers were electrofished 1 year before liming and again 1-12 years later. There was a significant effect both
of time after liming and status (e.g., formerly lost and reduced stocks) on the densities of both fry (age 0+) and parr

(age > 1+). However, the rate of increase in densities of young salmon in these two status categories was not significantly
different in either age group. The development in parr densities suggests that more than 20 years of liming is required to
restore salmon in rivers with lost native populations. Stocked rivers and rivers unaltered by hydropower developments gen-
erally had higher fry densities and faster increase in parr densities. Annual rod catches of adult salmon increased signifi-
cantly after liming started, reaching about 45 t after 10 years of treatment. This is 11%—12% of the current total catch of
Atlantic salmon in all Norwegian rivers. Liming thus makes an important contribution to the restoration of salmon in for-
merly acidified rivers.

Résumé : L’acidification a éliminé ou considérablement réduit les populations de saumons atlantiques (Salmo salar) dans
4045 rivieres de Norvege. Comme le probleme persiste, le chaulage reste nécessaire pour restaurer le saumon et implique
actuellement 21 de ces rivieres. Nous avons fait de la péche électrique dans 13 rivieres, 1 année avant le chaulage et de
nouveau 1-2 années apres. Il y a un effet significatif a la fois du temps depuis le chaulage et du statut (par ex., un stock
perdu ou réduit antérieurement) sur la densité des alevins (age 0+) et des tacons (age > 1+). Cependant, le taux d’augmen-
tation des densités des jeunes saumons dans ces deux catégories de statut n’est pas significativement différent dans les
deux groupes d’age. L’évolution des densités des tacons indique que plus de 20 ans de chaulage sont nécessaires pour res-
taurer le saumon dans les rivieres qui ont perdu leur population indigeéne de saumons. Les rivieres empoissonnées et celles
non modifiées par le développement d’installations hydroélectriques ont généralement des densités plus élevées d’alevins
et une augmentation plus rapide des densités de tacons. Les captures annuelles de saumons adultes a la ligne ont augmenté
de facon significative apres le début du chaulage, atteignant environ 45 t aprés 10 années de traitement. Cela représente
11-12 % des captures totales actuelles de saumons atlantiques dans toutes les rivieres de Norvege. Le chaulage apporte
donc une importante contribution a la restauration des saumons dans les rivieres acidifiées antérieurement.

[Traduit par la Rédaction]

2007). Much of the decline has been ascribed to degradation
of breeding habitats, water quality deterioration, excessive

monly entail a reduction in abundance, and salmonids are
no exception (e.g., Einum et al. 2008). There has been par-
ticular concern about the recent extinction and population
reductions in Atlantic salmon (Salmo salar), which are of
high commercial and recreational value (International Coun-
cil for the Exploration of the Sea 2000). Wild Atlantic sal-
mon are under threat and have disappeared from several
European countries during recent decades, and they also tee-
ter on the brink of extinction in the United States and parts
of southern Canada (Parrish et al. 1998; Friedland et al.
2003; International Council for the Exploration of the Sea
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rates of exploitation, genetic deterioration due to escaped
farmed fish, and the introduction of fish parasites such as
Gyrodactylus salaris and salmon lice (Lepeophtheirus sal-
monis) (Johnsen and Jensen 2003; McGinnity et al. 2004;
Finstad et al. 2007). However, most factors affecting salmon
numbers do not act in isolation, but rather in concert (Par-
rish et al. 1998).

Atlantic salmon are extremely sensitive to acidification,
i.e., to low pHs and high concentrations of inorganic alumi-
num (Rosseland et al. 1986). In southern Norway, water
quality deterioration through acidification is a major threat.
Populations of Atlantic salmon either have been extermi-
nated or became seriously reduced in about 4045 rivers.
The acidification-driven decline in Atlantic salmon stocks
started as early as the 19th century, and by 1970 virtually
all stocks in the affected area had been lost (Hesthagen and
Hansen 1991). The pH of these rivers was typically 4.4-5.3,
and concentrations of inorganic aluminum lay between 70
and 160 pg-L-1. In Norway, since the 1980s, attempts to re-
store fish populations in formerly acidified rivers and lakes
have been based on systematic liming (Sandgy and Ro-
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Fig. 1. Locations of limed Atlantic salmon rivers in the present study. Corresponding numbers for the rivers are shown in Table 1.
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mundstad 1995). Full-scale liming of salmon rivers was ini-
tiated in 1985 with River Audna, while 21 rivers were in-
cluded in the program from 1987 to 2005 (cf. Hesthagen
and Larsen 2003). Ten of these rivers had entirely lost their
native Atlantic salmon stocks, while the populations were at
various stages of reduction in the remaining 12 rivers.

This paper provides the first extensive report on the effect
of liming on densities of young Atlantic salmon, based on
data from 13 rivers in southern Norway from the first
12 years of liming. We analyzed that if their densities rise in
a linear fashion, then it will appear to reflect increasing input
of gametes by a growing population of adults, judged from
catch records. We used mean juvenile salmon densities for
all rivers as a predictive variable, which may be somewhat
biased, as spatial (between-river) variation exists. However,
any model of biological systems necessarily involves the use
of simplifying assumptions (Einum et al. 2008).

l
10°

Materials and methods

The study rivers are located in the counties of Aust-
Agder, Vest-Agder, and Rogaland in southern Norway
(Fig. 1; Table 1). Two rivers, e.g., Mandalselva and Kvina,
are severely affected by hydroelectric power generation by
the creation of obstacles to adult migration through stretches
of low water flow and passage through dams, reduced rear-
ing areas for younger fish, fluctuating water levels, and the
descent of smolts through tunnels in which turbines have
been installed. The rivers Storelva, Tovdalselva, and Jgrpe-
landselva are also affected to some extent by hydroelectric
power generation. In most cases, Atlantic salmon and brown
trout (Salmo trutta) were the only two species caught in the
study rivers. Eels (Anguilla anguilla) occur in all rivers, but
their numbers were low. Lampreys (Lampetra planeri),
threespine sticklebacks (Gasterosteus aculeatus), ninespine
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Table 1. Data for the limed rivers in this study.

No. of stocked fish

Fish sampled ()

Strain

Smolt

Fry

Roe

Stocking period

Fry (0+) Parr (21+)  Stocking
2000-2005

Year N1 N2

Status
1

0
0
0
0
0
1
1
0
1
1
1
1

River

Local

19000
6750°

702913

66500
1553200

Yes
Yes

Yes

595
462
1425

3520
1967
4651

8-10

9
9
8
12

11

1996
1996
1997
1991

1. Storelva

Storelva

1997, 2000-2005
1996-2005

14
18
9-10

2. Tovdalselva

Local and Bjerkreimselva

31123

689 500

3. Mandalselva

4. Lygna
5. Kvina

No

394
685
1817
3024
2923

2099

No

2738

10
9-16
18-20
8-16
10-12

1994
1989"
1996
1991

No

6185
8703
9290
4178

12

6. Sokndalselva

Local

1945000

1995-2005

Yes

9
12
12
10
10
12

7. Bjerkreimselva

8. Ogna

No

Local

596 500

1993-2005
1995-2005
1994-2005

Yes

2112
2174

1993
1995
1995"
1987
1996

9. Frafjordelva

Local

605 000
489000

Yes

3150

8-11

10. Espedalselva

Local

Yes

No

333
2771

829
6437

6-8
9-17
7-12

11. Jgrpelandselva
12. Vikedalselva
13. Rgdneelva

Local

16 500

1995-1996, 1998

Yes*

1617

2325

9

lost and 1 = reduced stock.

Note: River numbers refer to locations in Fig. 1. N1 and N2 are number of sampling years and numbers of sampling sites, respectively. For status: 0

“Lake liming only.

’Stocking of fry only in 1997.

“Stocking above salmon ascending stretch only.
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Fig. 2. Annual mean densities of Atlantic salmon fry (a) and
parr (b) in limed rivers with formerly reduced (solid circles) and
formerly lost (open circles) salmon stocks, 1 year prior to liming
and 12 years after liming. Equations: fry, reduced = 3.82 years +
13.30; fry, lost = 4.43 years — 5.52; parr, reduced = 1.17 years +
6.31; parr, lost = 1.49 years — 2.67.
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sticklebacks (Pungitius pungitius), brook trout (Salvelinus
fontinalis), and European flounders (Platichthys flesus) were
occasionally caught in some of the rivers.

Eleven of the study rivers are limed continually with
limestone powder from dosers that are controlled by water
flow and pH below the liming sites (e.g., Clair and Hindar
2005). In the remaining two river systems, the liming is car-
ried out by lake treatment (Table 1). The liming has usually
produced a satisfactory water quality in all rivers, with an-
nual mean values + standard deviation (SD) of pH (6.33 +
0.14; n = 34) and concentrations of inorganic toxic alumi-
num (7 + 4 pgL-1; n = 34), based on data from the three
last years of the study period, i.e., from 2003 to 2005 (cf.
Anonymous 2004, 2005, 2006).

Seven of the study rivers have been regularly stocked
with Atlantic salmon since liming commenced, including
rivers with either reduced (n = 4) or lost stocks (n = 3)
(Table 1). In one river, stocking was only carried out above
the salmon ascent stretch. Stockings mainly involved fry,
which were unfed except in Mandalselva. Roe have been
planted on a large scale in Tovdalselva and Mandalselva,
while smolts have been stocked only in the latter river.
Stocking involved the offspring of local strains, except in
Tovdalselva and Mandalselva.

Between 1987 and 2005, young Atlantic salmon and
brown trout were sampled annually using a portable back-
pack electrofishing apparatus (1600 V, DC). With few ex-
ceptions, sampling was performed in August to provide
comparable data related to the effects of water temperature
and water flow on the catchability of young salmon. As
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Table 2. Annual mean densities + standard error (SE) of Atlantic salmon fry and
parr in limed rivers with formerly lost and reduced stocks, 1 year prior to liming

and 1-12 years after liming.

Fry (age 0+)

Parr (age > 1+)

Years after

liming Lost Reduced Lost Reduced
0 0.2+0.2 (6) 16.8+4.6 (7) 0.0+0.0 (6) 7.3£2.0 (7)
1 6.6x1.8 (6) 14.1£5.4 (7) 0.3+£0.3 (6) 7.8+£2.6 (7)
2 9.2+3.9 (6) 15.7£2.2 (7) 1.9+0.7 (6) 6.7+1.7 (7)
3 8.7+2.3 (6) 34.9+10.6 (7) 3.4+0.9 (6) 8.2+1.7 (7)
4 7.0£2.2 (6) 35.7£7.4 (7) 4.2+1.9 (6) 10.8+2.1 (7)
5 21.4+8.3 (6) 30.3%£6.6 (7) 3.6x1.2 (6) 12.6£2.4 (7)
6 33.9+£9.0 (6)  48.3+x8.8 (7) 8.5+2.6 (6) 25.5%10.2 (7)
7 26.9+6.0 (6) 53.8+12.6 (7) 9.8+3.4 (6) 16.4+4.2 (7)
8 40.8+5.5 (6) 62.1+10.6 (7) 9.8+2.7 (6) 20.4+4.4 (7)
9 28.5+5.6 (5) 54.4+7.3 (7) 9.9+3.0 (5) 25.4+6.2 (7)
10 50.7+20.4 (4) 32.6x13.0 (4) 16.8%8.3 (4) 11.5£3.7 (4)
11 42.6+£2.2 (4) 66.6+24.0 (2)  19.2£10.3 (4)  13.5%£7.1 (2)
12 54.8+7.2 (3) 55.2+1.9 (2) 13.3£5.5 (3) 22.4+1.4 (2)

Note: Number of rivers sampled is given in parentheses.

Fig. 3. Annual mean densities of Atlantic salmon fry (a) and
parr (b) in limed rivers with formerly reduced and lost salmon
stocks, 1 year prior to liming and 10 years after liming. Solid cir-
cles represent rivers with hatchery stocking; open circles represent
rivers without hatchery stocking. Equations: fry with stocking =
3.39 years + 5.63; fry without stocking = 5.20 years + 1.31; parr
with stocking = 2.12 years — 0.38; parr without stocking =
0.91 years — 2.59.
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much as possible, the same persons were involved in the
sampling throughout the study period. Between 6 and 20
sampling stations were established in each river, in which
sampling areas were usually about 100—-150 m2. Each station
was fished in an upstream direction in three successive runs.
After each run, the fish were measured for total length to the

nearest millimetre and kept in cages for release after the fi-
nal run. Some specimens were retained for age analysis. The
fish were classified as either fry (age 0+) or older parr
(age > 1+4) on the basis of the length—frequency distribution
and age analysis. The dominant lengths in these two age
groups usually ranged between 50-65 mm and 75-130 mm,
respectively. In each river, we estimated separate probabil-
ities of capture for each age group by compiling the catch
data from all stations for each run. This is recommended
when the total catch on each station is fewer than 35 speci-
mens (Bohlin et al. 1989), as was largely the case in the
study rivers. Finally, we estimated annual mean densities
per 100 m2 for all rivers during the study period and sepa-
rated them into those with formerly lost or reduced stocks.
We used data on density from 1 year before liming and 8-
12 years after liming started (Table 1). A total of 56 072 fry
(age 0+) and 20332 older parr (age > 1+) were caught dur-
ing the study period. We performed analysis of covariance
(ANCOVA) to reveal relationships between salmon densities
and time after liming (years) and population status (seriously
reduced or exterminated), as well as for potential effects of
hatchery stocking and hydro development.

The annual official rod catch statistics of Atlantic salmon
were taken to indicate adult salmon abundance in the study
rivers. These data have been available for Norwegian sal-
mon rivers since 1876 (Hansen 1986; L’Abée-Lund et al.
2006; Vgllestad et al. 2009). The data were used to evaluate
the development of adult salmon stocks in the study rivers
and to compare them with total catches of Atlantic salmon
in all Norwegian rivers.

Results and discussion

No salmon fry were caught during the electrofishing sur-
veys in the study rivers where populations had been reported
to be extinct before liming, apart from three individuals in
Mandalselva. These specimens were all obtained at a single
station, where some limestone had been added a few years
earlier. It is thus evident that the native salmon stocks in all

Published by NRC Research Press



228

Can. J. Fish. Aquat. Sci. Vol. 68, 2011

Table 3. Annual mean densities + standard error (SE) of Atlantic salmon fry and parr in
limed rivers with formerly lost and reduced stocks, with and without stocking, related to

years after liming.

Years after

Fry (age 0+)

Parr (age > 1+)

liming With stocking ~ Without stocking ~ With stocking Without stocking
0 8.6x+4.1 (8) 10.0+6.4 (5) 4.9+2.3 (8) 2.4+1.5 (5)
1 12.5+4.9 (8) 7.6x2.3 (5) 2.9+1.0 (8) 6.6+4.3 (5)
2 13.7£2.3 (8) 11.1£4.9 (5) 5.0£1.6 (8) 3.6x1.7 (5)
3 23.5£16.3 (5)  23.5+7.3 (5) 6.6£1.7 (8) 4.9+1.4 (5)
4 20.6+5.0 (8) 25.5+13.5 (5) 8.4+2.0 (8) 6.7+3.1 (5)
5 24.6+6.5 (8) 28.8+9.3 (5) 8.1+1.8 (8) 9.0+4.2 (5)
6 48.0+£7.3 (8) 31.5+11.3 (5) 20.4+9.0 (8) 13.3+£6.2 (5)
7 51.6x11.2 (8)  25.2+£7.0 (5) 18.3+3.5 (8) 5.4+1.3 (5)
8 55.9+£10.2 (8)  46.5+7.1 (5) 16.2+3.9 (8) 14.4£5.0 (5)
9 44.5+7.0 (7) 42.2+11.9 (5) 24.0+6.9 (7) 11.9£3.0 (5)
10 54.8+27.5 (3)  33.8+10.7 (5) 20.8+10.4 (3) 10.1£2.9 (5)
11 41.6x0.0 (1) 52.3+9.7 (5) 48.3+0.0 (1) 11.1£3.5 (5)
12 48.2+0.0 (1) 56.7+4.6 (4) 22.2+0.0 (1) 15.7+£4.6 (4)

Note: Number of rivers sampled is given in parentheses. Statistical tests were performed only if >3
rivers were present in each group (e.g., up to 10 years after liming; cf. Fig. 3).

Fig. 4. Annual mean densities of Atlantic salmon fry (a) and
parr (b) in limed rivers with formerly reduced and lost salmon
stocks, 1 year prior to liming and 9 years after liming, grouped into
rivers with hydro development (solid circles) and rivers without
hydro development (open circles). Equations: fry without hydro de-
velopment = 5.54 years + 1.25; fry with hydro development =
3.77 years +1.98; parr without hydro development = 2.30 years +
0.39; parr with hydro development = 0.82 years + 0.51.
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these rivers had been wiped out before liming commenced.
Fry were found in all rivers with formerly lost stocks 1 year
after liming started, except for the first 2 years in Lygna.
Fry densities in both formerly lost and reduced salmon
stocks remained low and unchanged during the first years
after liming started (Fig. 2a). For these two status catego-

ries, 5 and 3 years of liming, respectively, was needed to
obtain a significant increase in fry density (p < 0.05 and
p < 0.01, respectively). There was a significant effect of
both time after liming and population status on density
throughout the study period (ANCOVA, F;23 = 51.220,
R? =0.801, p < 0.0001). After 12 years of liming, mean fry
densities in rivers with formerly lost or reduced stocks were
55 specimens per 100 m2 for both categories (Table 2).
However, the rates of increase in fish density in these two
categories were not significantly different (F;,y = 0.445,
p =0.511).

Parr densities also remained low during the first 3-5 years
after the start of liming (Fig. 2b). For formerly lost and re-
duced salmon stocks, 3 and 5 years of liming, respectively,
was needed to obtain a significant increase in parr densities
(both p < 0.05). Both time after liming and population status
had a significant effect on their densities (ANCOVA,
Fppo3 = 28.551, R? = 0.690, p < 0.0001). After 12 years of
liming, mean parr densities in rivers with formerly lost or
reduced stocks reached 13 and 22 specimens per 100 m2, re-
spectively (Table 2). However, the rates of increase in parr
density in these two categories were not significantly differ-
ent (Fjj20 = 0.549, p = 0.467). The linear relationship be-
tween parr density and time (years) suggests that production
rates are still below the carrying capacity of the rivers. We
therefore expect their densities to continue to increase in the
near future. Parr density of about 30 individuals per 100 m?
have been found in some rivers that have been limed for
about 20 years (B.M. Larsen, unpublished data). Such levels
of parr abundance may indicate a stage close to full recov-
ery. A somewhat more rapid restoration of young Atlantic
salmon populations was found after rotenone treatment in
some Norwegian rivers in which stocks had been wiped out
by outbreak of G. salaris (Johnsen and Jensen 2003).

Separate analyses of the potential effects of hatchery
stocking show that the rates of increase in fry density were
not significantly different in rivers with and without stock-
ing (ANCOVA, Fy 15 = 4.041, p = 0.060, time X stocking
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Table 4. Annual mean densities + standard error (SE) of Atlantic salmon fry and

parr in limed rivers with formerly lost and reduced stocks of Atlantic salmon, with

and without hydro development, related to years after liming.

Fry (age 0+)

Parr (age > 1+)

Year after ~ With hydro Without hydro ~ With hydro Without hydro
liming development development development development
0 9.2+6.6 (5) 9.2+4.1 (8) 1.8+1.1 (5) 5.3+2.3 (8)
1 11.3+6.1 (5) 10.2+£3.7 (8) 1.7+0.8 (5) 6.0+2.7 (8)
2 9.9+3.8 (5) 14.4+£2.8 (8) 2.3+0.7 (5) 5.8+1.7 (8)
3 13.1£6.2 (5) 28.9+10.0 (8) 4.0£1.2 (5) 7.2+1.7 (8)
4 15.1+£6.4 (5) 27.1+8.3 (8) 3.4+1.0 (5) 10.5+£2.1 (8)
5 25.3+8.7 (5) 26.7+6.8 (8) 6.1+1.6 (5) 9.9+2.8 (8)
6 36.9+10.2 (5)  44.6£8.6 (8) 7.4+2.2 (5) 24.1+9.0 (8)
7 35.0+8.7 (5) 45.4+12.2 (8) 9.0+1.7 (5) 16.1+4.2 (8)
8 32.8£7.0 (5) 64.5+7.3 (8) 7.3£1.6 (5) 20.6+3.7 (8)
9 38.6+x10.3 (4) 46.1£7.8 (8) 7.4+1.5 (4) 24.8+5.7 (8)
10 16.5+£9.3 (2) 50.1+13.9 (6) 5.2+2.1 (2) 17.1£5.2 (6)
11 43.9+0.0 (1) 51.9+9.8 (5) 4.4+0.0 (1) 19.9+7.7 (5)
12 0) 55.0+4.0 (5) ) 17.0£3.8 (5)

Note: Number of rivers sampled is given in parentheses. Statistical tests were performed
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only if >3 rivers were present in each group (e.g., 9 years after liming; cf. Fig. 4).

Fig. 5. Total mass (kg) of adult Atlantic salmon caught in currently
limed rivers (n = 22), 1 year prior to liming and 1-10 years after
liming. Equation: y = 2911.65 years + 11 356.
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interaction) (Fig. 3a; Table 3). However, in a model without
the interaction term, there was a significant effect of time
and stocking (Fp 21y = 41.729, R% = 0.771, p < 0.001), sug-
gesting that fry densities were higher in stocked rivers.
However, the rates of increase in parr density were signifi-
cantly different in stocked rivers than those with no stocking
(Fria8 = 8.818, p = 0.008, time X stocking interaction)
(Fig. 3b; Table 3), suggesting that parr densities increased
faster with time in stocked rivers than in those without such
management strategy. It has earlier been found that of the
rivers with lost stocks, those that benefited from such en-
hancement measures during the first 5 years after liming had
significantly higher fry densities than unstocked rivers (Hes-
thagen and Larsen 2003). On the other hand, rivers with for-
merly reduced stocks subjected to stockings had significantly
lower salmon fry densities than rivers without such mitiga-
tion measures. This is probably because the fry-to-smolt sur-
vival rate in natural salmon stocks is low, usually only
between 1% and 3% (Egglishaw and Shackley 1977). The re-
distribution process in such fish stocks may thus confound
the effects of stocking density (Solomon 1985).

Separate analyses of the potential effects of hydro devel-
opment and the rates of increase in fry density were not sig-
nificantly different in unaltered and altered rivers
(ANCOVA, Fj 16 = 3.64, p = 0.081, time X regulation in-
teraction) (Fig. 4a; Table 4). In a model without the interac-
tion term, there was a significant effect of time and hydro
development (F; o) = 46.691, R? = 0.846, p < 0.001), sug-
gesting that fry density was higher in unaltered rivers. How-
ever, the rates of increase in parr density were significantly
different in unaltered and altered rivers (F; 1) = 12.653, p <
0.005, time x regulation interaction) (Fig. 4b; Table 4), sug-
gesting that parr densities increased faster with time in unal-
tered rivers than in those with hydro development. Lower
fish densities in rivers subjected to hydro development may
be related to such factors as barriers to upstream migration
of adults and increased mortality due to such factors relating
to passage through hydropower turbines and stranding
(Hvidsten and Johnsen 1997; Saltveit et al. 2001; Thorstad
et al. 2005).

Official rod catch statistics of Atlantic salmon showed
that the study rivers had annual yield of between 5 and 8 t
before liming. There has been a significant increase in the
catch of adult salmon taken in all limed rivers (n = 22),
reaching nearly 45 t after 10 years of treatment (F;g) =
31.541, R? = 0.750, p < 0.0001) (Fig. 5). This is equivalent
to 11%—12% of the total catch of wild salmon in all Norwe-
gian rivers in recent years. The total number of angling
hours have changed substantially after liming; however, the
records prior to liming are defective (Mauland 2003). We
suggest that rivers with no naturally produced salmon were
mainly either colonized by strays from nearby rivers or by
cultured fish from relatively extensive stockings in some of
the rivers (cf. Table 1). The contribution of escaped farmed
fish is low because the region has few aquaculture facilities.
This was expected because there is a significant positive
correlation between the incidence of escaped farmed salmon
in rivers at the county level and the intensity of salmon
farming (Fiske et al. 2006). Between 1998 and 2004, the

Published by NRC Research Press



230

fraction of farmed fish in the sport fishing catches of Atlan-
tic salmon on a national level ranged between about 5% and
9%, except for a higher number in one year. The occurrence
of escaped fish has been studied in more detail in the rivers
Mandalselva and Tovdalselva, and between 2000 and 2005,
they contributed between 1% and 4% of all adult salmon in
sport fishing catches (Johnsen 2008).

All of the highly acidified and larger salmon rivers in
southernmost Norway with either lost or reduced stocks of
Atlantic salmon are now being limed. An exception is Otra,
where catches of Atlantic salmon increased considerably
from the mid-1990s to 2005 (Kroglund et al. 2008a). First,
an industrial pollution effluent was removed from the river
in 1995, which highly improved the water quality. Secondly,
low parr density and genetic studies suggest that most of the
adult salmon caught in Otra were produced in neighouring
rivers. Although there have been an increasing number of
self-reproducing salmon in Otra from 1995 to 2005, the
river cannot be used as a reference. In addition to our limed
rivers, Atlantic salmon have suffered to some extent from
acidification in some 20 smaller rivers, which are not yet
limed. These rivers are mainly located in the southwestern
and western parts of Norway. Official rod catch statistics of
Atlantic salmon exist for 14 of these rivers. An analysis
based on data during the last 11 years of the study period
for these rivers, i.e., from 1996 to 2005, showed a signifi-
cant increase in three salmon stocks only; Dirdalselva (p <
0.005), Daleelva in Vaksdal (p < 0.05), and Daleelva in
Hgyanger (p < 0.05). The catch in Dirdalselva made up a
large proportion of the total catch in these 14 rivers, being
1624 kg out of a total of 4412 kg in 2005. In upper part of
the catchment area of this river, there is a lake-liming proj-
ect, with a possible effect on the water quality on the sal-
mon rearing stretch. Furthermore, the Dirdalselva is located
close to two limed rivers, from which it may receive strays.
In Daleelva in Vaksdal, large-scale stockings have been car-
ried out. Thus, we conclude the natural recovery in Atlantic
salmon stocks in unlimed acidified rivers in southern Nor-
way has been limited.

In recent years, major reductions in fossil fuel emissions
have improved water quality in previously acidified waters
(Skjelkvale et al. 2003, 2005). However, water quality in un-
limed reaches of the study rivers is still inadequate for the
survival of smolts of Atlantic salmon, which is the most sen-
sitive stage (Kroglund et al. 2001, 2007, 2008b). These riv-
ers therefore still need to be limed to sustain healthy
populations of Atlantic salmon and probably will continue
to be needed for many years to come. We therefore regard
liming as the only reason why salmon in the study rivers
have exhibited a significant increase in catch in recent years.
In southern Norway, these rivers are located in the only re-
gion in which salmon stocks have developed positively from
1989 to 2004 (Fiske et al. 2006; Vgllestad et al. 2009). Sal-
mon stocks in western Norway neighboring the limed rivers
furthest north have suffered a pronounced reduction in abun-
dance in recent years. However, catches in some salmon riv-
ers in northern Norway have demonstrated positive trends,
on the basis of data until 2000-2002 (L’Abée-Lund et al.
2006; Vgllestad et al. 2009).

The yield of Atlantic salmon in limed rivers with 4045 t
is now making an important contribution to total Norwegian
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catches. We expect that catches in these rivers will continue
to increase to more than 70 t after about 20-25 years of lim-
ing. This is equivalent to the mean annual catches of salmon
for the 5 years with the highest historical catches in the
study rivers (cf. Hesthagen and Hansen 1991). River catches
by anglers are indirect but robust indices of salmon abun-
dance (L’Abée-Lund et al. 2006). However, historical re-
cords tended to underestimate catches in comparison with
present-day statistics. Historical catches were therefore
somewhat higher than the predicted maxima in the limed
rivers. This may be due to the fact that several of the limed
rivers have been subjected to substantial physical encroach-
ments through hydropower development, which has reduced
their salmon production capacity in spite of their satisfactory
water quality.

Acknowledgements

The monitoring program of Atlantic salmon in limed riv-
ers was financed by the Norwegian Directorate for Nature
Management. We thank Hans Mack Berger for his efforts
during the electrofishing surveys through many years, as
well as Sigurd Einum, Bror Jonsson, and Leif Asbjgrn Vgl-
lestad for comments on an earlier draft of this paper. Two
anonymous reviewers gave valuable comments that substan-
tially improved the paper.

References

Anonymous. 2004. Kalking i vann og vassdrag. Effektkontroll av
stgrre prosjekter 2003. Direktoratet for naturforvaltning Notat
2004-1.Trondheim, Norway. [In Norwegian.]

Anonymous. 2005. Kalking i vann og vassdrag. Effektkontroll av
stgrre prosjekter 2004. Direktoratet for naturforvaltning Notat
2005-1. Trondheim, Norway. [In Norwegian.]

Anonymous. 2006. Kalking i vann og vassdrag. Effektkontroll av
stgrre prosjekter 2005. Direktoratet for naturforvaltning Notat
2006-1.Trondheim, Norway. [In Norwegian.]

Bohlin, T., Hamrin, S., Heggberget, T.G., Rasmussen, G., and
Saltveit, S.J. 1989. Electrofishing — theory and practice with
special emphasis on salmonids. Hydrobiologia, 173(1): 9-43.
doi:10.1007/BF00008596.

Clair, T.A., and Hindar, A. 2005. Liming for the mitigation of acid
rain effects in freshwaters. A review of recent results. Environ.
Rev. 13(3): 91-128. doi:10.1139/a05-009.

Egglishaw, H.J., and Shackley, P.E. 1977. Growth, survival and
production of juvenile salmon and trout in a Scottish stream,
1966-75. J. Fish Biol. 11(6): 647-672. doi:10.1111/j.1095-8649.
1977.tb05722 x.

Einum, S., Nislow, K.H., Reynolds, J.D., and Sutherland, W.J.
2008. Predicting population responses to restoration of breeding
habitat in Atlantic salmon. J. Appl. Ecol. 45(3): 930-938.
doi:10.1111/5.1365-2664.2008.01464 .x.

Finstad, B., Kroglund, F., Strand, R., Stefansson, S.O., Bjgrn, P.A.,
Rosseland, B.O., Nilsen, T.O., and Salbu, B. 2007. Salmon lice
or suboptimal water quality — reasons for reduced postsmolt
survival?  Aquaculture, 273(2-3): 374-383. doi:10.1016/j.
aquaculture.2007.10.019.

Fiske, P., Lund, R.A., and Hansen, L.P. 2006. Relationships be-
tween the frequency of farmed Atlantic salmon, Salmo salar L.,
in wild salmon populations and fish farming activity in Norway,
1989-2004. ICES J. Mar. Sci. 63(7): 1182-1189. doi:10.1016/j.
icesjms.2006.04.006.

Friedland, K.D., Reddin,

D.G., McMenemy, J.R., and

Published by NRC Research Press



Hesthagen et al.

Drinkwater, K.F. 2003. Multidecadal trends in North American
Atlantic salmon (Salmo salar) stocks and climate trends relevant
to juvenile survival. Can. J. Fish. Aquat. Sci. 60(5): 563-583.
doi:10.1139/£03-047.

Hansen, L.P. 1986. The data on salmon catches available for analy-
sis in Norway. In The Status of the Atlantic Salmon in Scotland.
ITE Symposium No. 15. Edited by D. Jenkins and W.M.
Shearer. Institute of Terrestial Ecology, Monks Wood, UK.
pp. 79-83.

Hesthagen, T., and Hansen, L.P. 1991. Estimates of the annual loss
of Atlantic salmon (Salmo salar L.) in Norway due to acidifica-
tion. Aquacult. Fish. Manage. 22: 85-91.

Hesthagen, T., and Larsen, B.M. 2003. Recovery and re-establish-
ment of Atlantic salmon, Salmo salar L., in limed Norwegian
rivers. Fish. Manag. Ecol. 10(2): 87-95. doi:10.1046/j.1365-
2400.2003.00326.x.

Hvidsten, N.A., and Johnsen, B.O. 1997. Screening of descending
Atlantic salmon (Salmo salar L.) smolts from hydropower intake
in the River Orkla, Norway. Nord. J. Freshw. Res. 73: 44-49.

International Council for the Exploration of the Sea. 2000. Report
of the Working Group on North Atlantic salmon. ICES C.M.
2000/ACFM: 13.

International Council for the Exploration of the Sea. 2007. Report
of the Working Group on North Atlantic salmon. WGNAS, 11—
20 April 2007, ICES Headquarters, Copenhagen, Denmark.
ICES CM 2007/ACFM: 13. Available from http://www.ices.dk/
reports/ ACFM/2007/WGNAS/WGNASO7.PDF.

Johnsen, B.O. 2008. Overvaking av bestandene av voksen laks i
Mandalselva og Tovdalselva i 2007. In Reetablering av laks pa
Sgrlandet. /o\rsrapport fra Reetableringsprosjektet. Edited by
T. Hesthagen. DN-utredning 2008-8.Trondheim, Norway.
pp. 44-61. [In Norwegian.]

Johnsen, B.O., and Jensen, A.J. 2003. Gyrodactylus salaris in Nor-
wegian rivers. In Atlantic salmon: biology, conservation and re-
storation Edited by A.J. Veselov, E.P. leshko, N.N. Nemova,
O.P. Sterligova, and Y.A. Shustov. Russian Academy of
Sciences, Karelian Research Center, Institute of Biology, Petro-
zavodsk, Russia. pp. 38—44.

Kroglund, F., Kaste, @., Rosseland, B.O., and Poppe, T. 2001. The
return of the salmon. Water Air Soil Pollut. 130(1/4): 1349-
1354. doi:10.1023/A:1013918325941.

Kroglund, F., Finstad, B., Stefansson, S.O., Nilsen, T.O,
Kristensen, T., Rosseland, B.O., Teien, H.-C., and Salbu, B.
2007. Exposure to moderate acid water and aluminum reduces
Atlantic salmon post-smolt survival. Aquaculture, 273(2-3):
360-373. doi:10.1016/j.aquaculture.2007.10.018.

Kroglund, F., Hggberget, R., Hindar, K., @stborg, G., and
Balstad, T. 2008a. Laks og vannkvalitet i Otra 1990-2006.
Norsk Institutt for Vannforskning, Rapport LNR 5531-2008.
Oslo, Norway. [In Norwegian with summary in English.]

Kroglund, F., Rosseland, B.O., Teien, H.-C., Salbu, B.,
Kristensen, T., and Finstad, B. 2008b. Water quality limits for
Atlantic salmon (Salmo salar L.) exposed to short term reduc-
tion in pH and increased aluminum simulating episodes. Hydrol.
Earth Syst. Sci. 12(2): 491-507. doi:10.5194/hess-12-491-2008.

L’Abée-Lund, J.H., Haugen, T.O., and Vgllestad, L.A. 2006. Dis-

231

entangling local from macroenvironmental effects: quantifying
the effect of human encroachment based on historical river
catches of anadromous salmonids. Can. J. Fish. Aquat. Sci.
63(10): 2318-2329. doi:10.1139/F06-123.

Mauland, E. 2003. Verdiskapning av laksefiske. /n Laksen tilbake i
kalkede elver pa Sgrlandet. Reetableringsprosjektet 1997-2002.
Edited by @. Haraldstad and T. Hesthagen. DN-utredning 2003—
5.Trondheim, Norway. pp. 107-110. [In Norwegian.]

McGinnity, P., Prodshl, P., Maoiléidigd, N.O., Hynes, R.,
Cotter, D., Baker, N., O’Hea, B., and Ferguson, A. 2004. Differ-
ential lifetime success and performance of native and non-native
Atlantic salmon examined under communal natural conditions.
J. Fish Biol. 65(Suppl. A): 173-187. doi:10.1111/j.0022-1112.
2004.00557 .x.

Parrish, D.L., Behnke, R.J., Gephard, S.R., McCormick, S.D., and
Reeves, G.H. 1998. Why aren’t there more Atlantic salmon
(Salmo salar)? Can. J. Fish. Aquat. Sci. 55(Suppl. 1): 281-287.
doi:10.1139/cjtas-55-S1-281.

Rosseland, B.O., Skogheim, O.K., Kroglund, F., and Hoel, E. 1986.
Mortality and physiological stress of year-classes of landlocked
and migratory Atlantic salmon, brown trout and brook trout in
acid aluminium-rich soft water. Water Air Soil Pollut. 30(3-4):
751-756. doi:10.1007/BF00303341.

Saltveit, S.J., Halleraker, J.H., Arnekleiv, J.V., and Harby, A. 2001.
Field experiments on stranding in juvenile Atlantic salmon
(Salmo salar) and brown trout (Salmo trutta) during rapid flow
decreases caused by hydropeaking. Regul. Rivers Res. Manage.
17(4-5): 609-622. doi:10.1002/rrr.652.

Sandgy, S., and Romundstad, A.J. 1995. Liming of acidified lakes
and rivers in Norway. An attempt to preserve and restore biolo-
gical diversity in the acidified regions. Water Air Soil Pollut.
85: 997-1002.

Skjelkvale, B.L., Evans, L., Larssen, T., Hindar, A., and
Raddum, G. 2003. Recovery from acidification in European sur-
face waters: a view to the future. Ambio, 32: 170-175.

Skjelkvale, B.L., Stoddard, J.L., Jeffries, D.S., Tgrseth, K.,
Hggasen, T., Bowman, J., Mannio, J., Monteith, D.T.,
Mosello, R., Rogora, M., Rzychon, D., Vesely, J., Wieting, J.,
Wilander, A., and Worsztynowicz, A. 2005. Regional scale evi-
dence for improvements in surface water chemistry 1990-2001.
Environ. Pollut. 137(1): 165-176. doi:10.1016/j.envpol.2004.12.
023. PMID:15944047.

Solomon, D.J. 1985. Salmon stock and recruitment, and stock en-
hancement. J. Fish Biol. 27(Suppl. A): 45-57. doi:10.1111/j.
1095-8649.1985.tb03231 .x.

Thorstad, E.B., Fiske, P., Aarestrup, K., Hvidsten, N.A.,
Haraker, K., Heggberget, T.G., and @kland, F. 2005. Aquatic
telemetry: advances and applications. /n Proceedings of the 5th
Conference on Fish Telemetry held in Europe, Ustica, Italy, 9—
13 June 2003. Edited by M.T. Spedicato, G. Lembo, and
G. Marmulla. FAO/COISPA, Rome, Italy. pp. 111-121.

Vgllestad, L.A., Hirst, D., L’Abée-Lund, J.H., Armstrong, J.D.,
MacLean, J.C., Youngson, A.F., and Stenseth, N.C. 2009. Diver-
gent trends in anadromous salmonid populations in Norwegian
and Scottish rivers. Proc. R. Soc. Lond. B Biol. Sci. 276(1659):
1021-1027. doi:10.1098/rspb.2008.1600.

Published by NRC Research Press




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


