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Abstract We have examined populations of brown
trout in low-conductivity mountain lakes (5.0–
13.7 μS/cm and 0.14–0.41 mg/l Ca) in southwestern
Norway during the period 2000–2010. Inlets to the
lakes were occasionally even more dilute (2007;
conductivity=2.9–4.8 μS/cm and Ca=0.06–0.17 mg/
l). The combination of pH and conductivity was the
best predictor to fish status (CPUE), indicating that
availability of essential ions was the primary restrict-
ing factor to fish populations in these extremely
diluted water qualities. We suggest that conductivity
<5 μS/cm is detrimental to early life stages of brown
trout, and subsequently that there are lakes in these
mountains having too low conductivity to support
self-reproducing trout populations. Limited signifi-
cance of alkalinity, Ca, Al, and color suggests that
effects of ion deficit apparently overruled the effects
of other parameters.
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1 Introduction

Several studies have established the impact conduc-
tivity (ionic strength) has on brown trout populations
(Bua and Snekvik 1972; Leivestad et al. 1976; Wright
and Snekvik 1978). A large study of fish status (based
on interviews) and water chemistry (pH and conduc-
tivity) based on 1,034 lakes in southern Norway in
1974–1979 showed the significance of both conduc-
tivity and pH in explaining the status of trout
populations in these mountain regions (Sevaldrud
and Muniz 1980). At conductivities <10 μS/cm, pH
values >5.8 were required to sustain healthy popula-
tions of trout, but at conductivities >30 μS/cm, a pH
value of 5.0 was sufficient. After 1980, the interaction
between low conductivity and fish status has received
very little attention. Brown trout status is currently
explained using acid-neutralizing capacity (ANC),
calcium (Ca), and labile aluminum (LAl) as the main
water quality variables (Bulger et al. 1993; Hesthagen
et al. 2008; Lien et al. 1996).

Due to osmotic effects, fish living in freshwater
experience loss of ions, primarily across the gills. Fish
compensate this loss with actively uptake of ions from
the water. Ion transport in the opposite direction of
osmotic gradients is an energy-intensive process,
where several enzymes are participating (Heath
1995). In low ionic strength water, the uptake–loss
balance of ions is particularly delicate, and easily
disturbed by chemical agents as H+ and LAl (Brown
1983; Gensemer and Playle 1999; Hutchinson et al.
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1989). Ca, however, stabilizes the gill membrane and
prevents loss of ions (McWilliams and Potts 1978).

A persistent lack of correlation between fish status
in these mountain areas and “modern” chemical
parameters has actualized a reconsideration of the
impact of conductivity. Despite the fact that acidifi-
cation has decreased the last decades, and the pH
values have increased considerably, stocking of
brown trout have failed in many mountain lakes in
southwestern Norway. Even restocking in lakes that
earlier supported self-reproducing populations has
yielded highly variable results (Dalziel et al. 1995).
The chemical parameters used in the referred study
(ANC, Ca, and LAl) did not explain fish status and
stocking success.

Mountain lakes in southwestern Norway are
characterized by very low conductivity, due to
elevation, distance to the sea, and geology. A
study performed in Rogaland in 2002 showed that
most of the lakes above 500 m had conductivity
values <20 μS/cm, and the lowest reported value
was 4 μS/cm, corrected for the H+ contribution
(Enge and Lura 2003). Values down to 3 μS/cm were
measured in mountain lakes in Aust-Agder (neighbor
county to Rogaland) in 1975 (Sevaldrud and Muniz
1980). Our hypothesis is that trout populations in
these mountain lakes are restricted by availability of
substantial ions. This hypothesis may also explain
why a number of mountain lakes in Rogaland never
have supported trout populations (Hesthagen et al.
1997; Sevaldrud and Muniz 1980), despite the fact
that the physical conditions in many of these lakes
apparently seem to be satisfactory.

For a more precise and updated elucidation of
conductivity effects on fish status in extremely diluted
water qualities, this study has compiled data from
local surveys conducted in mountain lakes in south-
western Norway during the years 2000–2010. The
study also includes analysis of two time series of
water chemical monitoring during the period 1985–
2010.

2 Study Area

The lakes were situated at 427–1,021 m above sea
level and located within the counties of Rogaland,
Vest-, and Aust-Agder (Fig. 1 and Table 1). The
bedrock is mainly of granitic origin, and most of the

draining areas have barren rock and are located above
the forest limited.

Meteorological data were available from the station
“Tjørhom”, located in the middle of the project area at
altitude 500 m. Annual average precipitation and
temperature are 1,760 mm and 3.2°C, respectively
(Eklima.no 2010). Average annual snow accumula-
tion at Tjørhom in April is 290 mm water equivalents
(Sira-Kvina Power Company, unpublished data). In
the northern part of the project area (Auråhorten),
average snow accumulation is 1,420 mm.

All lakes in this study supported self-reproducing
brown trout populations originally, but the popula-
tions declined to a minimum in the 1960s and 1970s
due to acidification (Sevaldrud and Muniz 1980). In
the last decades, however, the trout populations in
many of these mountain lakes have recovered
considerably due to reduced acidification (Enge
2009). The current study does not include lakes in

Fig. 1 South Norway. Test-fished lakes are shown by black
triangles
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areas where trout went extinct, due to lack of
population response to enhanced water quality.

Regulated lakes were also included in the study,
but the regulations do not exclude natural reproduc-
tion (will be discussed later). Some of the regulated
lakes are considered as “satellites” in large reservoirs.
These lakes were only included in the reservoirs in
years with high water level.

With one exception (Lake N. Førevatn), the brown
trout populations were not influenced by stockings. In
Lake N. Førevatn, however, all the trout caught were
traced back to stockings, and were excluded from the
statistical analyzes. In some of the lakes, brook trout
(Salvelinus fontinalis) were stocked, but in Norway,
this species has shown up to be inferior to healthy
brown trout populations (Qvenild 1986).

Except for a limited net fishing of brook trout in
some of the regulation reservoirs, the exploitation of the
fish resources in the current lakes was generally poor.

Limed lakes were not included in this study.

3 Methods and Materials

Test fishing was conducted with Jensen series (Jensen
1972). The “classical” Jensen series includes eight
nets of mesh size 52, 45, 39, 35, 29, 26, and 2×
21 mm. The nets were normally of 25 m length and
1.5 m depth. For catching smaller fish, Jensen series
were often extended with one or two small meshed
nets (Jensen 1972), often denoted “extended” Jensen.
In this study, Jensen series were extended with two
nets, 16 and 13 mm, of 2 m depth.

The lakes were test-fished with 1–4 net series, usually
in July (Table 2). Catch-per-unit-effort (CPUE) was
calculated as fish per 100 m2 net per night of fishing.

Water samples were collected on the day of test
fishing, with a standard Ruttner sampler, and trans-

Lake UTM UTM Altitude (m) Regulated (m)
East North

Hønetjørn 382214 6531960 689 0

Instestølvatn 384164 6531839 722 0

Ognhellervatn 387274 6532013 780 0

Håhellervatn 393749 6545164 868 0

Kvivatn 388584 6527586 715 10

Øyarvatn (Kilen) 387291 6543575 837 17

Øyarvatn (“main”) 391276 6541804 837 17

Kilen (Valevatn) 378788 6542341 660 32

Hyttevatn 385969 6564435 899 35

Y. Storvatn 381135 6570080 899 8

Svartevatn 379405 6559455 899 119

Ousdalsvatn 374872 6524317 498 16

Gravatn 369891 6530108 660 35

Valevatn 373599 6534330 660 35

Storetjørn 398034 6547119 969 0

Bossvatn 400434 6561377 1020 0

Austdalshylen 379227 6506889 427 0

Øyusvatn 381238 6512092 498 27

Homstølvatn 380462 6509765 498 27

Nesjen 385504 6521079 715 38

Hunnevatn 364562 6530337 650 0

Roskreppfjord 394930 6552858 929 39

Kværevatn 397752 6551067 929 4

L. Bossvatn 396894 6562085 1021 0

N. Førevatn 372237 6503803 524 0

Table 1 Test-fished
lakes—location, altitude,
and regulation

Not regulated lakes appear
with “0” regulation height
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ferred to acid-washed PE bottles. Samples were
collected from depths of 0, 5, 10, 20, 30, and 40 m,
depending on the maximum lake depth. Median
values for all depths were used in the statistical tests.

To illustrate water chemical changes over time,
analysis of two time series of water chemical
monitoring was also included in the current study.
These locations, “Gjuvatn” and “Degevatn”, drain
large (100 and 70 km2) high altitude (800–1,500 m)
mountain areas.

pH, conductivity, color, calcium, alkalinity, and
aluminum were analyzed on all samples. Chloride
was analyzed on about one third of the samples. pH,
conductivity, and color were measured on the day of
sampling, using a mobile field lab. As all major ions
were not measured, ANC cannot be calculated. All
conductivity values used or presented in this study
were corrected for the H+ contribution (1 μEq/l, H+=
0.35 μS/cm). The conductivity then represents the
sum of dissolved salts in the water.

pH was determined with an Orion 221 digital pH
meter with Radiometer pHC2401 electrode, calibrated
with standard buffers (pH=4.01 and 7.00). Conduc-
tivity was determined by conductivity meter HACH
CO150, calibrated with standard KCl solutions. Color
was measured visually with HACH comparator CO-1.
Average of three independent color measurements on
each sample was used. Calcium was determined
potentiometrically with electrode Radiometer
ISE25Ca and calomel reference. Alkalinity was
titrated to fixed end point pH=4.5 with sulfuric acid
and calculated to equivalence alkalinity (ALKe)
according to Henriksen (1982). Total monomeric Al
was determined photometrically with ECR (Eaton et
al. 1995). This method is an alternative to the more
commonly used pyrocatechol method (Eaton et al.
1995). Chloride was determined by conductometric
titration with silver nitrate.

The statistical analyzes were performed as back-
ward elimination (BWE) and forward selection
(FWS) multiple regressions, succeeded by standard t
and F tests.

4 Results

In the 25 lakes, pH values ranged from 4.84 to 6.02,
conductivity 5.0–13.7 μS/cm, and calcium 0.14–
0.41 mg/l (Table 3). In 2007, the inlet rivers and

lakes were even more dilute. pH values were in the
range 5.39–5.73, conductivity 2.9–4.5 μS/cm, and Ca
0.06–0.17 mg/l (Appendix).

There were considerable internal correlations be-
tween several of the chemical parameters used in the
test. Most of the parameters correlated significantly (p<
0.01) to 2–4 other parameters (Table 4)

Altitude correlated to all chemical parameters (r2=
0.29–0.62, p<0.01, n=25) but Ca.

The lake samples including chloride data showed
that conductivity mainly was caused by sea salts, even
in these high-altitude mountain lakes. Correlation
between conductivity and chloride (Fig. 2) gave r2=
0.93 (p<0.001, n=67), and conductivity and calcium
r2=0.42 (p<0.001, n=67).

The lakes test-fished in 2007 were excluded from the
statistical tests because the water chemistry was deemed
not representative (see Discussion). Trout was caught in
21 of the 25 remaining lakes. The four lakes without
catch had neighbor lakes or tributaries with trout
populations and possibilities of immigration. They are
therefore included in the statistical tests. Lake L.
Bossvatn was test-fished with “classical” Jensen. How-
ever, this lake had no fish. Electrofishing supports these
findings. In this case, CPUE=0 regardless of net series.

Alkalinity was the only single parameter contributing
significantly to CPUE (r2=0.28, p<0.01, n=25).
Alkalinity, however, was highly correlated to other
important parameters to fish (Table 4). Alkalinity
yielded limited significance in combinations with
pH, probably due to good correlation between
these two parameters (Table 4). On somewhat lower
level of significance, pH, color, and Ca contributed
too (p<0.05, n=25).

In the multiple statistic analysis, backward elimina-
tion regression (BWE) suggested pH and conductivity
as the most appropriate predictors to CPUE (Table 5).
These parameters alone appear to be satisfactory in
explaining CPUE (Fig. 3). Forward selection regres-
sion (FWS) on the other hand suggested alkalinity and
color (Table 5).

The FWS regression yielded slightly lower corre-
lation (r2) and somewhat higher residual standard
deviation than the BWE regression.

Residual analysis suggested 2–3 outliers. r2 values
of about 0.7–0.8 were obtained by excluding these
apparent outliers. Because of the limited data material,
we have, however, decided to not exclude any
observations.
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There were no time dependence in the residuals (p>
0.01), suggesting limited biological delay effects due
to possible changes in water chemistry during the
period 2000–2010.

pH values in “Gjuvatn” and “Degevatn” showed
a distinct increase during the period 1985–2009
(Degevatn: r2=0.65, p<0.001, n=98; Gjuvatn: r2=
0.73, p<0.001, n=90). Conductivity on the other
hand has decreased considerably (Degevatn: r2=0.34,
p<0.001, n=72; Gjuvatn: r2=0.71, p<0.001, n=67)
the last two decades (Table 6).

5 Discussion

Trout normally reproduce in inlet rivers and brooks.
Ideally, the water chemistry should have been
sampled from the inlets. However, there are severe
practical problems in sampling a large number of
brooks over some time in these remote areas. A large

number of samples from each brook were also
required to get a representative selection, due to
variations in water chemistry.

The extremely low calcium and conductivity
values in the water reflect extremely low rates of
chemical weathering in the catchment soils. Lake
chemistry then represents an integrated sample of
inlet chemistries during a period of time, depending
on retention time of the lake.

In these mountain areas, the trout eggs hatch
during early summer (June), so lake chemistry in the
summer (July/August) represents an “average” inlet
water quality experienced by critical stages for fry and
eggs. Because of stratification, there are some differ-
ences in chemistry throughout the water column. We
have used median chemistry of samples from several
depths in this study.

CPUE provides a measure of population density in
lakes. However, there is no strict linearity between
CPUE and trout populations, because low population

Lake Date of fishing # ext.Jensen Net area (m2)

Hønetjørn July 2000 1 400

Instestølvatn July 2000 1 400

Ognhellervatn July 2000 1 400

Håhellervatn July 2000 1 400

Kvivatn July 2001 1 400

Øyarvatn (Kilen) July 2001 1 400

Øyarvatn (“main”) July 2001 2 800

Kilen (Valevatn) September 2002 1 400

Hyttevatn July 2002 1 400

Y. Storvatn July 2002 1 400

Svartevatn July 2002 2 800

Ousdalsvatn July 2003 1 400

Gravatn July 2003 2 800

Valevatn July 2003 1 400

Storetjørn July 2004 1 400

Bossvatn August 2004 2 800

Austdalshylen July 2005 1 400

Øyusvatn July 2005 2 800

Homstølvatn July 2005 2 800

Nesjen July 2005 4 1 600

Hunnevatn August 2006 1 400

Roskreppfjord August 2008 3 1 200

Kværevatn August 2008 1 400

L. Bossvatn August 2008 1a 375

N. Førevatn July 2010 1 400

Table 2 Test fishing and
effort

a “Classical” Jensen, will be
discussed later
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density increases the activity of the fish and thus
the CPUE (Borgstrøm 1992). In these mountains,
CPUE <2.5n/100 m2 is often associated with sparse
populations, while >7.5n/100 m2 is normally registered
in overstocked populations (Fig. 3). These limits were
probably somewhat lower than generally used in
Norway (Ugedal et al. 2005), but were justified due
to the fact that the current lakes were ultraoligothropic
mountain lakes.

The BWE multiple regressions suggested pH and
conductivity as the best predictors to CPUE, but FWS
suggested alkalinity and color. Both BWE and FWS
regressions, however, suffer from major drawbacks
(Sokal and Rohlf 1994). Once a variable has been
added to FWS, it remains in the predictor set despite
of eventually loss of significance when adding other
variables. In BWE regressions, an eliminated variable
stays out of the predictor set even if it may become an

Lake pH Conductivity Color Al Ca ALKe Catcha CPUEa

μS/cm mg Pt/l μg/l mg/l μEq/l # fish # fish/
100 m2

Hønetjørn 5.40 12.7 45 78 0.40 10 49 12.3

Instestølvatn 5.55 10.6 40 66 0.30 7 38 9.5

Ognhellervatn 5.40 10.1 15 63 0.30 0 49 12.3

Håhellervatn 5.70 8.9 20 33 0.40 10 33 8.3

Kvivatn 5.46 9.2 15 55 0.40 8 29 7.3

Øyarvatn (Kilen) 5.31 8.3 5 50 0.30 3 3 0.8

Øyarvatn (“main”) 5.42 8.8 10 50 0.33 3 18 2.3

Kilen (Valevatn) 5.25 11.1 5 40 0.30 4 13 3.3

Hyttevatn 5.30 9.4 3 41 0.28 1 3 0.8

Y. Storvatn 5.30 7.9 5 37 0.24 0 6 1.5

Svartevatn 5.33 9.6 5 46 0.30 2 1 0.1

Ousdalsvatn 5.54 9.8 30 60 0.35 4 50 12.5

Gravatn 5.14 11.5 5 50 0.32 −5 7 0.9

Valevatn 5.13 10.3 5 50 0.34 −3 6 1.5

Storetjørn 6.02 6.8 10 10 0.37 17 65 16.3

Bossvatn 5.67 7.2 5 38 0.38 7 0 0.0

Austdalshylen 5.30 11.3 20 70 0.41 1 27 6.8

Øyusvatn 5.25 10.7 25 80 0.35 −0 19 2.4

Homstølvatn 5.25 10.7 20 70 0.36 −2 20 2.5

Nesjen 5.29 9.9 20 70 0.38 −2 60 3.8

Hunnevatn 5.35 8.3 4 45 0.25 0 0 0.0

Roskreppfjord 5.67 8.7 3 31 0.27 7 37 3.1

Kværevatn 5.82 7.1 10 22 0.24 8 1 0.3

L. Bossvatn 5.58 5.0 2 26 0.14 7 0 0.0

N. Førevatn 4.84 13.7 50 89 0.27 −12 0 0.0

Table 3 Results of test
fishing and water sampling

a Brown trout

Parameter pH Cond Colour Al Ca ALKe # SIGN.
pH 0,49 0,49 N.S. N.S. 0,83 3 
Cond 0,49 0,44 0,67 N.S. 0,32 4 
Colour N.S. 0,44 0,53 N.S. N.S. 2 
Al 0,49 0,67 0,53 N.S. 0,36 4 
Ca N.S. N.S. N.S. N.S. N.S. 0
ALKe 0,83 0,32 N.S. 0,36 N.S. 3 

# SIGN. 3 4 2 4 0 3 

Table 4 Internal correlation
(r2) between chemical
parameters

N.S. not significant
(p>0.01)
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excellent predictor at a later stage. Such effects were
primarily caused by intercorrelated predictor variables
(Sokal and Rohlf 1994). Bulger et al. (1993) suggested
that insufficient interpretation of these phenomena in
earlier studies has lead to misleading conclusions
regarding chemical parameters and effects on fish
(calcium). Similar problems occur when variables have
limited significance alone, but appear significant only
in combinations with certain other variables (Bulger et
al. 1993). The last type of variables will never enter a
standard FWS regression. Thus, results of multiple
regressions should always be validated with biological
theory (Sokal and Rohlf 1994).

FWS regression suggested two parameters (alkalinity
and color), both of limited direct physiological signifi-
cance (Gensemer and Playle 1999; Heath 1995). The

Fig. 2 Lake chemistry: Conductivity, adjusted for the H+

contribution, versus chloride and calcium

Table 5 Results of multiple regression analysis on CPUE versus chemical parameters

Step pH Conductivity Altitude ALKe Reg. Ca Color Al r2 r2 adjusted F p

BWE 1 0.293 0.273 0.501 0.314 0.485 0.646 0.795 0.917 0.663 0.494 3.93 0.010

2 0.244 0.253 0.443 0.301 0.476 0.568 0.615 0.662 0.523 4.77 0.004

3 0.174 0.053 0.399 0.288 0.285 0.616 0.657 0.543 5.75 0.002

4 0.145 0.023 0.292 0.216 0.299 0.652 0.561 7.13 0.001

5 0.109 0.028 0.167 0.212 0.631 0.558 8.56 <0.001

6 0.000 0.010 0.234 0.601 0.544 10.53 <0.001

7 0.000 0.000 0.572 0.533 14.71 <0.001

FWS 1 0.006 0.281 0.250 9.01 0.006

2 0.000 0.002 0.540 0.498 12.92 <0.001

Significance (p) for both individual variables and the total model is shown

Fig. 3 Fish status and water chemistry (pH and conductivity,
corrected for the H+ contribution), stratified by three ranges of
CPUE
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apparent effects of these parameters were probably
caused by correlation to a number of other
important parameters (Table 4), and/or to a modify-
ing effect on parameters of direct significance (e.g.,
color and LAl). The parameters suggested by the
BWE regression however either have direct physio-
logical significance (H+) or represent essential ions
(conductivity).

However, left-out variables were not necessarily
unimportant. They may simply be correlated with
other variables already included in the model
(Sokal and Rohlf 1994). In the current data material,
alkalinity, as single parameter, contributed slightly
more to CPUE than pH. When alkalinity has been
added to FWS, this excluded subsequent addition of
pH, due to the good correlation between these two
parameters (r2=0.83, p<0.001, n=25). In combina-
tions simultaneously including pH, alkalinity, and
other parameters, pH always contributed more
significantly than alkalinity (Table 5).

In a “forced” FWS regression (pH as default),
alkalinity never entered the model. Already, the first
step suggested pH and conductivity as the best
predictor set (same as BWE).

The FWS regressions also yielded somewhat lower
correlation (r2), and slightly higher residual standard
deviation.

These findings, both of statistical and physiologi-
cal nature, suggest that BWE was the most relevant
regression method, and that the FWS regression, used
on the current data material, yielded questionable

results, due to various effects of intercorrelated
predictor variables.

In a study of density of brown trout in rivers and
brooks in southwestern Norway, Hesthagen et al.
(1999) found limited effect of 8–44 μg/l LAl (mean
values), and concluded that LAl in this range did not
have any toxic effect on brown trout. In the current
study, total monomeric Al were 51±19 μg/l (n=25).
Due to the fact that this Al fraction includes not only
LAl but also nontoxic fractions of Al, we may
conclude that the present levels of Al probably were
too low to have any significant effects on fish
populations. This also establishes that the apparent
color effects, suggested by the FWS regression,
indeed were caused by correlation to other parame-
ters, due to the fact that Al levels probably were too
low to cause any harm, independent of speciation.

Several studies have established the positive effect
of calcium on fish (Brown and Lynam 1981; Brown
1981a, b; 1983; Bulger et al. 1993; Hesthagen et al.
1999). Calcium affects the gill permeability and
prevents loss of ions (McWilliams and Potts 1978).
At calcium 2.0 mg/l, Brown (1983) found nearly
complete survival of brown trout fry, even at Al (total
monomeric Al) as high as 250 μg/l. Hesthagen et al.
(1999) found that calcium had a positive effect on
density of young brown trout in brooks even at quite
low levels (mean values 0.35–0.84 mg Ca per liter).
Wathne and Rosseland (2000) found that a calcium
level at 0.38 mg/l was required to sustain life of
brown trout in mountain lakes. However, there were
apparently no effects of calcium on CPUE in the
present study (Table 5). The statistical tests indicated
that conductivity (ionic strength) was a better predic-
tor to fish status than calcium in these extremely
diluted water qualities, and that Ca levels probably
were below a threshold where decreasing Ca had
limited effect.

The apparent positive effect of conductivity is
caused by effects of essential ions. Brown (1981a)
suggested that an apparent conductivity effect in fact
is a calcium effect. Other studies have reported
positive effects of sodium (Hesthagen et al. 1999;
Hutchinson et al. 1989), but Brown and Lynam
(1981) did only find positive effect of sodium in the
presence of calcium. Because of the marine origin of
conductivity in lakes in this study (Fig. 2), sodium
effects cannot be rejected. Wright and Snekvik
(1978), however, did not find any effects of either

Table 6 Water chemical monitoring of Lake Gjuvatn and Lake
Degevatn 1985–2010

Lake Period pH Conductivity
(µS/cm)

Average SD n Average SD n

Degevatn 1985–1989 4.77 0.12 26 13.6 4.7 23

1990–1994 4.87 0.14 15 18.3 6.9 15

1995–1999 4.94 0.13 19 14.8 4.3 19

2000–2004 5.02 0.10 13 12.2 5.8 13

2005–2009 5.20 0.13 25 10.5 3.6 25

Gjuvatn 1985–1989 5.09 0.13 23 10.2 4.0 21

1990–1994 5.16 0.18 15 13.0 1.8 15

1995–1999 5.27 0.14 18 10.4 1.4 18

2000–2004 5.54 0.10 13 8.7 1.7 13

2005–2009 5.68 0.08 21 7.8 0.8 21
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sodium or chloride on population status in 700 lakes
in southern Norway. Hesthagen et al. (1999) analyzed
the effect of various ions and found positive effect of
cation sum on fish densities in brooks. This study did
not reject a possible positive effect of ionic strength
itself in very soft water qualities. Hutchinson et al.
(1989) suggested that measurements of conductivity
or cation sum might be as useful as specific ion
analysis. Bulger et al. (1993) found that pH and seven
major ions correlated to fish status equally well as pH
and LAl. This suggests that certain combinations of
ions are essential, and that these combinations, in
dilute water qualities, are adequately described by
conductivity. The good correlations between “lumped
parameters” (various ion sums and conductivity) and
fish status also suggest possible effects of ionic
strength itself.

In the regulated lakes, the breeding habitat located
in tributaries crossing the regulation zone was
considered as lost. This damage increases with
increasing regulation height. Most of the regulated
lakes, however, receive water from a number of rivers
and brooks, and only a fraction of the original suitable
breeding area in these tributaries was located in the
regulation zone. There were found no effects of
regulation height on CPUE (p>0.01), suggesting that
the breeding areas above the regulation zone were
sufficient in the current lakes.

Due to large snow accumulation in these
mountains in 2007, the water quality of the lakes
became extremely diluted throughout the summer.
In the lakes of Storsteindalen, the conductivity and
calcium values were 2.9–3.8 μS/cm and 0.06–
0.16 mg/l, respectively (Appendix). Kringlevatn
had a dense population of trout at pH=5.69 and
conductivity=4.8 μS/cm in 2007 (Appendix). At this
conductivity, pH>6 is required to sustain life of
brown trout (extrapolated from Fig. 3). If the 2007
water quality represents a permanent change, the
trout population in Kringlevatn may disappear over
some time. Thus, data from 2007 were considered as
not representative, and excluded from the statistical
tests.

No trout fry were registered during electrofish-
ing of brooks in the Kringlevatn area in 2007,
suggesting that extremely diluted water qualities
are lethal to early life stages. Dietrich et al. (1989)
reported acute toxicity of lake water in Lake Laiozza
to 1- and 2-year-old brown trout at pH=5.37±0.22,

conductivity=7 μS/cm, LAl=41–52 μg/l, and Ca=
0.5 mg/l. The 2007 water quality in the Kringlevatn
area was considerably more dilute than Lake Laiozza.

The ionic balance of fish is a result of uptake
and loss of ions. Many of the referred studies
have focused on loss of ions. It is well known
that both H+ and Al cause leakage of ions over the
gills, and that Ca prevents this loss (Gensemer and
Playle 1999). Conductivity, and not “leakage
parameters”, was correlated to fish status, suggest-
ing that availability of essential ions (such as Na
and Cl) might be critical in these extremely diluted
water qualities.

Of the lakes in Rogaland County, 13.4% have
never supported trout populations (Hesthagen et al.
1997), including the four most dilute waters in the
County Governors study (Enge and Lura 2003).
These four lakes had conductivity 4.0–5.6 μS/cm
and Ca 0.13–0.19 mg/l. pH requirements at these low
conductivities are estimated to approximately 6.5
(extrapolated from Fig. 3). Based on general water
chemical considerations, such pH values are obviously
not consistent with Ca levels <0.2 mg/l, leading to the
conclusion that water chemistry excludes brown trout
from these lakes.

Restocking has failed in many lakes, despite the
fact that pH has increased considerably the last
decades (Table 6). The coincidental decrease in
conductivity has however caused a considerable
increase in pH requirements (Fig. 3), and to some
degree “neutralized” the positive effect of increased
pH.

The current study concludes that low conduc-
tivity must be addressed as a possible cause for
reduced trout population health in dilute water
qualities, due to lack of either essential ions, or
combinations of ions. The relationship between
CPUE and the variables pH and conductivity
appears to be satisfactory in explaining most of
the variability in fish density. These findings are
probably not unique to southern Norway, and
should be evaluated as a fish-restricting element
in other high mountain areas too.
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