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The Crustacean Plankton and Fish in a Subalpine Reservoir
Subject to Oxygen Deficiency

JOHN W. JENSEN

University of Trondheim, Museum of Natural History and Archaeology,
Erling Skakkesgt. 47, N-7004 Trondheim, Norway

Abstract

The Finnkojsjo reservoir in Central Norway was made in 1970 by flooding 6.20 km2, mainly bogs and wet-
land. At lowest water level, its area is 1.62 km? and its mean depth 0.7 m. From 1973, an increasing smell of
H2S has been noticed in winter from the water leaving Finnkojsjo. During 1969-79, its crustacean plankton
changed from a predominantly cladoceran to an almost completely diaptomid community. Its population
of Arctic char died out in 1973, a consequence of the lack of spawning grounds. Until 1973 inclusive, its
population of brown trout was comparable with those of other Norwegian impoundments as regards catch
per effort, growth and condition factor. By 1979, the trout had also disappeared; this is connected with the
anaerobic conditions in winter.

Introduction poundments were made in the counties of Tron-
delag, Norway in 1970 (Fig. 1). The distance be-

The production of certain invertebrates and fish  tween them is 11 km and their altitudes differ by
is usually high in impoundments, especially dur- 40 m. In both cases the flooded areas were mainly
ing the early years (Mordukhai-Boltovskoi et al.  bogs and wetland. The Nesjo reservoir covering
1972, Baxter 1977, Baxter and Glaude 1980). 38.7 km2 and with maximum depth 30 m, has a
The Nesjo and Finnkojsjo hydroelectric im-  highest water level of 729.0 m a.s.l. At 722.4 m it

North Trondelag

South Trondelag

Essand

15 km

Fig. 1. Map of the research area with the reservoirs.
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Table 1. Characteristics of the Finnkojsjo reservoir.

Water level Altitude m Volume m3 Areal km? Mean depth m
Highest 769 44.85 * 106 6.20 7.2
Lowest 758 1.15 106 1.62 0.7

is connected to the 27.3 km? large Essand reser-
voir, made in 1947. This system was a success
with respect to fish production, and during its
first 13 years it was known to have the best lake
fishing for salmonids in Scandinavia (Jensen 1988).
As regards fish, the other impoundment, Finn-
kojsjo, became a failure. Its populations of brown
trout (Salmo trutta L.) and Arctic char (Salvelinus
alpinus (L.)) had both died out by 1979. This
paper deals with the crustacean plankton and fish
in Finnkojsjo and the factors causing their nega-
tive development. It emphasizes the contrasts
between the Nesjo and Finnkojsjo reservoirs.

The Finnkojsje reservoir

Finnkojsjo was constructed in 1970 by damming
the River Lodolja and flooding the small Lake
Gastjern. The difference between its highest and
lowest water level is 11 m (Table 1). At its lowest
level the mean depth is only 0.7 m and the maxi-
mum depth about 2 m.

Bogs and wetland represented 60-70 % of the
flooded area. It included 8 km of the River Lo-

dolja and the Lake Gastjern of area 0.45 km2 and
maximum depth 10 m (Fig. 2). The river was slow
flowing and had limited areas favourable for
juvenile brown trout. Géstjern was populated
by brown trout and Arctic char.

The reservoir was operated on a regular regime
during the research period. Water was stored in
April-September and drained in winter until
May. Except in 1977 the water was at, or close
to, the designed maximum level every summer.
In the winter of 1971-73 and 1978 the water was
left 3.8 to 5.1 m above the lowest level, 758 m
(Fig. 3). In 197577 and in 1979 the reservoir
was lowered to 758 m.

Material and methods

Data were collected in June 1969, autumn 1970,
July 1971, September 1973, June and September
1977 and four times in 1979. Additional hydro-
graphical data are given by Heggstad (1974, 1980).
Crustacean plankton was sampled by vertical
hauls from bottom to surface using a nylon net

Gastjern

Fig. 2. Map of the Finnkojsjo reservoir with highest and lowest water levels permitted, and the original water system (thick
line), scale 1 :50,000.
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764 -,

762 -

760 -

Fig. 3. The minimum water
levels in the Finnkojs)o main
basin in 1971-79.

of mesh size 90 /tm, mouth diameter 29.0 cm and
length 100 cm. When testing this net in Nesjo,
Jensen (1988) found a net factor of 2.0 for sum
Crustacea with confidence limits of 1.8 and 2.3
(P<0.05). For nets of similar specifications net
factors between 1.7 and 1.9 have been recorded
(Patalas 1954, Prepas and Rigler 1978, Jensen 1982,
Koksvik and Arnekleiv 1988). Consequently, the
numbers caught were multiplied by 2. On each
occasion in 1979, 4 hauls were taken in the Ga-
stjern basin and 7 in the remaining parts of the
reservoir (in the following sections called the main
reservoir). Otherwise, two replicate hauls were
taken at each location. The precision of the 1979
means is generally within £40-50 % (P<0.05).

The body length of the first 30 randomly oc-
curring individuals of the cladoceran species in
each sample was measured. The body length of
the different stages of the copepod species was
measured in 1979. Mean dry weights in /xg were
calculated from mean body lengths according to
equations given by Bottrell et al. (1976), Larsson
(1978), Langeland (1982), all quoted by Jensen
(1988).

Macrobenthos was sampled at 3 locations in
Gastjern in 1969. 5 probes were taken at each m
depth from 1 to 7 m with a van Veen sampler
covering 0.02 m2, pooled and sieved through
0.5 mm mesh. The sampling was repeated in 1971
at the same locations.

Fish were caught using series of nylon twine
gill nets of mesh sizes 19.5, 22.5, 26.0, 29.0, 31.5,
35.0, 39.0 and 45.0 mm between adjacent knots.
The nets were 25 m in length and 1.5 m deep.

1972

1974 1975 1976 1977 1978 1979

They were set in the littoral zone between 20:00
and 08:00 hours. The minimum effort was 4 series.

The efficiency of this series varies with the
fish length (Jensen 1988). Jensen (1986, 1990)
presents methods by which both the length dis-
tribution and the total, corrected number of fish
(Nc) taken by any combinations of mesh sizes
can be compared. The comparison is connected
to a chosen level of efficiency (Jensen 1990). The
maximum pooled relative efficiency of the used
series towards Nesjo Arctic char was 3.00 for
fish length 28 cm. This level was used for both
materials, comparing the catches of salmonids
>15 cm.

The fish length was measured to the fork and
round weight was recorded. The age was read
and growth in length back-calculated from scale
impressions. The age of char was also found from
otoliths. The condition factor (K) was calculated
from fish length in cm (L) and round wet weight
ing(W):

K=100WL"3

Proportions of the different components of
stomach contents were estimated as per cent vol-
ume for each stomach, and the mean per cent
volume was calculated for the sample.

Results
Hydrography

The original Gastjern was a small, thermally
stratified lake. A temperature of 18.6°C was re-
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Table 2. Temperatures (°C) in Gastjern and the main basin of Finnkojsjo reservoir.

Depth m Gastj'ern
23 Jun 13 Jul 27 Jun
1969 1971 1977
0 18.6 11.1
1 18.4 111 6.8
3 17.5 111 6.8
4 13.0
5 11.0 11.1 6.8
7 10.0 111 6.8
8
9 9.5
10 11.0

corded in its epilimnion in late June 1969 (Table
2). The maximum temperature recorded in the
new, polymictic reservoir was 13.0°C on 12 July
1978. Generally the temperature has been 10-11°C
in July-August. Cooling starts in September and
4°C should usually be reached by the end of the
month. Ice break-up is in mid June and ice re-
forms in October.

A specific conductivity of 2.28 mSm-1 (at 25°C)
was measured in Gastjern in June 1969. Later re-
cords on 12 occasions in the ice-free periods
have varied between 1.82 and 2.45 mSirrl. Cor-
respondingly, the pH of the surface water in
Gastjern was 7.1 and has since been in the range
6.7-7.3. The polymictic nature of the reservoir is
reflected by these parameters. No vertical differ-
ences existed in pH and only very minor ones in
conductivity.

The maximum winter temperature recorded
was 1.5°C at 4 m depth in February 1974. On 14

Main reservoir

1 Sep 25Jun 29 Jul 29 Aug 19 Sep
1977 1979 1979 1979 1979
10.2 11.0 11.3 9.8 51
10.2 11.0 11.0 9.8 51
10.2 11.0 10.7 9.8 5.1
10.2 11.0 10.2 9.8

5.1

April 1975 at 1 m depth, the conductivity was
9.60 mStrr! and the pH was 6.1, a situation re-
lated to zero oxygen. Otherwise, in the periods
of ice-cover, pH and conductivity were within
the ranges 6.2-6.9 and 1.91-5.04 mSnrl.

A smell of H,S from the water leaving Finn-
kojsjo was first noticed in February 1973. Oxygen
deficit in winter was recorded from 1973 to 1979
(Table 3), and was most distinct in the main re-
servoir. In the winters of 1975 to 1979, the smell
of H2S could be very intense.

The Secchi depth in Gastjern was 6.9 m in 1969,
and the Secchi colour was yellowish-green. Secchi
depth decreased to 4.7 m in July 1971, 2.8 m in
July 1979 and 2.5 m in September 1979, with a
more distinct green colour. There was a mass
occurrence of Dinobryon bavaricum Imhof all
summer in 1979.

Table 3. Percentage of oxygen saturation in Gastjern and the main basin of Finnkojsjo reservoir

during ice-covered periods.

Depth m Gastjern
7 Mar 3 May 2 May
1976 1977 1979

i 70 68 84

2

3

4 4 15

6 37

Main reservoir

7 Mar 5 Feb 18 Apr 7 Mar 9 May
1973 1975 1975 1976 1978
67 61 1 64 60

38 64
63 25
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Table 4. The crustacean plankton of Finnkojsjo reservoir in 1979: number per m3,

Main reservoir Gastjern
25Jun 29 Jul 29 Aug 19 Se~p 25Jun 29 Jul 29 Aug 19 Sep
Cladocera
Holopedium gibberum 3,690 14 4 16 2,480 5 5
Daphnia longispina 1 3 1 70 10
Daphnia galeata 7 90 120 190 1,900 3,940 1,260 270
Bosmina longispina 17 110 80 30 13 15 2 14
Bythotrephes longimanus 5 9 3 1 4 1
Copepoda
Diaptomus N 11,380 10 6,380 18
Cl 450 110 250 70
c2 23 680 15 500
C3 1,680 1 1,300 1
c4 2,340 21 1,540 18
C5 4,000 161 1,410 180 17
Mixodiaptomus laciniatus S 730 700 660 80 140 100
Mixodiaptomus laciniatus 9 830 990 650 80 370 160
Mixodiaptomus laciniatus 9/eggs 50 410 290 90 110
Acanthodiaptomus denticornis 6 50 150 50 1 70 30
Acanthodiaptomus denticornis 9 90 890 620 19 710 820
Acanthodiaptomus denticornis 9/eggs 7 10 2 1
Heterocope saliens  ClI 210 60
c2 110 17 2
C3 23
Cc4 1 2
C5 30 1 18 3
S 70 30 40 60 4
9 130 30 3 70 60 21
Cyclops scutifer N 180 5,620 1,010 110 350 16,710 1,480 90
Cl 24 1,370 1,560 100 1,980 680
C2 5 2,330 790 1 4,340 1,740
C3 1,480 4,070 2,820 5,700
C4 1 40 180
C5 24 40
$ 90 10 1,200 5
? 220 70 50 2 710 200 28
2/eggs 210 70 6 2 510 210 1
Megacyclops gigas N 540 1 1,040 1
Cl 410 335
C2 50 7
Cc3 1
c4
C5 1
4 1 1
2 2 6

Crustacean plankton

The seasonal cycles of the various species are
shown by the 1979 material (Table 4). Small
Holopedium gibberum Zaddach occurred in re-
latively large numbers in June, but the species had

almost disappeared in late July. Daphnia galeata
Sars showed a regular cycle in Gastjern with a
peak of about 4,000 m~3 in July. Its numbers in
the main reservoir were small, but increased
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Table 5. The crustacean plankton of Finnkojsjo reservoir in 1971-77, number per m3.

Main res.
14 Jul
1971
Cladocera
Holopedium gibberum 2,610
Daphnia longispina 11,900
Daphnia galeata
Bosmina longispina 1,340

Bythotrephes longimanus 26
Diaphanosoma brachyurum

Copepoda
Diaptomidae N+ C 690
Mixodiaptomus laciniatus ad.
Acanthodiaptomus denticornis ad.

Heterocope saliens 1,920
Cyclops scutifer 2,250
Megacyclops gigas 990

throughout the summer. Three other cladocerans,
Daphnia longispina O.F.M., Bosmina longispina
Leydig and Bythotrephes longimanus Leydig oc-
curred in small numbers in both basins.

Two species of Diaptomidae were present.
Nauplii and copepodites were not distinguished
at the species level. Nauplii were at their peak in
June. In late July, the majority had grown to
copepodite stages 3-5. Mixodiaptomus laciniatus
(Lillj.) reached the adult stages in late July. Egg-
carrying females were at their peak in late August,
but many were also present in mid September.
In contrast, the cycle of Acanthodiaptomus den-
ticornis (Wierz.) was one month later. This species
produced eggs only after 20 September. Hetero-
cope saliens (Lillj.) occurred in small numbers.
Its cycle was similar to the diaptomids, but the
adult maximum occurred in July. Two distinctly
separate generations of Cyclops scutifer Sars were
present all summer. Survivors from the previous
year occurred as adults in late June. Their num-
bers decreased, but egg production took place
throughout the summer. Nauplii of the second
generation were subsequently produced and had
their maximum in July. In mid September the
majority had reached copepodite stage 3. Mega-
cyclops gigas (Claus) were present as nauplii and
small copepodites in late June. They then disap-

Gastjern Main res. Gastjern Main res.

27 Sep 27 Jun 29Jun 1 Sep

1973 1977 1977 1977
3,780 2,100

3 1,230 19

750 3 630 2,330

70 1

19

3,740 300 300

190

1,090 3,080

120 160 6,600 3,560
2,030 230

peared from the open water. A few adults occur-
red in late August-September.

The crustacean communities in Gastjern and
the main reservoir were quite different. Gastjern
had larger numbers of D. galeata and C. scutifer,
but the differences became less distinct during
the summer. Except for the occurrence of H. gib-
berum in June, the community of the main re-
servoir was almost completely composed of cope-
pods. The numbers of diaptomids were double
those in Gastjern. This seems related to M. laci-
niatus, as A. denticornis occurred in about equal
numbers in the two basins.

The situation was quite different in July 1971
(Table 5), when cladocerans, especially D. longi-
spina, dominated the main reservoir. The num-
ber of diaptomids was low. In September 1973,
A. denticornis was the only diaptomid in Gastjern.
D. longispina was more abundant than D. galeata
in Gastjern in June 1977. In September 1977 the
number of D. galeata in the main reservoir was
2,300 m-3 compared with 190 irr3 in September
1979. A few Diaphanosoma brachyurum were
also recorded in the main reservoir. Otherwise,
the pattern known from 1979 was already estab-
lished.

The most distinct long-term changes were the
decline of D. longispina and B. longispina, and
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1971 1973

250 -
200 -
150 -
100 -

<« 50 -

100 -

150 -

100 -

SO_J

"July ' Aug." Sep.

July Aug. Sep.

1977 1979

MAIN

FINNKOJSJO

GASTJIERN

July Aug. Fq-

NESJO

July Aug. Sep.

Fig. 4. Biomass (mg m 3 dry weight) of plankton cladocerans (black columns) and copepods (open columns) in Gastjern, the

main basin of Finnkojsjo, and in the Nesjo reservoir.

the expansion of the D. galeata and copepod
populations.

The crustacean biomass in the main reservoir
in July 1971 was 231 mg mr3 (dry weight), clado-
cerans representing 86 % (Fig. 4). In 1979, it
reached 93 mg irr3 in July, copepods making up
97 % of the biomass. The biomass was some-
what higher in Gastjern that year, and was
dominated by D. galeata. In both cases the bio-
mass was smaller for most of the 1979 season
than in Nesjo, where the cladocerans were heav-
ily predated by Arctic char.

Macrobenthos

The original Gastjern apparently had a low level
of macrobenthos, dominated by Chironomidae
(Table 6). The abundance of Gammarus lacustris
Sars was definitely underestimated. When sam-
pling took place, it was swarming in open water
and at the surface, eating Picea abies (L.) pollen.
The numbers and biomass of Chironomidae in-

creased significantly in 1971, after the first flood-
ing. The biomass of total macrobenthos was more
than doubled since 1969.

Fish

The year before flooding took place, Gastjern
had small populations of brown trout and Arctic

Table 6. Macrobenthos in Gastjern as mean
of the depth zone 1-7 m, wet weight per

™2 (9).

24 Tun 14 Jul

1969 1971
Oligochaeta 0.397 0.773
Gammarus lacustris 0.254 0.020
Ephemeroptera 0.003
Trichoptera 0.074
Chironomidae 1.444 5.693
Other insects 0.006 0.002
Pisidium 0.722 1.392
Sum 2.927 7.880
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Gastjern Gastjern Main reservoir
Brown trout Arctic char Brown trout
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FISH LENGTH cm
Fig. 5. Number of fish caught per series of nets and corrected for net efficiency relative to fish length (Nc), pooled in 3 cm

length classes.

char (Fig. 5). The trout were 24-33 cm long. The
char were larger and their mean condition factor
was 1.70. The river Lodolja was more densly
populated with brown trout. The smallest caught
were 18 cm.

More and larger fish were taken in Gastjern in
autumn 1970 compared with 1969. The char catch

was quite extraordinary. It comprised 11 char of
length 46.5-60.0 cm, weight 1.7-3.8 kg and a
mean condition factor of 1.72.

The last char was taken in Gastjern in Sep-
tember 1973. The trout catch was then at its maxi-
mum with a Nc of 54. In 1977, their number had
declined, and most were taken in Gastjern. In
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Table 7. The maximum annual length increase in cm of brown trout taken in the
original water system and in Finnkojsjo reservoir during 1971--77.

Lodoljariver 1969 6.5 55
Gastjern 1969 6.5 6.0
Hnnkojsjo 1971 75 9.0
Finnkojsjo 1973 80 115
Finnkojsjo 1977 55 11.0

1979, probably no fish had survived the previous
winter. Only two trout were taken near the out-
let of Lodolja.

The mean length of all age classes of trout in-
creased after impoundment. These figures do not
express the growth potential of the reservoir,
as only some trout stayed there for the entire
growing season. The potential growth is better
documented by the maximum growth (Table 7).
The mean growth of the Lodolja trout was about
4 cm a year during the first four years of life,
with a maximum of about 6 cm. The older trout
grew less. The trout grew significantly better in
Gastjern. Compared with the river population,
the maximum growth of year classes 3-5 was
doubled in 1971. Also age classes 6 and 7 had a
maximum growth of 11.0-12.5 cm a year. In 1973
and 1977, the growth of these age classes had
decreased.

The mean length of 8 char aged 7 taken in
Gastjern in 1969 was 40.0 cm. They had grown
about 5 cm a year during their first 3 years, later
about 7 cm a year.

Year of life
3 4 5 6 7

6.0 6.0 6.5 4.5 3.5
7.5 8.5 12.0 11.0 8.0
12.0 13.0 12.0 12,5 11.0
12.5 11.0 115 8.5 3.0
11.0 115 11.0 8.0 3.5

The mean condition factor of the trout living
in the original water bodies was about 1.10.
After impoundment it increased to 1.20. The
Arctic char were exceptionally fat as mentioned
above, with a maximum individual condition
factor of 2.19 in 1970.

The Gastjern trout were mainly feeding on G.
lacustris in June 1969 (Fig. 6). The stomach con-
tents of the char were composed of 71 % G. la-
custris and 29 % Daphnia. In July 1971, Gastjern
trout had mainly eaten Trichoptera and Chirono-
midae. Trout in the main reservoir had taken 62 %
Chironomidae. In both cases about 10 % cru-
stacean plankton was B. longimanus. In late Sep-
tember 1973, G. lacustris made up 45 % of the
stomach contents of all trout caught in the main
reservoir, but only 0.5 % of the trout caught
near the outlet of Lodolja. A few G. lacustris
were still eaten in June 1977, but the main food
was Chironomidae.

24 June 15 July 27 Sep. 29 June
1969 1971 1973 1977
Cladoceran plankton
Gammarus lacustris [¢] 6
-2
-4
Trichoptera J] o] fp -2

Fig. 6. Stomach contents of
brown trout in Gastjern (black
columns) and the main part of
Finnkojsjo reservoir (open col-

umns) as mean per cent volume. Other groups
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Discussion

The Finnkojsjo reservoir has the soft water cha-
racteristic typical of waters in many parts of
Scandinavia. Its surface water was neutral, and
no indices of acid precipitation existed. On 18
April 1975, complete oxygen depletion existed
in the main reservoir. Based on reports on the
smell of H2S, this has probably been the situa-
tion in all winters since, allthough 1978 was an
exception. This winter the water was left 5 m
above the lowest permitted level. The oxygen
saturation was 60 % at 1 m and 25 % at 3 m
depth on 9 May. A similar situation existed in
the Géstjern basin in the winters of 1976-79.
The oxygen depletion was caused by the decom-
position of the flooded vegetation and the re-
duction processes taking place in humic water.
The water volume left in Finnkojsjo at its lowest
level is too small to withstand these processes.
Oxygen deficiency is not unusual in eutrophic
lakes and reservoirs (Wetzel 1975, Frost et al.
1978), but has not been reported from boreal,
oligotrophic reservoirs.

The temperature in Finnkojsjo is excellent for
the growth of brown trout, which minimum
temperature is about 4°C (Elliott 1975). Thus,
the usual growing season is about 105 days,
from 15 June to 30 September, the same as in
Nesjo. For most of the growing season the tem-
perature is just below the optimum of 13°C found
by Elliott (1975).

The crustacean plankton biomass reached
231 mg m~3 in July 1971, cladocerans representing
86 %. This was comparable with the 219 mg m~3,
98 % of which were cladocerans, recorded in
Nesjo in July 1970. The continuously reproducing
cladocerans took advantage of a potential fer-
tilizing effect and the large amounts of debris from
the flooded ground. The univoltine copepods
needed 2-3 years to reach numbers corresponding
to the carrying limits of the reservoirs.

In 1979, the biomass was about half the 1971
level. In Gastjern the proportion of cladocerans
to copepods was similar to that in Nesjo. The
biomass was smaller than in Nesjo, despite the
heavy predation on Nesjo cladocerans by Arctic
char. On the other hand, both the weight of char

caught per series of nets and the size and biomass
of cladocerans in Nesjo were larger than in other
lakes (Jensen 1988). Thus, the interactions be-
tween them were very successful, probably close
to an optimal situation. The crustacean com-
munity of the Finnkojsjo main reservoir was
quite extraordinary, being dominated by diap-
tomids, which at their maximum comprised 97 %
of the biomass. H. gibberum was the only clado-
ceran of any noticeable density, but this popula-
tion collapsed before the end of July. The cope-
pods seemed to tolerate the winter oxygen de-
pletion better than the cladocerans. They can
survive such conditions in the form of resting
eggs and also, in the case of C. scutifer, as dia-
pausing copepodites (Elgmork and Nilssen 1978,
Elgmork et al. 1978). Without competition from
cladocerans, the herbivore M. laciniatus and A.
denticornis in the main basin established a bio-
mass just below the level of all the crustaceans in
Gastjern. The most usual diaptomid in these
areas and the dominating one in Essand-Nesjo,
Arctodiaptomus laticeps (Sars), was never found
in Finnkojsjo.

The biomass of Chironomidae and the total
macrobenthos increased in Gastjern after im-
poundment, a situation known from the Gaut-
sjoen reservoir (Jensen 1982). This is confirmed
by the stomach contents of the fish. As in Nesjo
the stomachs were full of Chironomidae in the
beginning of the growing season. A high pro-
duction of Chironomidae is a general tendency
in impoundments all over the world (Jensen 1988).
It is probably connected with certain species
that are able to tolerate water level fluctuations
and live on the terrestrial plant material stored in
the reservoirs. In Finnkojsjo, as in other Scandi-
navian mountain reservoirs, that means large de-
posits of peat, still present 60-70 years after im-
poundment and lasting for 100 years or more. In
windy weather, waves erode peat fragments and
they are sedimented all over the reservoir bottom.

In Finnkojsjo Gammarus lacustris tolerated
the water level fluctuations quite well. By 1973,
it had spread from Gastjern and had become the
primary food also for fish in the main reservoir.
It was still present in June 1977. This species dis-
appears or loses its importance as fish food when
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water level fluctuation exceeds 5 m (Aass 1969).
It did not, for example, occur in the stomachs of
fish taken in Essand, regulated 6.6 m, 3 years
after impoundment (Jensen 1988).

Arctic char generally outnumbers brown trout
in Scandinavian reservoirs (Jensen 1979, Aass
1984, Aass and Borgstrom 1987). In Finnkojsjo
it died out before the trout. The last one was
caught in 1973. This coincided with the more ex-
tensive draining of the reservoir, which indicates
that Arctic char could be less tolerant to a low
oxygen level than brown trout. However, the
smallest char taken before impoundment was
34.0 cm and 635 g. Apparently, a reproduction
problem already existed in the original Gastjern.
Newly flooded ground of this type offers no
spawning facilities. In Nesjo the char succeeded
by establishing a migration pattern between the
foraging areas in the newly inundated regions and
the spawning grounds in Essand (Jensen 1988).

A brown trout population developed in Finn-
kojsjo, mainly based on the stock of the former
river. The catch per effort was 2.2 kg per net as
the mean of mesh sizes 39.0-26.0 mm in Sep-
tember 1973. This equals the catches obtained in
other impoundments during the first 2-3 years
(Jensen 1979, 1988, Bergan 1985, Koksvik 1985).
About 30 % of the trout taken in 1973 were
larger than the maximum length of the original
river stock. The fraction of the population <20 cm
showed that recruitment took place. All indica-
tions for satisfactory trout fishing were present.
The trout were decreasing in 1977, most having
survived in Gastjern. Two years later the popu-
lation had died out. Only two were taken close
to the outlet of Lodolja. The collapse of the
trout population is connected with the oxygen
depletion. The possibility of surviving in the
Gastjern basin existed, but those which survived
were able to spread all over the reservoir during
summer.

After flooding, the annual growth of the trout
increased from an ordinary level to 10 cm and
their condition factor to 1.20. This equals the
growth recorded in other Norwegian impound-
ments (Bergan 1985, Koksvik 1985, Jensen 1988).
The growth in length of the Gastjern char was
above average. Their condition factor was excep-

tionally high, and equivalents have not been found
in the literature. This was a result of few char
and large numbers of Gammarus and Daphnia.
The only feature distinguishing Gastjern from
other small lakes in these mountains, is the large
quantities of Picea abies pollen deposited there,
due to a dominant wind direction and special
topographical conditions. This may have direct
and indirect positive effects on the invertebrate
production. Pollen was found in Gamjnarus in-
testines.

The food of salmonids in Scandinavian reser-
voirs has mainly been Entomostraca and terrest-
rial insects (Dahl 1932, Nilsson 1961, 1964, Aass
1969). In Finnkojsjo, Chironomidae were the
primary or a very important prey, as they were
in Nesjo (Jensen 1988) and in reservoirs in the
U.S.S.R. (Miroshnichenko 1979), Czechoslovakia
(Losos 1976, 1977), England (Crisp et al. 1978,
Moore 1982), Ohio (Paxton et al. 1981) and Cali-
fornia (Marrin et al. 1984).

The invertebrate diversity in reservoirs is low,
as most littoral species can not tolerate the water
level fluctuations. Thus, food supply is often in-
sufficient and consequently fish growth is poor.
Ten years after Nesjo was made, its estimated
yield was 5 kg ha-1 of Arctic char weighing 300-
500 g. The potential yield was expected to be
8 kg ha~' (Jensen 1988). This production was
based on Chironomidae, Daphnia and terrestrial
insects. Finnkojsjo had similar or better possi-
bilities for supporting brown trout; Chirono-
midae, Gammarus, Daphnia, Bythotrephes and
terrestrial insects.

The Granasjo reservoir is located 650 m a.s.l.
in the same county as Finnkojsjo. It was made in
1980, mainly on bogs and wetland. At its lowest
water level, it covers 0.49 km? with a maximum
depth of 3.6 m and a mean depth of 2.0 m. The
renewal time of its water in winter is about half
that of Finnkojsjo. A large and flourishing popu-
lation of brown trout has existed in Granasjo
ever since the reservoir was made.

The regulation of Finnkojsjo should be changed.
Increasing the minimum depth by 2 m and the
corresponding volume to 3+106 m3 would prob-
ably ensure acceptable oxygen levels. The oxygen
lode at the beginning of the minimum water



18  John W. Jensen

period would increase by a factor of 2.6 or more,
and the amount of oxygen supplied during the
period does not change. The fish would survive
and the crustacean plankton change in favour of
cladocerans. Positive effects on the production
of Gammarus and Chironomidae should be ex-
pected.
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Abstract

Water flow, water temperature and light are environmental variables that influence when fish migrate and
the intensity of the migration itself. These variables apply both to up- and downstream migration, but their
effects may vary among rivers and species. During the ontogeny, migratory fish in different life history
stages are transported downstream by the water flow. Changes in water flow may influence when the fish
migrate, migratory speed and the direction of migration. To be carried downstream, the fish, however,
must position themselves within the water column and actively swim out of sloughs and backwaters. High
water discharge may stimulate the river ascent. Large Atlantic salmon, for instance, depend on a certain
amount of water to ascend a river. Furthermore, high flow may aid the fish in finding the mouth of the
stream they are going to enter. To much water, however, may temporarily stop the river ascent. Water tem-
perature is an important factor initiating up- and downstream migrations of several fish species. In particular,
this may be the case in rivers where freshets do not regularily occur at the time when the environmental
shift is favourable. Migrations of juveniles and adults are mainly nocturnal, but sometimes diurnal. When

the migration occurs during dark hours this is expected to be an adaptation to avoid visual predators.

Introduction

Water flow, water temperature and light are en-
vironmental variables that influence both when
the fish migrate, and the intensity of migration
(Northcote 1984). These factors apply both to
up- and downstream migration. Very often, the
migration is connected to the transition between
life history stages, e.g. between hatching and the
start of exogenous feeding of river spawning
whitefish, when juvenile salmonids smolt from
freshwater parr to juvenile fish that will feed in
the ocean, and when eels transform from imma-
ture yellow eels in freshwater to maturing silver
eels that are going to spawn in the ocean. In such
cases, factors influencing the timing of the transi-
tion may also influence the timing of the migra-
tion itself.

The ultimate causes of the migration is proba-
bly to increase the product of survival and
growth to maximize Darwinean fitness over the
entire life cycle (Gross 1987). In cases when a
single habitat provide insufficient resources for
the entire life cycle, fitness is increased by mov-

ing between different habitats supporting vari-
able needs during the ontogeny.

Typically, increasing and decreasing photo-
period is the predictive, proximate factor indi-
cating to the fish the season of migration (Eriks-
son et al. 1982). The photoperiod indicates the
season to the fish, as the day length is the same
on each specific day every year. Annual varia-
tion in time of migration, however, cannot be
induced by photoperiod, but by water flow and
water temperature. The latter two are anticipat-
ing factors stimulating migration depending on
local conditions. During recent years a growing
body of literature has demonstrated how water
flow and water temperature regulate fish migra-
tions. Even though there has been earlier re-
views on this subject (e.g. Banks 1969, North-
cote 1984, Smith 1985), | feel that due to many
new results, especially from the Norwegian River
Imsa, it is now justified to review the literature.
I have put emphasis on presenting new results,
not reviewed in earlier works. Many of the re-
cent studies have given quantitative models pre-
dicting start and speed on migration based on
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water flow and water temperature, and qualita-
tive relationships between migration and light in-
tensity (e.g. Hvidsten 1985, Jonsson and Ruud-
Hansen 1985, Nesje et al. 1986, Vollestad et al.
1986, Jensen et al. 1989). Older studies are, how-
ever, included to complete the presentation. In
this paper | discuss the influence of water flow,
water temperature and light on up- and down-
stream migration of fish in rivers. | treat each
factor separately, but in some cases this has been
difficult since different factors may trigger the
same behaviour in different rivers. This review is
chiefly focused on studies of diadromous fishes.

Water flow
Downstream migration

Water flow in rivers provides the downstream
displacement of all life history stages of migra-
tory fishes. Eggs of many species are passively
transported downstream by the water flow to
lakes or estuaries with better rearing conditions
for the young, e.g. the shad (Hilsa ilisha), striped
bass (Morone saxatilis), mountain mullet (Ago-
nostomus menticola), blueback herring (Alosa
aestivalis) and rainbow smelt (Osmerus mordax)
(Talbot 1966, Ganapti 1973, Gilbert and Kelso
1971, Loftus et al. 1984, Johnston and Cheverie
1988). In riverine species with adhesive eggs (e.g.
osmerids, cyprinids, coregonids), the larvae are
transported downstream by the water flow. In
river spawning coregonids, the eggs stick to the
stony substrate, but mechanical agitation due to
increased water flow during the spring freshet,
influence the hatching time of eggs (Nasje et al.
1986). The migration from the river to the lake
where the larvae start exogeneous feeding com-
mences almost immediately after hatching (Lind-
roth 1957). Nasje et al. (1986) observed that the
outdrift of newly hatched cisco (Coregonus al-
lyula) and whitefish (Coregonus lavaretus) larvae
in a Norwegian river started concurrently with
the spring flood, and the maximum number of
drifting larvae per unit of time were significantly
correlated with the daily rate of increase in water
discharge. The effect on the eggs by the agitation

due to increased flow was demonstrated in labo-
ratory (Neesje and Jonsson 1988) and field (Nasje
et al. MS) experiments. In the laboratory experi-
ment, eyed eggs were divided into four main
groups: two were incubated at river temperature
(2—10°C) and two in heated water (6.5-8.5°C).
At both temperatures, eggs kept in motion by
flowing water hatched earlier (heated water: 380+
6.4, natural water: 417+6.6 degree-days from
fertilization to 50 % hatching) than those laying
undisturbed (heated water: 513 +£10.5, natural
water: 470+7.3 degree-days). Furthermore, eggs
agitated during incubation hatched with greater
synchrony than those incubated undisturbed.
The increased water flow in the Gudbrandsdals-
lagen river synchronized the hatching of the
coregonid eggs and transported the newly hatched
larvae downstream the river. In a recent field ex-
periment (Nasje et al. MS) artificial freshets were
created in the river before the natural spring flood.
Immediately after the early flooding started, drift-
ing larvae appeared in the river.

High water discharge in rivers also provides
downstream movement of juveniles of a variety
of fish species (Applegate and Brynildson 1952,
Northcote 1962, 1969, Potter 1970, Priegel 1970,
Gale and Mohr jr 1978, Ewing et al. 1980, Sj6-
berg 1980, Arawomo 1981, Hartman et al. 1982,
Youngson et al. 1983, Corbett and Powles 1986,
Bilby and Bisson 1987, Jonsson et al. 1988, 1989).
For instance, the movement of recently trans-
formed sea lamprey (Petromyzon marinus) occurs
on the rise and crest of floods resulting from the
general spring ice-break-up in late March or early
April in the River Carp Lake, Michigan (Appel-
gate and Brynildson 1952). A similar relationship
between downstream movement and spring flood
was demonstrated for fry of coho salmon (Oncor-
hynchus kisutch) over a 10-year period in Carna-
tion Creek, British Columbia (Hartman et al.
1982). The time period over which downstream
movement took place varied widely between
years. During seaward movement daily numbers
fluctuated widely. Peaks of movement coincided
with or appeared slightly before freshet peaks.
Hartman et al. (1982) compared the number of
fry moving seaward during the night closest to
the peak flow period, or during the night before,
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with the number moving on the three previous
nights. In 94 of 122 cases (77 %) the number of
fry moving during the night of peak discharge,
or during the night before, was significantly
higher than in any of the three preceding nights.
Stream temperature is apparently without effect
on the release of potentially emigrant coho fry
from this stream.

The downstream migration of salmonid smolts
may also in some rivers be initiated by increased
water flow (Berry 1932, 1933, Allen 1944, Oster-
dahl 1969, Hesthagen and Garnds 1986). Hest-
hagen and Garnas (1986) studied the downstream
migration of Atlantic salmon (Salmo salar) smolts
during May and June in River Orkla, Norway.
River Orkla has quite low water temperatures
in summer (average 113 days with water tem-
peratures over 6.5°C), and high fluctuations in
water discharges (average yearly water discharge
30 mV], but it sometimes exceeds 1,000 m3s 1
during floods). Hesthagen and Garnas (1986)
found that the smolt migration was initiated by the
first spring peak in water discharge (>100 m3s_1),
when the temperature was 2-3°C. Furthermore,
significantly more smolts migrated when the
discharge was increasing, followed by a drop in
water temperature, than under the opposite con-
ditions.

In catadromous eels, several authors maintain
that the water flow is a major factor regulating
the time of the seaward migration of adult eels
(e.g. Lowe 1952, Jens 1952/53, Deelder 1954,
1984, Frost 1950, Burnet 1969, Hain 1975, Todd
1981, Vollestad et al. 1986, Bergersen and Kle-
metsen 1988). For instance, Frost (1950), Lowe
(1952) and Jens (1952/53) found that catches of
European silver eels in rivers increased with a rise
in water level. Moreover, Tesch (1977) main-
tained that increased water discharge encour-
aged the eels to migrate. Deelder (1954) found
that in the Dutch Polders, which are usually
kept at a constant water level, silver eel catches
varied in relation to the discharge which was con-
trolled by sluices. Vollestad et al. (1986) found
that the run of European silver eels (Anguilla
anguilla) in River Imsa, Norway, started earlier
in autumns with high water discharge, than in
autumn with low flow. Mean water discharge

during August-October explained 65 % of the
total variation in the start of the run.

The water flow in rivers also appears to influ-
ence the direction of migration (Lowe 1952,
Deelder 1954, Fried et al. 1978). Deelder (1954)
studied the migration of silver eels in a Dutch
canal in which the water moved in alternate di-
rection at low speeds and with fish traps on both
sides. In this system the direction of the migra-
tion was influenced by the direction of the water
flow in the canal. The silver eels migrate with the
water flow. The importence of the water current
for the downstream navigation is also indicated
by observations of Atlantic salmon in lakes.
Fried et al. (1978) observed that water current
was the main factor influencing the route of sea-
ward migrating Atlantic salmon smolts. The
smolts usually moved in the same direction as
current flow during ebb and flood tides. Simi-
larly, Allen (1944) and Mills (1964) reported the
passages of smolts through lakes were slower
than those through rivers. Furthermore, Thorpe
et al. (1981) tracked Atlantic salmon smolts
through Loch Voil, Scotland. They found that
the direction of displacement of smolts and move-
ment of water at a depth of 1 m was positively
correlated (P<0.001). Release experiments of
smolts in River Imsa and in two lakes, 3 and 11 km
upstream the river, show that the migration was
delayed when the fish was released in or above
the lakes (Hansen et al. 1984). Low water veloci-
ties in lakes may also explain why salmon stocked
in lakes descend the watercourse outside the
normal smoking period, or do not leave the
lakes at all (Munro 1965, Frantsi et al. 1972,
Hansen 1987), although it may be uncertain to
compare hatchery with wild salmon. On the
other hand, the dependence of the migrating fish
on water current may differ among populations
and species. Parr of Atlantic salmon reared in
Newfoundland lakes had apparently no problems
in finding their way out of the lakes and down-
stream (Hutchings 1986). In another species like
sockeye salmon (Oncorbynchus nerka), where
the juveniles naturally rear in lakes before smok-
ing and migrating to sea, low current velocities
obviously are no hinderance for a successful sea-
ward migration. This fish seem to be genetically
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adapted to slow flowing systems, and have an
innate behavioural program helping them find-
ing the outlet (Groot 1965). A similar genetic
program may also help rainbow trout (Oncor-
hynchus mykiss) fry orient in complex river sys-
tems (Kelso and Northcote 1981). Thus, popula-
tions adapted to systems with low flow may have
evolved navigation systems that are independent
of the direction of the water flow.

Water flow may also determine the speed of
descending fish. Raymond (1968) compared the
migration rate of yearling chinook salmon (On-
corhynchus tshawytscha) in Snake and Columbia
Rivers during periods of low (Columbia river:
4,248 m3s-1, Snake river: 1,416 m3s_1) and mod-
erate (Columbia river: 8,495 m3s_1, Snake river:
2,265 m3s_1) water discharges. The rate of migra-
tion was directly related to water flow: it was
21 km day-1 at low and 37 km day-1 during mod-
erate river discharges. Vollestad et al. (1986)
studied the downstream migration of European
silver eels during August to December in River
Imsa, Norway. They found that the downstream
migration of silver eels occurred earlier in years
with high than with low water discharge. Based
on this and a series of field experiments, they
concluded that high water discharge increased
migration speed. The downstream migration
speed of transplanted silver eels was correlated
with water discharge and water temperature.
Variation in water discharge alone explained 85 %
of the total variation in migration speed.

Downstream migration during high water flow
appears favourable for several reasons. Firstly,
the fish are transported downstream without ex-
pending much energy in active swimming. They
must, however, actively stay in the current and
move out of sloughs and backwaters (Hansen
and Jonsson 1985). Secondly, high flow may
provide shelter to the migrating fish (Hvidsten
and Hansen 1989). At high discharges, river
water may be turbid and often the water surface
form ripples. Thirdly, high water flow appears
to influence the timing of the seaward migration
(Jonsson and Ruud-Hansen 1985). Forthly, the
water current determine the speed and the direc-
tion of the migration (Thorpe et al. 1981). When
the current velocity is low as in lakes, the fish

may be delayed and have difficulties in finding
their way downstream.

Upstream migration

Water flow appears to be an important factor
stimulating upstream migration of various fish
species, especially in rivers with highly fluctuating
water levels during the migration periods (e.g.
Huntsman 1948, Hayes 1953, Stuart 1953, 1957,
Saunders 1960, Harriman 1961, Banks 1969,
Alabaster 1970, Asplund and Sodergren 1975,
Libosvarsky 1976, Sjoberg 1980, MacCrimmon
and Gordon 1981, Jellyman and Ryan 1983,
Holtby et al. 1984, Potter 1988, van den Berghe
and Gross 1989, Webb and Hawkins 1989, Jons-
son et al. 1990). Fluctuating water levels may,
however, have more pronounced effects in small
than in large rivers.

Jellyman and Ryan (1983) showed that the
largest upstream migrations of elvers of Anguilla
australis and A. diefenbachii in Lake Pounui,
New Zealand, coincided with the greatest sea-
sonal rainfall and the smallest migrations with
the least rainfall. They found a relationship be-
tween the total number of elvers per season and
the total rainfall, so that low rainfall during the
main migratory period (November-April) re-
sulted in a small seasonal migration, and vice versa.

In the Norwegian River Imsa, a small river
with high water flow during autumn, the number
of ascending adult Atlantic salmon increased
with increasing water discharge (Jonsson et al.
1990). Furthermore, in Deer Creek Junior,
Washington, the ascent of female coho salmon
increased with raising stream level (van den
Berghe and Gross 1989). Similarly, Saunders
(1960) observed in Ellerslie Brook, Prince Ed-
ward Island, that adult Atlantic salmon entered
the river during autumn freshets, and remained
at the head of the estuary during periods of low
flow. Potter (1988) tracked Atlantic salmon in
the estuary of the River Fowey, south-west Eng-
land. He observed that most fish entered fresh-
water during periods of increased freshwater
discharge. Low river flow delayed the migration
of salmon into the river, and many fish stayed
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for several weeks or even months in the estuary
before entering fresh water. However, the fish
did not always enter the river on the first in-
crease in flow. One reason may be that they
move quite large distances away from the river
mouth and do not detect all floods. In River Nar-
raguagus in Maine, a stream with very low sum-
mer levels and high rates of discharge during
spring, the main ascent of salmon started during
the first freshet after 15 May (Harnman 1961).
However, the study of Hellawell et al. (1974) on
upstream migration of salmonids in River Frome,
England, a river with only minor seasonal water
level fluctuations, showed that salmonids tended
to move upstream at discharges lower than those
generally available. This may be attributed to
the equitable flow pattern of the English chalk
streams. Similar results have been reported by
others, e.g. for Atlantic salmon (Huntsman 1948,
Hayes 1953) and pink salmon (Oncorhynchus
gorbuscha) (Davidson et al. 1943).

High water discharge during the upstream
spawning migration seems more essential for
large than small salmon. For instance, in the
Deer Creek Junior, the ascent of female coho
salmon was significantly correlated with water
level (van den Berghe and Gross 1989). Large
females entered the creek at peak discharge and
progressively smaller ones entered as waters re-
ceded, while no such trend was found among
males. In the River Imsa the larger, multi-sea-
winter salmon were more dependent on high
water levels when migrating than the smaller
one-sea-winter fish (Jonsson et al. 1990). The
adult salmon stayed in the fiord area near the
river mouth, but most of the multi-sea-winter
fish did not ascend until the autumn increase in
water discharge. In this river, low water dis-
charge during summer seemed to delay upstream
movement of large salmon more than small ones.

Upstream migration during high water flows
appear disadvantageous for the fish, because of
increased energetic costs relative to low flow
situations. However, this increased cost is prob-
ably balanced by the increased protection offered
by the increased flow.

Large rivers, with high water discharges, may
aid the fish in finding the mouth of the stream

they are going to enter (Malmgvist 1980, Jelly-
man and Ryan 1983). This is supported by the
fact that the number of fish straying to other
rivers seem to decrease with increasing river size
(Hansen 1980, Berg and Jonsson 1989), and that
salmon released directly in the sea as smolts,
enter the largest among the nearby rivers when
they return as adults (Hansen et al. 1989).

Very high water discharges, however, may
temporarily stop upstream migration of some
fish species (Davidson et al. 1943, Sorensen 1951,
Stuart 1957, Malmquvist 1980, Jensen et al. 1989).
The upstream migration of lamprey in L&nsmans-
backen, a small stream in southern Sweden, ceased
at times of heavy rainfall (Malmqvist 1980). In
an experiment, Sorensen (1951) found that elvers
of European eel stop their upstream migration at
high flows. A flow rate of 0.6-0.9 ms-1 did not
greatly impede the eels’ upstream movement,
whereas a rate of 1.5 ms-1 stopped all upstream
movement of eels measuring less than 15 cm. In
brown trout the upstream spawning migration
may be delayed during periods of exceptionally
high flow (Stuart 1957). In the Norwegian river
Vefsna, a nine-year study has demonstrated that
ascending Atlantic salmon is stopped by the first
water fall if water discharge is above but not
below 300 m3s_! (Jensen et al. 1989). This shows
that water flow is important for the river ascent
of migratory fish, either because a certain river
discharge is needed for the fish to move upstream,
or because they are unable to ascend before the
discharge is below a threshold value.

Water temperature
Downstream migration

Water temperature is an other proximate factor
initiating downstream fish migrations. This may
especially be the case in rivers where freshets do
not regularily occur simultaneously with the
time of downstream movement.

Increasing water temperature in spring is im-
portant for the initiation of the smolt run of
several salmonid species in many rivers (e.g.
Foerster 1937, White 1939, Mills 1964, Hartman
et al. 1967, Osterdahl 1969, Bjornn 1971, Wagner
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1974, Bagliniére 1976, Fried 1977, Solomon 1978,
Raymond 1979, Jonsson and Ruud-Hansen 1985,
Holtby et al. 1989, Jonsson et al. 1989). White
(1939), Mills (1964), Osterdahl (1969) and Solo-
mon (1978) have found that the downstream
movements of smolts were closely correlated to
rising water temperature. For Atlantic salmon
and brown trout, they found that most smolts
descended when the river temperature was
above 10°C. Other authors are critical to defin-
ing a threshold temperature for the onset of the
downstream smolt migration. For instance, in
sockeye salmon and Atlantic salmon Foerster
(1937) and Melnikova (1970) observed that the
smolt run started earlier if the average water tem-
perature were higher than normal in the preceding
months. Furthermore, Jonsson and Ruud-Hansen
(1985) studied the downstream migration of At-
lantic salmon smolt during 8 years in the River
Imsa, Norway. They correlated water tempera-
ture, water flow, cloudiness and lunar cycle with
timing of the yearly descent of smolts, but only
water temperature was significantly correlated
with the time of smolt descent. The development
in water temperature between 9 April and 16 May
explained 91,95 and 89 % of the yearly variation
in date of 25, 50 and 75 % yearly cumulative
smolt descent, respectively. There was no thres-
hold temperature above which the run started.
The smolts started to descend at temperatures
between 5.8-11.2°C. Jonsson and Ruud-Hansen
(1985) concluded that the timing of the smolt
descent in the River Imsa was not triggered by a
specific water temperature or a specific number
of degree-days during spring, but it was control-
led by a combination of actual temperature and
temperature increase in the water during spring.
The smolt run started early in years when the
water temperature in spring was high or when
the increase in temperature was rapid, and it
started later in years when temperature condi-
tions were the opposite. Similarly, Holtby et al.
(1989) found that variability in stream tempera-
tures during the spring of 9 consecutive years ac-
counted for 60 % of the variability in the mean
date of coho salmon smolt emigration in Carna-
tion Creek, British Columbia. Solomon’s (1978,
1982) investigations of brown trout smolts also

indicated that time of descent was correlated
with the increase in water temperature in spring.
Bjornn (1971) studied the trout and salmon
movements in two ldaho streams. The volume
of flow in the streams fluctuated within a narrow
range. Peak movement in spring of steelhead
trout and chinook salmon occurred during stable
or decreasing water flows. However, the smolt
migrations of both the salmon and trout species
coincided with increasing stream temperature in
the spring.

In rivers without spring freshets the timing of
smolt descent is probably linked to the timing of
the smoking process. The increasing photoperiod
in spring appear to be the major environmental
variable that affect the onset of the smoking (Mc-
Cormick et al. 1987, Okumoto et al. 1989), but
this timing is also affected by variations in water
temperature (Clarke et al. 1981, Johnston and
Saunders 1981, Zaugg 1982, Dickhoff et al. 1989).
The dependence on photoperiod secures that the
process of smoking occurs during spring. Varia-
tions between years, however, are influenced by
differences in water temperature. As the duration
of the daylight is the same on the same day each
year, photoperiod cannot cause any variation in
time of smoking. The annual variation in smoking
may thus be reflected in the timing of the smolt
run as described above.

The water temperature may also be important
for the start of the spawning migration of silver
eels downstream rivers and their rate of river de-
scent. Vollestad et al. (1986) found that the num-
ber of descending silver eels and the start of the
downstream migration in River Imsa varied be-
tween years. The run started earlier in years with
low than in years with high water temperature
during July and August. Furthermore, they found
that most silver eels descended at temperatures
between 9 and 12°C. The recapture rate of silver
eels transplanted within River Imsa was highest
at 9°C and decreased at both higher and lower
temperatures (r2=0.95). Few silver eels descended
at temperatures above 18°C or below 4°C. But,
although water temperature significantly influ-
ence the start of the run, Vollestad et al. (1986)
found no threshold temperature at which the
run started as suggested by Tesch (1977).
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Upstream migration

In rivers with small fluctuations in water levels
during the migratory period, water temperature
appears to be an important factor stimulating
upstream fish migration. For instance, importance
of increasing water temperature for the ascent of
elvers has been noted by several authors (e.g.
Sorensen 1951, Gandolfi et al. 1984, Hvidsten
1985, Sorensen and Bianchini 1986, Naismith
and Knights 1988, Vollestad and Jonsson 1988).
In River Imsa, the annual number of ascending
elvers of European silver eel was positively cor-
related with water temperature (Vollestad and
Jonsson 1988). In the River Arno, Italy, on the
other hand, differences in temperature between
sea and river water seem to play an important
role in the ascent of elvers (Gandolfi et al. 1984).
Marked migratory movements occurred when
river and sea water showed differences in tem-
perature not exceeding +3—4°C. Movements de-
creased when temperature difference in either
direction was greater.

Water temperature in rivers appears also to
stimulate the spawning migration of many spe-
cies. Davies and Sloane (1987) studied the up-
stream migration of spawning brown trout and
rainbow trout in Liawenee Canal, Great Lake,
Tasmania, 1949-85. They found that brown trout
migrated upstream from early April to mid May
and rainbow trout from late August to early
November. Brown trout migrated predominantly
over the temperature range 6-10°C, while rain-
bow trout migrated mainly over 5-11°C. Further-
more, rainbow trout migration occurred at high
flow conditions and was positively correlated
with canal flow increases, whereas brown trout
migrate during low canal flow. Some authors
have found that the upstream migration starts
above a threshold water temperature or at pre-
ferred temperatures. According to the literature,
these temperatures vary within and among spe-
cies (Sorensen 1951, Matsui 1952, Bigelow and
Schroeder 1953, Smith 1955, McKenzie 1964,
Rembiszevski 1970, MacLean and Gee 1971,
Kuznetsov 1976, Leggett 1976, Malmqvist 1980,
Gandolfi et al. 1984, Helfman et al. 1984, Hvid-
sten 1985, Sorensen and Bianchini 1986, Hut-

chinson and Mills 1987, Naismith and Knights
1988). Fish are poikilothermic animals and their
activity are dependent on the temperature in the
water. At low temperatures they are less active
than at higher temperatures. On the other hand,
the activity at higher temperatures require higher
energetic costs. Thus the upstream migration is
expected to occur at temperatures above a mini-
mum, but not at too high temperatures. For in-
stance, at low temperatures upstream migrating
fish may have problems with passing obstacles.
Jensen et al. (1989) found that Atlantic salmon
were unable to pass waterfalls in the River Vefsna
if the water temperature was below 8°C. An
example illustrating how high water temperature
may decrease the intensity of upstream migration
was published by Elson (1969). When studying
the intensity of Atlantic salmon migration in the
Northwest Miramichi River he found that the
ascent increased with increasing water tempera-
ture up to 24-25°C (the lethal upper temperature
limit is about 30°C) and then decreased. Haw-
kins (1989) noticed that when water temperature
in River Dee, Scotland, exceeded 20°C the fish
remained in the sea. Furthermore, MacLean and
Gee (1971) observed that brook stickleback,
Culaea inconstans, in Roseau River, Manitoba
migrated upstream in water velocities less than
90 cms-1 and when a temperature gradient (15.6-
21.1°C) was present.

Water flow and temperature
Hierarchy or alternatives

Water flow and water temperature stimulate
both up- and downstream migration of fish, and
they appear to trigger the same behaviour in dif-
ferent rivers. For instance, the downstream migra-
tion of smolts in River Orkla was initiated by
the increasing water flow in the river (Hesthagen
and Garnads 1986), whereas in River Imsa the
smolt run was initiated by the increasing water
temperature and not by increasing water flow
(Jonsson and Ruud-Hansen 1985). Furthermore,
in some eel species the upstream migration of el-
vers coincide with increasing water flow (Jelly-
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man and Ryan 1983), whereas in others the as-
cent of elvers was correlated with increasing
water temperature in the river (Vollestad and
Jonsson 1988). These differences may be explained
in two ways. First, there may be a hierarchy of
environmental factors stimulating the fish migra-
tion in rivers. Hypothetically, if the spring flood
in River Orkla was left out one year, increasing
water temperature might trigger the smolt migra-
tion, which would then occur later in the season.
Neesje and Jonsson’s (1988) laboratory study on
hatching whitefish eggs, appear to function this
way. Whitefish eggs may hatch early or late dur-
ing the ontogeny when exposed to varying en-
vironmental stimuli. When the eggs were agi-
tated by moving water they hatched at an earlier
developmental stage than when agitation was left
out and water temperature determined hatching
time. A second explanation may be that the time
of migration is adapted to different environmen-
tal factors in different rivers. For instance, the
smolt migration may be triggered by increasing
water flow in some rivers and increasing water
temperature in others. Results from the two
Norwegian rivers, Imsa and Orkla, appear to
support this second explanation. In Imsa, the
smolt migration is triggered by increased water
temperature in spring. In 2 out of 8 years, how-
ever, there was a spring freshet just prior to the
regular time of seaward smolt migration without
any observable effect on downstream movement
of the fish (Jonsson and Ruud-Hansen 1985). In
Orkla, on the other hand, the migration was an-
nually initiated by the increase in spring flood
(Hesthagen and Garnas 1986). This implies that
different mechanisms may function in different
rivers depending on adaptations to local environ-
mental factors, securing that the migration starts
at the right time to maximize the profitability of
the migration.

Light
Downstream migration

Numerous authors have found that downstream
migrations of fish occur mainly during darkness
(e.g. Cope 1956, McDonald 1960, Northcote

1962, Geen et al. 1966, McCart 1967, Mason 1975,
Sjoberg 1980, Tuunainen et al. 1980, Solomon
1982, Youngson et al. 1983, Muth and Schmul-
bach 1984, Hansen and Jonsson 1985, Harald-
stad et al. 1985, Nasje et al. 1986, Irvine 1986,
Corbett and Powles 1986, Vollestad et al. 1986,
Johnston and Cheverie 1988, Thorpe et al. 1988).

Moonlight or artificial light reduce the down-
stream movement of salmonid fry (Northcote
1962, Geen et al. 1966), and in long streams,
when the migration is not completed in a single
night, the fry occupy holding areas during day-
light (McDonald 1960, Hartman et al. 1962).
Mason (1975) studied the seaward migration of
coho salmon and found that the peak movement
coincided with the new moon and progressively
declined within case of four lunar cycles.

IHlumination of the river during night reduces
the migration speed of smolts. Hansen and Jons-
son (1985) studied the downstream migration of
hatchery reared Atlantic salmon smolts in the
River Imsa, Norway, released at different times
of the day. They found that smolts released in the
evening descended faster than smolts released in
the morning. However, large numbers of hatchery
smolts released in the morning schooled down-
stream during daytime. In such cases a humber
of wild smolts joined the schools opposite to the
usual situation with night descent. The reason
may be that the schools offer predator defence
(Pitcher 1986) acceptable for wild smolts. The
releases were made after the majority of wild
smolts had moved to sea.

Laboratory studies on the activity rhythms of
downstream migration of river lamprey showed
that emergence from the substrate and swim-
ming were primarily nocturnal, with a maxi-
mum in free-swimming activity at the onset of
darkness and a smaller activity peak at the transi-
tion from the dark to light phase (Potter and
Huggins 1973). During the light period these
animals showed a significant preference for bur-
rowing or lying in regions of gravel and pebbles.

Silver eels migrate downstream during night,
and the migratory activity depends on the light
intensity (Deelder 1954, Burnet 1969, Todd 1981,
Haraldstad et al. 1985, Vollestad et al. 1986). In
Dutch inland and Baltic waters the maximum
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activity of silver eels occurred around the last
quarter of the lunar cycle (Frost 1950, Lowe 1952,
Jens 1952/53), while in the Upper Rhine maxi-
mum activity occurred before the moon’s last
quarter (Jens 1952/53). Boétius (1967) and Edel
(1976) showed that silver eels held in tanks in
complete darkness with constant temperature
and water flow, had an innate activity rhythm
correlated with lunar phase. Vollestad et al. (1986)
studied the effect of light on the migratory activ-
ity of European silver eels in River Imsa, Nor-
way. They placed two lamps at a weir in the river.
Light intensity measured at the darkest point
across the river was approximately 0.15 lux when
light was on. and approximately 0.007 lux when
light was off. They found that during 29 half
hour periods of illumination, 81 silver eels were
caught. During the intervening dark periods,
362 silver eels were caught. Furthermore, during
nights with moon light they found that most
silver eels descended during the first dark period
after sunset when light intensity was less than
0.06 lux, and stopped when the moon appeared
above the horizon and shone on the river. Burnet
(1969) and Todd (1981) also registered minimum
catches of silver eels during full moon, but activity
occurred during more than half the lunar period.
The above findings show that the migration
activity of silver eels is influenced by variations
in light intensity. The innate lunar-correlated ac-
tivity rhythm may only be expressed when eels
are deprived of other sensory inputs. In nature,
however, apparent lunar-correlated activity is
probably caused by variations in light intensity,
and not by variation in moon phase per se.
However, migrating fish have been observed
during daytime. For instance in turbid water
pink and chum salmon have moved downstream
during day (Hoar et al. 1952, MacKinnon and
Hoar 1953, Neave 1955, Coburn and McCart
1967). In some rivers the wild smolts appear
regularly to migrate during daytime. At high lati-
tudes in areas with midnight sun, smolts of At-
lantic salmon and brown trout have been observed
migrating during hours of strong sunlight (Thorpe
and Morgan 1978 and references therein). In the
north Swedish River Rickled, Osterdahl (1969)
observed a change from nocturnal migration pat-

tern in late May and early June to diurnal pattern
in late June. Osterdahl (1969) did not give the
length of the night during the smolt migration,
but at 64°N the nights in May/June are short,
and it never gets really dark. However, even
further south day-time migration may occur.
Solomon (1978) found that in River Piddle, large
numbers of Atlantic salmon smolts migrated at
bright sunlight mainly between 14:00 and 18:00
hours, while the smolt of brown trout had a de-
finite peak of downstream movement in the early
hours of darkness (21:00-24:00 hours).

The migration occurs probably at the time of
the day when the survival is expected to be high-
est, and movement during night is probably an
adaptation to avoid visual predators. Visual pre-
dators, however, may also be avoided during
daytime. For instance, Bakshtansky et al. (1976,
1977) maintain that the pike (Esox lucius) in the
rivers Porje and Soyana had difficulty capturing
smolts in sunny weather, when light ripples oc-
curred on the surface of shallow water. In these
rivers smolts migrated during day time.

Upstream migration

Usually fish migrate upstream mainly during
twilight and dark periods. For instance, elvers
ascend freshwater during dark hours (Jellyman
and Ryan 1983, Gandolfi et al. 1984, Tzeng 1984,
Sorensen and Bianchini 1986, Potter 1988). The
upstream migrating river lamprey occurred mainly
at nights with no moonlight (Potter and Huggins
1973, Asplund and Sdédergren 1975, Malmgquvist
1980, Sjoberg 1980). In Atlantic salmon and
kokanee (Oncorhynchus nerka), Hellawell et al.
(1974), Potter (1988) and Lorz and Northcote
(1965) observed that most movement occurred
during hours of darkness. The majority of ko-
kanee entered Moore Creek early in the evening
so that the migration was virtually ended by mid-
night. In Lake Pounui, on the other hand, twi-
light activity of elvers occurred. InJanuary, maxi-
mum river ascent occurred at 22:00 and 04:00
hours, whereas in April, maximum activity oc-
curred at 21:00 and 07:00 hours (Jellyman and
Ryan 1983). The activity periods were more
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spread in April, probably reflecting the longer
period of darkness. Some species, however, mi-
grate during daytime. MacLean and Gee (1971)
observed greater upstream movement of pre-
spawning brook sticklebacks during day than
night. In most species, however, daytime migra-
tion occurs under special conditions. For in-
stance, when large amount of elvers moved up-
stream (more than 5,000 elvers per day), Jelly-
man and Ryan (1983) observed that some elver
movement were normally during day. In turbid
water during floods, Hellawell et al. (1974) ob-
served upstream migrating salmon during day-
time. Likewise, Potter (1988) observed that At-
lantic salmon entered the river during day time
at very high flows. Malmqvist (1980) observed
day migrating lamprey late in the spawning
season. In such cases there is probably no survi-
val premium on night time migration.

Active and passive migrations

Migrations go both up- and downstream rivers.
There is no disagreement about that upstream
migrations are active, whereas it has been debated
whether downstream migrations are active or
passive (e.g. Neave 1955, Northcote 1962, Solo-
mon and Templeton 1976, Potter 1980, Solomon
1978, 1982, Thorpe et al. 1981, Thorpe 1982,
McDowall 1987).

The passive component in downstream migra-
tions may be that water flow is the vector that
displaces the fish downstream. There would be
energetically inefficient for the fish to swim ac-
tively downstream when the water flow passively
transport them over the same route. Furthermore,
Hoar (1953), Northcote (1962) and Lindsey and
Northcote (1963) argued for passive displacement
of downstream migrating fish. Hoar (1953) main-
tained that chum salmon larvae (Oncorhynchus
keta) might drift passively downstream during
night because they loose their rheotactic response
during darkness. Northcote (1962) indicated that
rainbow trout may drift downstream at night
because of lost visual orientation. Lindsey and
Northcote (1963) argued similarly for why lar-

vae of redside shiners (Richardsonius balteatus)
drifted' downstream at night.

However, there must be active components in
downstream migrations. For instance, the fish
has to decide when to start their downstream
migration. Nesje et al. (1986) found that the
outdrift of newly hatched larvae of cisco and
whitefish in the Norwegian River Gudbrands-
dalslagen occurred mainly at nights. In a labora-
tory experiment with whitefish Neesje and Jons-
son (1988) found that eggs hatched at the same
rate during light and dark hours, indicating that
newly hatched larvae decide when to emerge and
raise from the substratum and start their down-
stream journey to the lake where they start ex-
ternal feeding. Furthermore, since salmonid
smolts in most rivers migrate during night but
not during daytime, there has to be periods when
the fish actively resist the water current and stay
close to the bottom and periods when they allow
the water flow to displace them downstream
(Solomon 1978, Hansen and Jonsson 1985).
Another active component probably is that de-
scending fish actively avoid obstacles and back-
waters in the river. Release experiments with
oranges were done in River Imsa to estimate the
rate of passive transport (Hansen and Jonsson
1985). More than 80 % of the oranges were stop-
ped by obstacles in the river and never reached
the river mouth. The active component in the
downstream migration is also indicated in situa-
tions when the displacement occurs concurrently
with a rise in water temperature. As described
earlier, this may be the case among descending
salmonid smolts, but may also occur when older
ontogenetic stages migrate downstream as in
Arctic charr in River Imsa (Jonsson et al. 1989).
Furthermore, Arawomo (1981) found that in-
creasing water temperature accelerated the pace
of migration of brown trout into Loch Leven,
Scotland, in spring.

All in all, there is probably both active and
passive elements in the downstream migrations,
where the water current is the vector which brings
the fish downstream, when the fish actively have
to move into the current and stay there.
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Conclusions

1. Water flow, water temperature and light are
environmental variables influencing when the
fish migrate and the intensity of the migration.
These variables apply both to up- and down-
stream migration, but different variables may
trigger the same behaviour in various rivers.

2. In some rivers changes in the water flow
initiate the downstream migration of fishes, e.g.
salmonid smolts and silver eels. The water flow
is the vector transporting the fish downstream.
It also appears to influence on the direction and
the speed of migration. Migration during high
flow may provide shelter for the fish, because
rivers are often turbid during high flows and the
water surface form ripples.

3. High water flows appear to be an important
factor stimulating upstream migration of various
fish species, especially in rivers with highly fluc-
tuating water levels during migration periods.
Furthermore, high flow may aid the fish in find-
ing the mouth of the stream they are going to
enter. Very high water discharges appear to tem-
porarily stop the upstream migration of some fish
species. High water discharge during upstream
migrations may be more essential for large than
small salmon. Upstream migration during high
flow increases the energetic costs relative to low
flow situations. However, the increased cost is
probably balanced by the increased protection
offered by the increase in flow.

4. Water temperature is an important factor
initiating downstream fish migrations, especially
in rivers when freshets do not regularily occur
simultaneously with the time of downstream
movement. There is probably no threshold tem-
perature starting the smolt run, but a combina-
tion of actual temperature and temperature in-
crease in the water during spring. Water tem-
perature is also important for the rate of river
descent. The fish are poikilothermic animals and
their activity are dependent of the water tem-
perature. In some species increased water tem-
perature accelerated the pace of migration.

5. In rivers with small fluctuations in water
levels during the migratory period, water tem-
perature appears to be an important factor stim-

ulating upstream migration of various life his-
tory stages of fish. However, very high tempera-
ture may temporarily stop upstream migration.

6. Water flow and water temperature stimu-
late up- and downstream migration of fishes, but
appear to trigger different behaviours in differ-
ent rivers. In some rivers the upstream migration
of elvers of several species of eels coincides with
increased water flow, but with increased water
temperature in others. This may be explained in
two ways: (1) that there is a hierarchy of environ-
mental factors initiating fish migration, (2) that
the time of migration is adapted to different en-
vironmental factors in different rivers. There are
results supporting both views.

7. The up- and downstream migrations mainly
occur during darkness. Moonlight or artificial
light reduce the downstream movement of fish.
Migrating fish have been observed during day-
time. At high latitudes in areas with midnight
sun, smolts have been observed migrating during
hours of sunlight. Furthermore, turbid water
during floods and during large movement of fish,
migration during daytime has been observed.

8. The upstream migrations of fish are active,
whereas it has been debated whether downstream
migrations are active or passive. The passive
component in downstream migration may be
that water flow is the vector that displaces the
fish downstream. One active component may be
that the fish has to decide when to start their
downstream migration. Another is probably
that the descending fish actively avoid obstacles
and backwaters in the river.
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Stationarity and Homing Ability of Landlocked Arctic Charr
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Abstract

A prerequisite for the segregation of fish into distinct populations is that they have the ability to return to a
distinct “home area” after displacement (homing). The homing ability of Arctic charr (Salvelinus alpinus)
was examined by conducting mark-recapture experiments in Lake Takvatn, a 15 km? lake in North Norway.
Capture and marking was carried out at four stations. The distance between stations varied from 2 to 7 km.
Groups of charr were caught using a small beach seine and marked by fin clipping. Charr were marked and
released at the site of capture. Approximately the same number of charr were caught at three stations and
transferred to another site and released. Distances between capture and release sites were 2.6, 4.6 and 6.4 km.
The following year, during the ice-free season, all four stations were sampled monthly for marked fish.
The results suggest that the charr living in the littoral zone show a high degree of stationarity. The charr
also showed the ability to home when displaced to other sites. Homing success appeared to increase with

increasing fish size.

Introduction

Acrctic charr (Salvelinus alpinus) occur in a variety
of forms, differing in both morphology and life
history patterns. The variety of ecological situa-
tions in which charr are found testify to the adap-
tability of the species (Maar 1949, Nilsson 1955,
Frost 1963, Nyman 1967, 1972, Nilsson and Fi-
lipsson 1971, Nyman and Filipsson 1972, Skreslet
1973, Klemetsen and Grotnes 1975, 1980, Hen-
ricson and Nyman 1976, Behnke 1980, Johnson
1980, Flindar and Jonsson 1982). The numbers
of different morphs recorded throughout the
geographic range of the Arctic charr has given rise
to discussion as to whether “the Salvelinus alpinus
complex” constitutes closely related, but dis-
tinct, species or not (McPhail 1961, Behnke 1972,
McCart 1980, Skreslet 1973, Nordeng 1983).

By definition, sympatric populations are re-
productively isolated by dissimilarities in genetic
and behavioural characteristics, but the distinc-
tion between sympatric populations must be
moderate, otherwise they would be defined as
discrete species.

Coexistence of such forms within a species may
be expected in cases where populations have been
introduced from separate sources of origin. Dis-

similarities in the source habitats could easily
provide the basis for differences in the use of re-
sources by introduced populations. Thus, in some
cases where sympatric charr are found, they could
have had allopatric origins (Klemetsen and Grot-
nes 1975, Nyman 1972, Nyman et al. 1981). This
would not, however, apply to lakes where there
is only one population source and where repeated
invasions are unlikely (e.g. Lake Ellasjoen, Kle-
metsen et al. 1985). Comparison of different forms
or morphs, living in dissimilar environments, but
originating from the same genetic pool, could
reveal important traits of phenotypic and genetic
ability for environmental adaptation. Ecological
segregation into distinct populations in a lake,
requires that individuals are able to recognize their
“home area”, and also prefer to remain there, i. e.
they show what can be termed “stationarity”.
Charr were introduced into Takvatn, a lake in
North Norway, from a nearby lake, Fjellfrosvatn,
during the early 1930s (Svenning 1985). The en-
vironmental conditions in the two lakes are dis-
similar and the two charr stocks are nhow morpho-
logically distinct. Takvatn has an area of 15 km?
and is sufficiently large to offer a variety of eco-
logical conditions and several separate spawning
areas. Since the charr in Takvatn, have become
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morphologically distinct from the parent stock
(Fjellfrosvatn) in the time span of only 8 genera-
tions, it is possible that a number of different
morphs could also be developing within Takvatn.
A high density of slow growing charr in Takvatn
(Aass 1978) implies a strong competition for re-
sources, conditions under which specialization
in habitat usage would be expected (Savvaitova
1980).

Frost (1965) has shown that charr repeatedly
return to spawn within a given area. Charr there-
fore have the ability to perceive, within a lake, a
“home” spawning area, similar to what is known
for the river spawning salmonids. A similar per-
ception of a distinct habitat, if it existed, could act
as a factor governing allocation of food resources
between morphs. The experiment reported here
is a contribution to the ecosystem analysis of Tak-
vatn. It concentrates on the question of whether
charr are able to discriminate between areas and

perceive a distinct home area. Habitat fidelity
was examined by marking, displacement and re-
capture experiments in Takvatn.

Material and methods

Takvatn is an oligotrophic and dimictic lake in
North Norway (Kildemo 1982). The area of the
lake is approximately 15 km2. There are two main
basins, and both have a maximum depth of about
70 m. The basins are separated by a shallower
area which is less than 10 m deep (Fig. 1). The
ice free season lasts from June to November.
Prior to 1930 brown trout (Salmo trutta) was
the only fish species in Takvatn. Exploitation re-
duced the trout population, and charr (from a
nearby lake, Fjellfrosvatn) was then introduced
(Svenning 1985). In 1950 stickleback (Gasterosteus
aculeatus) was introduced. Investigations con-
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Fig. 2: Length distributions of seine samples of Arctic charr
from Lake Takvatn - in August 1979, September 1979 and
from June to October 1980.

ducted during the late 1970s (Aass 1978) showed
that the charr in Takvatn were stunted, slow
growing fish in poor condition, with white flesh,
and heavily infected with Diphyllobothrium spp.

In 1979 charr were marked and released at four
different stations, two in each basin (Fig. 1).
None of the stations were spawning areas. The
distances between the sites within each basin
were 2.1 and 2.6 km, and the sites in different
basins were 4.6 to 6.4 km apart. Salted lumpfish
roe (Cyclopterus lumpus) was spread as bait at
the stations approximately 12 hours before fishing
with a 30x6 m beach seine (mesh size 10 mm).
Landings of charr varied, but successful hauls
contained several hundred fish.

In total about 6,000 charr were marked by fin
clipping using a series of patterns which allowed
fish to be identified by marking site and date.
Marking and releasing was carried out twice, in
periods a fortnight apart. On the first occasion,
in August 1979, five hauls were taken at each
site, and about 3,000 charr were marked and re-
leased where caught (Fig. 2). Five beach seine
hauls were also taken at each site in September,
and about 3,000 fish were marked, transferred
from their home sites, and released at the station
designated as site C (Fig. 2). Seine samples were
taken during August/September 1979; and
monthly the following year, from June to Oc-
tober. Samples were taken at all stations (A-D)
and checked for recaptures. Two hauls were taken
at each site, during each month from June to
October 1980, and the approximately 7,000 charr
which were captured, were examined for marks

(Kg- 2).

Table 1: Recaptures of charr marked and released in August. The recaptures were made
in August/September, within 2-3 weeks after release.

Home Released Total captured
site in August August/Sept.
A 1,045 1,155

B 553 563

D 1,196 1,163

Recaptured Caught at Proportion
at home site other sites caught -at
home site
138 13 91.4%
40 2 95.2 %
96 19 83.5 %
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Table 2: Recaptures of charr marked and released in August. The recaptures were made

from June-October the following year.

Home Released Total captured
site in August August/Sept.
A 907 1,791

B 513 1,196

D 1,100 2,826

Results

Recaptures of fish released
where originally caught

During the first three weeks after the initial re-
lease, a total of 2,881 charr were caught in the
three areas (A, B & D). Of these fish, 308 were
recaptures and 274 were caught at the site where
they were originally marked (Table 1). Of the 34
recaptured fish which had strayed from the orig-
inal site of capture and release 21 were caught at
site A and 13 at site D. Only 2 of the recaptured
charr were not caught in the same basin as re-
leased (Table 1).

During the ice-free season, from June to Oc-
tober in the year following marking and release,
a total of 5,813 charr were caught in the three
areas (A, B & D). Of these, 391 charr were re-
captures and 364 of the recaptured fish were
caught at the sites where they were originally re-
leased (Table 2). The 27 recaptured straying charr
consisted of 11 “D-site” charr recaptured at site
A, and 12 “A-site” and 4 “B-site” charr caught
at site D. Thus only 4 charr were not caught in
the same basin as released.

Recaptured Caught at Proportion
at home site other sites caught at
home site
155 12 92.8 %
52 4 92.9 %
157 1 93.5 %

The proportions of fish recaptured was influ-
enced by fish length at release. Less than 1 a% of
charr under 17 cm length were recaptured, com-
pared to an average of 18.4 % for fish that were
larger than 21 cm when marked.

Recaptures of fish transferred
and released at site C

During the marking period (10 days) in August-
September, 35 charr were recaught at the site
from which they were displaced. The first recap-
tures were at sites A and D - six days after trans-
fer. Thus, these recaptured fish had moved at
least 5 km to the original site of capture, within
the space of less than one week.

During June to October, in the year following
marking and transfer to site C, 7,279 charr were
caught. Of the 319 recaptures, 262 were caught
at their “home site” (Table 3), and only 19 at the
site of release, site C (Fig. 3). Only 23 charr were
not recaught in the same basin as originally cap-
tured. Charr transferred from site B, which was
in the same basin as the release site (site C), had
the highest proportion of recaptures (Table 3).

Table 3: Recaptures of charr marked and released in August/September. All fish were released at site C
and the recaptures were made from June—October the following year.

Home Displaced Total captured Recaptured Caught at Proportion Propor’-non
. and June-October at home . caught at caughtin
site X other sites N .
released the year after site home site home basin
A 1,147 1,791 81 28 711 % 92.7 %
B 565 1,196 73 5 90.1 % 97.4 %
D 1,169 2,826 108 24 81.8 % 90.2 %
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A (N=1147) B (N=565)

Charr caught at their “home site” were signi-
ficantly larger than other recaptures (chi-square
test, PcO.Ol), and the ratio homers/strayers in-
creased with increasing size of the charr (Fig. 4).

Discussion

The strong homing behaviour of salmonids has
been cited as an important element in maintaining
reproductive isolation between sympatric forms,
and as an attribute that might lead to genetic dif-
ferentiation (Frost 1965, Svérdson 1970, Behnke
1972, Nyman 1972, Allendorf et al. 1976). Both
reproductive homing (returning to the same
spawning area each year) and in season homing
(returning to the same spawning ground after
having been displaced) are behaviours common
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Fig. 4: Ratio of homers (charr recaptured at home site) to
strayers (captured at other sites) in relation to fish length.

D(N-1169)

Fig. 3: Sites of recapture for
fish displaced from sites A, B
and D to site C.

to charr in several lakes (Aim 1950, Frost 1963,
McCleave 1967, McCleave et al. 1977).

The best documented case for sympatric charrs
is given by Frost (1965) who showed that, in
Windermere, there are two forms which differ in
both spawning time and place. By mark and re-
capture experiments it was shown that charr re-
peatedly and unfailingly returned to the same
spawning area, which implies that these charr
have a homing ability that could lead to repro-
ductive isolation. Frost (op.cit.) maintained that
the difference in spawning time is merely a pheno-
typic reaction to the differences in environmental
conditions at the spawning areas. By implication
this would be an example of sympatric popula-
tions derived from one, originally homogeneous,
stock. Arctic charr lakes with several widely
separated spawning areas present the opportunity
for fostering discrete populations and in some
instances these may be ecologically specialized
charr forms (Svardson 1979, Balon 1980). Occa-
sionally this may provide conditions necessary
for the process of sympatric differentiation into
morphs and, eventually, species.

Svenning (1985) showed that charr from the
two basins in Lake Takvatn, display differences
in individual growth and age distributions. This
could be due to differences in habitat between
the two basins, or be an effect of different inten-
sities of exploitation (Svenning op.cit.). Never-
theless the two basins may contain separate popu-
lation components, and this appears to be sup-
ported by the results of the marking experiment.
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It was demonstrated that charr living in the
littoral zone tend to have specific “home” areas
and, after displacement, the fish had the ability,
not only to migrate to their home basin, but, as a
rule, to their home site. The displaced charr soon
moved away from the site of release and some of
the charr traversed the return distance of up to
7 km to their “home” site in less than 6 days.

In Lake Takvatn the littoral zone, with an
abundance of large benthic prey, is the most at-
tractive habitat for feeding (Klemetsen et. al.
1989). There is, however, a predation risk, mainly
for younger charr, from diving birds (mergansers)
and brown trout. Thus the oldest and largest
charr would be expected to be more frequently
found in littoral zone. This was in accordance
with the results from the marking experiments.
Recaptures appeared to increase with increasing
fish size, suggesting that “stationarity” is related
to size and age, with older and mature charr
dominating a territory. It must be noted, how-
ever, that even small charr were recaught, most
of them at their home “site”. The tendency there-
fore appears to be that homing is common to the
charr, but that this becomes more pronounced
with increasing fish size and age.

The results relating to the “stationarity” of the
Takvatn charr are insufficient to claim that the
lake contains sympatric populations, but the con-
ditions within the lake may favour this type of
segregation. For a species to segregate into dif-
ferent ecological forms both phenotypic adaptive
ability and genetic variation must be present.
During the few generations that the charr have
existed in Takvatn, the environmental conditions
within the lake have changed considerably. A lake
initially almost devoid of fish has now become a
lake housing large numbers of charr. Initial lack
of competition, a large variety of habitats and
ample areas for spawning of the charr would be
expected to promote the realization of genetic
variation.

Sympatric differentiation of landlocked charr
is probably dependent upon a heterogeneity of
lake habitats (Savvaitova 1980), and this seems to
be corroborated in a study of the charrs of Lakes
Vangsvatn and Lonavatn (Hindar and Jonsson
1982). The nature of the food resources may in-

duce the charr in a lake to segregate into different
forms. Nilsson (1965) showed that decreased
food supply enhanced the competition between
charr and trout leading to distinct differences
in diet between the two species. The two charr
morphs, or forms, in Vangsvatn (Hindar and
Jonsson 1982) show similar differences. On the
other hand inter- and intra-specific competition
declines in periods when there is a surfeit of food
(Nilsson 1965, Klemetsen and Grotnes 1980,
Hindar and Jonsson 1982).

During the last decade competition for food
has been heavy in Lake Takvatn (Aass 1978,
Amundsen 1984). High fish density and the di-
minishing food supply, both in quantity and
quality (Rubach 1985), favor specialization. The
change in food resources and reproductive compe-
tition may act as delimiting agents for producing
discrete niches. Ecological segregation would
then be possible.

Segregation could also happen without hetero-
geneity in the environment. Frost (1965) has
shown that for the two charr forms in Lake Win-
dermere, reproductive isolation is maintained
because the yearlings are imprinted to the nur-
sery area. If charr from defined home-areas in
Takvatn also spawn on grounds close to these
areas, this could lead to reproductive isolation
and the creation of isolated forms.

During the 1970’s and the early 1980’s the
fishing intensity in Takvatn was very low due to
the poor condition of the charr stock. In 1984 a
management programme was initiated and during
the period from 1984 to 1989 more than 700,000
charr (32 tons) were caught and removed from
the lake. This has led to increased growth rate of
the Takvatn charr as a result of reduced popula-
tion density. The average weight of a mature
nine-year old Takvatn charr has increased from
88 g in 1979/80, when the marking experiment
was carried out, to 421 g in 1990.

If competition for space and food, and possibly
also predation risk, were causal factors for the
stationarity or segregation in Takvatn, we should
expect that the strong homing tendency demon-
strated in our experiment should now break down
due to the reduced population density. Some re-
sults obtained in 1988 seem to support this, but
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a large scale mark-recapture program is required
in order to provide an adequate test of the hypo-
thesis.
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The Estimation of Pelagic Fish Density, Single Fish Size and
Fish Biomass of Arctic Charr (Salvelinus alpinus (L.))

by Echosounding
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Freshwater Ecology and Inland Fisheries Laboratory, Zoological Museum, University of Oslo,

Sarsgt. 1, 0562 Oslo 5, Norway

.Abstract

Qantitative echosounding has been carried out in the ultraoligotrophic lake Atnsjoen, SE Norway, to de-
scribe pelagic fish density, depth distribution and single fish size along selected transects during the years
1985-90. The pelagic fish density varied between 53 and 285 fish ha-1. As Arctic charr (Salvelinus alpinus L.)
clearly dominated in pelagic gillnet catches, it is assumed that reflected echosignals mainly represent the
pelagic part of the Arctic charr population. Target strength of received signals strongly indicated a pelagic
habitat behaviour in upper water strata for fish from size c. 6 cm up to 30 cm. Pelagic fish biomass was esti-

mated to be 9-14 kg ha-1

Introduction

In Scandinavian mesotrophic and eutrophic lakes,
several echosounding investigations has been
carried out using the SIMRAD EY-M equipment
to estimate density of pelagic fish communities
dominated by coregonids, osmerids and cyprinids
(Lindem 1979, 1982, Brabrand 1986, Jurvelius et
al., 1987, Bjerkeng et al. 1991). However, in the
ultra-oligotrophic part of the trophic scale, few
echo sounding investigations has been carried
out. In Norway these lakes are in the north or in
alpine areas and are often dominated by Arctic
charr (Salvelinus alpinus L.). In such lakes they
occur alone or with only a few planktivorous
competitors and therefore can also dominate
when these lakes are going through the process of
eutrophication. Thus, to cover the whole trophic
scale, and to investigate the reliability of the echo
sounding method in low productive systems,
studies were carried out in ultra-oligotrophic
Lake Atnsjoen.

Arctic charr is predominantly a planktivorous
species (Svérdson 1976). However, there are few
investigations concerning young stages of Arctic
charr, due to sampling problems (Johnson 1980).

During their first year of life, a sublittoral and
profundal habitat selection are indicated by
Kircheis (1976) and Svdrdson (1976) in temporate
lakes, while in Arctic lakes, young charr has been
observed in the littoral zone (Johnson 1976). The
competition between young brown trout and
Arctic charr is indicated by habitat shift when
they co-occur. In this case, brown trout occupies
shallow areas and Arctic charr is more restricted to
deep waters (Svérdson 1976, Hindar and Johnson
1982, Jonsson and Graven 1985), reflecting the
more aggresive behaviour of O+ brown trout
compared to O+ Arctic charr as documented by
Nilsson (1963). When living alone, reduced com-
petition allows Arctic charr to utilize more rich
areas in the littoral zone, clearly demonstrating
the importance of fish community for the spatial
distribution of fish.

In Lake Tingvallavatn, Iceland, Arctic charr is
by far the most dominant fish species. In this lake
O+ Arctic charr with a body length of 42 mm,
were caught with a pelagic trawl in September at
15 m depth. At the same time and in the same
depth, fish observed by echosounding with target
strength corresponding to fish size 30-50 mm
were recorded (Sandlund et al. 1988). Littoral
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areas are also an important habitat for O+ Arctic
charr in this lake, although gillnetting caught no
fish younger than 2 + either in pelagic or littoral
areas (Sandlund et al. 1987, Sandlund et al. 1988),
clearly illustrating the general sampling problems
assessing small pelagic fish.

The aim of the present study has been to esti-
mate pelagic fish density, single fish size, and to
calculate pelagic fish biomass. It was of special
interest to document the presence of small pelagic
fish, i.e. yearlings, since this age group is of great
importance for lake metabolism, and for the
evaluation of fish habitat utilization and species
segregation.

Study area

Lake Atnsjoen, situated 701 m a.s.l., is the largest
lake in the Atna tributary system (5 km? surface
area). The greatest depth is 80.2 m. The lake is
ultra-oligotrophic, with total phosphorous con-
centration usually below 10 fxg/L and alkalinity
varying between 60-115 /aeqv.L-1 (Blakar 1989).
The maximum epilimnetic summer temperature
in 1987 was approx. 12°C, with a diffuse ther-
mocline due to wind exposure (Tvede 1989).

In Lake Atnsjoen, Arctic charr (Salvelinus al-
pinas), brown trout (Salmo trutta), minnow

Fig. 1. Map of Lake Atnsjoen. The
echo sounding area is shaded.

(Phoxinus phoxinus) and miller’s thumb (Cottas
poecilopus) are present. In the pelagic zone, Arc-
tic charr is the dominant planktivorous fish spe-
cies while some brown trout also display pelagic
behaviour, both planktivorous and piscivorous.
The fish 