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The Diet of Four Sympatric Whitefish Species in Lake Parkijaure

EVA BERGSTRAND

Institute of Freshwater Research, 
S-170 11 Drottningholm, Sweden

ABSTRACT

Six basic whitefish populations are responsible for the present abundance of whitefish demes in 
Scandinavia. Four of them live sympatrically in Lake Parkijaure. Their vernacular names are 
large sparsely rakered whitefish (‘storsik’), lesser sparsely rakered whitefish (‘sandsik’), southern 
densely rakered whitefish (‘planktonsik’) and northern densely rakered whitefish (‘aspsik’).
Their number of gill rakers, growth rates and habitats were different and the sparsely rakered 
storsik and sandsik had a benthic diet, while the densely rakered planktonsik and aspsik were 
plankton feeders.
The benthic diet of storsik and sandsik was similar, but their size-biased predation was different. 
The smaller sizes of storsik fed on larger benthic prey than sandsik, while sandsik was flexible in 
diet and fed partly on plankton. The plankton diet of small sandsik was similar to the diet of 
planktonsik and aspsik, with the exclusion of calanoid copepods which were absent, suggesting 
that sandsik is a less skilled plankton hunter than the two planktophagous species. Aspsik per
formed vertical movements and shared the habitat of the benthic whitefish, although its diet was 
planktonic completed with surface food. The small planktonsik lived in midwater, feeding 
exclusively on zooplankton.
Five years after Lake Parkijaure was converted into a reservoir, positive effects of the damming- 
up phase such as better growth still obtained. The balance within the whitefish species group was 
as yet unaffected. The process of reduction of the benthic fauna had started, however, and the 
diet of the two benthic species was concentrated to few and smaller food items. Their feeding 
niches overlapped more than previously. The diet of the plankton feeders was not affected. The 
catches of all four species was lower.
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I. INTRODUCTION

The present investigation was originally intended 
as a study of the effects of water level fluctuation 
on the fish community in a lake, where test 
fishing was undertaken in midwater, both before 
and after the lake was transformed to a reservoir. 
During the investigation, it was discovered that 
Lake Parkijaure in the River Lilla Lule was 
inhabited by four well identified whitefish popula
tions and another question arose, namely, what 
characterizes the interaction between different 
whitefish species.

The variety of forms of whitefish have caused 
the taxonomist great problems for many years and 
as a result, changes in the fish community have 
been difficult to interpret. Svärdson (1979) dis
cussed the spéciation of Scandinavian Coregonus 
from an evolutionary point of view. He came to 
the conclusion that six basic whitefish popula
tions are responsible for the present abundance of 
whitefish demes in Scandinavia. For practical 
purposes all six should be judged as separate 
species.

One important factor influencing the interac
tion between whitefish species is competition for 
food. Experiments have proved that diet prefer
ences of different whitefish species have a con
siderable hereditary component (Voloshenko 
1973, Svärdson 1979). Under natural conditions, 
however, feeding habits of the same species may 
vary from lake to lake, depending on, among 
several things, the lake habitat and species compo
sition of the particular lake (Lindström and 
Nilsson 1962).
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On the other hand, ■within one lake, diets of 
closely related species, e.g. benthophagous white- 
fish, can overlap considerably (Holmberg 1975). 
Thus, the situation is complex. Whitefish sibling 
species can generally be split up into two main 
groups with regard to feeding habits, benthic 
feeders and plankton feeders. The diets between 
these groups are quite distinct (Nilsson 1958, 
1960). The following paper will try to further 
identify the mechanism by which closely related 
whitefish species compete with one another.

Several aspects of whitefish reactions to water 
level fluctuations in connection with lake regula
tion have been described by Lindström (1962, 
1964, 1974). Fürst, Boström and Hammar 
(1980) have studied the fish community in a 
whitefish lake reservoir, after Mysis relicta was 
introduced.

II. METHODS

Lake Parkijaure is situated in the River Lilla Lule 
in Swedish Lapland at an altitude of 295 m, with 
a total area of 18 km2 and a maximum depth of 
40 metres (Fig. 1). The fish species of the lake are 
whitefish, perch, pike, trout, grayling and burbot. 
In order to cover the different habitats of the 
lake, a set of seven sinking gillnets, with mesh 
sizes knot to knot from 17 to 50 mm, were set at 
nine stations in the near shore zone. The midwater 
zone was fished at four depths from surface to 
bottom, with nine floating gillnets with mesh sizes 
from 10, 13, 17 to 50 mm.

The lake was fished during two seasons, two 
weeks in July and two weeks in September, just 
before impoundment in 1970 and five years after 
impoundment in 1975.

To identify the four species data from gill raker 
counts, growth histories and size at sexual 
maturity were combined. Historical notes on the 
fishing and information from local fishermen of 
local names and spawning habits of different 
whitefish forms were also taken into account. 
After the species were identified, catches from 
different depths and their feeding habits were 
analysed.

The near shore zone was relatively homogeneous, 
so samples from different littoral stations, al
though from the same depths, were pooled.

Lule
river

Lake Parkijaure

— sinking nets 
X floated nets

Fig. 1. Map of Parkijaure. The lake was fished with 
sinking gillnets at nine stations in the near shore zone 
and with floated nets from surface to bottom at one 
station in midwater.

Habitat differences between depths were con
sidered to be of most interest. Thus, samples from 
depth zones e.g. 0—6, 6—12, 12—18 m were 
separated. The whitefish species were sorted into 
six size-classes viz. 10—15, 15—20, 20—30, 
30—40 and 40—50 cm. From each size class, all 
stomachs within one depth zone were treated as 
a unit and a mean from each unit was calculated, 
using the per cent method. When the food compo
sition by e.g. one size class of a species was to be 
analysed, a mean for that size class was calculated 
based on the means from all depth zones in 
proportion to the catch of each zone. In total, 
about 1,500 stomachs were analysed.

III. RESULTS

Gill rakers, growth and habitat
Data showed that there were four whitefish
species in Parkijaure. The gill rakers varied in
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Numbers 
100 n

Sinking nets
SANDSIK

STORSIK

PLANKTONSIK

ASPSIK

38 40 42 46 48 52 54 56 58 60
Gill rakers

Fig. 2. Gill rakers of four whitefish species in Lake Parkijaure. Sandsik and storsik with few rakers were 
mainly caught in sinking nets. Planktonsik and aspsik with dense rakers were caught off shore in floated nets.

number from 16 to 58. Whitefish with few rakers 
were caught mainly in sinking nets while white- 
fish with many rakers in floated nets (Fig. 2). 
Following the nomenclature of Svärdson (1979) 
the vernacular names in Swedish and English are

‘Sandsik’

‘Storsik’

‘Planktonsik’

‘Aspsik’

Lesser sparsely rakered 
whitefish

Large sparsely rakered 
whitefish

Southern densely rakered 
whitefish

Northern densely rakered 
whitefish

In the following, only the Swedish vernacular 
names will be used.

Sandsik had an average of 21 gill rakers and 
the mean was clearly separated from that of 
storsik, which had 27 gill rakers. Storsik had 
more rakers than in most other conspecific demes 
in Sweden and this is probably a result of intro- 
gression to aspsik. Aspsik had 50 rakers, which 
again indicates gene flow, since the least intro- 
gressed aspsik-deme of Lake Storvindeln has 60 
(Svärdson 1979). Planktonsik had an average of 
39 rakers.

The four species had different growth rates.

Storsik and aspsik were large, sandsik and 
planktonsik were small (Fig. 3). The two small
sized species had a shorter lifespan than the large
sized species and they matured at around 14 cm, 
while the large species were sexually mature at 
around 25 cm.

According to information from local fishermen, 
storsik spawn along the shore in late December. 
Sandsik spawn earlier in November, often in 
running water. The spawning of aspsik is not 
well recorded in Parkijaure but in lakes nearby, 
aspsik is known to spawn in the main river in 
October. The spawning habits of planktonsik are 
not known.

The four species lived in different habitats, 
although the habitats overlapped. Storsik were 
caught in sinking nets in the near shore zone and 
were concentrated to depths less than 12 m. Sand
sik had a broader spatial distribution and the 
concentration of catch was deeper than that of 
storsik. Sandsik were caught over the bottom in 
the littoral as well as in the profundal. Young 
sandsik were taken in floated nets in midwater. 
Planktonsik lived solely in midwater and domi
nated the catch in floated nets. Aspsik finally, 
were taken in the deepest part of the littoral zone 
and in floated nets over the bottom in the pro-
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cm

Storsik

Aspsîk

/ Sandsik

Planktonsik

' 23456789 10 years

Kg. 3. The growth rates of sandsik, storsik, plankton- 
sik and aspsik.

fundal. Aspsik also occurred, though sparsely, in 
midwater. The catches at different depths are 
given in Fig. 4.

Feeding habits

The species could be split up into two groups with 
regard to feeding habits. Storsik and sandsik were 
benthic feeders, planktonsik and aspsik were 
planktivorous.

The benthophagous pair, storsik and sandsik, 
fed on the same benthic prey, but the proportions 
of the various food items differed between the 
two species. The staple food of sandsik was 
chironomid larvae and small mussels of Sphaerii- 
dae. Large insect larvae as those of Ephemerop-

tera and Trichoptera occurred in old fish. Storsik 
fed on chironomid larvae, snails of Valvatidae and 
insect larvae of Ephemeroptera and most of all 
Trichoptera.

The proportion of big insect larvae increased 
and dominated in the diet of large fish. For both 
species it was obvious, that the proportion of large 
benthic prey increased with the size of fish. How
ever, there was a clear difference in the size- 
biased predation between storsik and sandsik. 
Comparing fish of the same size range, sandsik 
had eaten more chironomid larvae and small 
mussels, while storsik had taken a lot of large 
caddis larvae and snails (Fig. 5).

Benthic food dominated in the diet of the 
sparsely rakered species but zooplankton was also 
included. Small sandsik had eaten pelagically living 
Bosmina coregoni and Daphnia cristata. These 
were common in the diet of sandsik less than 
15 cm, but the proportion decreased in larger 
fish. Consequently sandsik of 15—20 cm had a 
more pronounced benthic diet and this tendency 
was further stressed in sandsik larger than 20 cm. 
Storsik fed mainly on the semi-benthic Eurycetcus 
lamellatus. Pelagically living zooplankton seldom 
occurred in its diet. Most storsik in the catch were 
larger than 15 cm and those had eaten Eurycercus 
regardless of size.

As seen in Fig. 5 storsik fed on insects captured 
at the surface. Like the number of gill rakers 
indicated gene flow this may reflect an introgres- 
sion to aspsik as it is generally the aspsik which 
is associated with a diet of surface food.

The species composition of zooplankton in the 
diet changed with season and the proportion of 
plankton increased somewhat in September. In the 
same month, the proportion of empty stomachs 
was higher. The benthic food was similar in July 
and September, despite the changed species compo
sition of chironomid larvae.

The diets of the two planktivorous species were 
based solely on pelagic zooplankton and were very 
similar. The food composition changed with season, 
but not with the size of fish. Many studies have 
shown that a correlation exists between the fish- 
and zooplankton faunas of a lake. The diet of 
planktonsik and aspsik was typical for a white- 
fish lake in northern Sweden, as found by Nilsson 
and Pejler (1973). The most common food item
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Near shore zone 
Sinking nets

Midwater zone 
Floated nets

Depth, m

Bottom
6 catch per net

I I 25 fish

Legend
c:;-: Storsik Röj Planktonsik
jj| Sandsik |f| Aspsik

Fig. 4. The catch in sinking nets and floated nets. Storsik dwelt in the littoral zone. Sandsik had a broad 
spatial distribution and young sandsik were caught in midwater. Planktonsik lived in midwater, while aspsik 
were mainly caught in the profundal.

in July was Bosmina coregoni, Heterocope saliens 
and Cyclopidae spp, while Daphnia cristata domi
nated in the stomachs in September, followed by 
Eudiaptomus graciloides. The food content is given 
in Fig. 6 and Table 1. The diet of planktonsik 
was exclusively zooplankton, while aspsik fed on 
terrestrial insects from the surface as well. The 
proportion of empty stomachs was rather high for 
aspsik.

The planktonic food was composed of cladoce- 
rans as well as calanoid and cyclopoid copepods. 
A frequent conclusion is that cladocerans are more 
vulnerable than copepods, because copepods tend 
to escape by “jumping out of view” (Nilsson 
1978). A specialized plankton feeder should there
fore be skilful in capturing copepods. In this 
respect there was a clear difference in the plankton 
diet of the planktivorous species and sandsik, as 
the sandsik had eaten mainly cladocerans, a small 
quantity of Cyclops but no calanoid copepods 
(Table 1).

Effects of lake regulation
In the first years after impoundment of a lake, 
during the damming-up phase, there are improved 
feeding conditions for the fish and most species 
benefit from this new situation. Some species may 
increase in number, affecting the interspecific 
relationship in the fish community, others will 
achieve a better growth, while their number 
remains unaffected. The whitefish in Parkijaure 
reacted with an improved growth (Fig. 7). The 
catch, however, was lower than before, while the 
number of pike and perch had improved (Table 2). 
It is well known that pike often increase when 
the shores are flooded. An occasional increase of 
the pike during the damming-up phase might have 
negatively influenced the whitefish poulation. 
Whatever the reason, however, assuming that the 
low catch of whitefish corresponded to a real 
decrease of the population, this, in combination 
with improved feeding conditions, could easily 
explain their good growth.
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Prey Sandsik
Per cent

a> 5Q July September

Storsik
July September

Size
class of i 
fish (cm) g

Legend

Terrestrial insects

Cladocera 

Calanoida copepoda 

Cyclopoida copepoda 

Semi-benthic plankton 

Large insect larvae 

Valvatidae 

Sphaeriidae 

Chironomidae larvae 

Miscellaneous benthos

Figure 5.

Fig. 5. The diets of sandsik and 
storsik. Sandsik’s staple food 
was chironomid larvae, while 
the main food of storsik was 
caddis larvae. This difference 
in diet was obvious also for 
fish of the same size range.

Fig. 6. The diets of planktonsik 
and aspsik. The diet of plank
tonsik was almost exclusively 
zooplankton, while aspsik fed 
on terrestrial insects as well.

While the catch of all whitefish species was 
low, the actual proportions of the different 
species remained unchanged and the habitats 
were the same as before (Table 3). So the balance 
within the whitefish species group was still stable.

The age-distribution, however, indicated some 
variation in the reactions of the species. In the 
sample of storsik 1975 there was a reduction of 
recruits (Table 4). Storsik is the most littoral 
species of the four and the spawning grounds

along the shore may have been affected by the 
subsidence of the water level in winter. It could 
also be, that an increase in pike had the greatest 
influence on storsik. The other species, especially 
the small-sized sandsik and planktonsik had more 
young fish in the 1975 sample.

Dynamic changes occur in a lake after impound
ment and, in the long run, the reduction of the 
littoral benthic fauna is severest for the fish 
population. This process had already started in



The Diet of Four Sympatric Whitefish Species 11

Table 1. The zooplankton composition in per cent in the diets of small benthic sandsik and the planktivorous 
species pair planktonsik and aspsik.

Season
Fish
Size-class

July September

Sandsik
10—-15 cm

Planktonsik 
10—15 cm

Aspsik
20—30 cm

Sandsik
10—15 cm

Planktonsik 
10—15 cm

Aspsik
20—30 cm

Zooplankton total 57 98 54 88 99 94
Holopedium gibberum 3 3 — 3 2 2
Daphnia cristata sens. str. — — 1 68 68 51
Bosmina coregoni 45 15 6 13 9 11
Heterocope spp. — 54 23 — — —

Eudiaptomus gractloides — — — — 14 15
Cyclopidae spp. 9 26 24 4 6 15

Benthic prey 40 — 5 12 — —
Surface prey 3 — 37 — — 5
Miscellanous food items — 2 4 — 1 1

100 100 100 100 100 100

Parkijaure, as seen from the diets of the benthic 
whitefish. The proportion of chironomids in the 
stomachs of storsik and sandsik had increased 
and the food was concentrated to just a few 
species. Even large storsik fed on chironomids. 
Large larvae of Mayflies and caddisflies had 
decreased in the storsik diet and were absent in 
sandsik. The earlier important caddis larva 
Molanna angustata was replaced by other species. 
So the diet of the two benthic species now over
lapped considerably (Fig. 8). This is in marked 
contrast to the interactive segregation in trout 
and arctic char, in similar situation, as 
described in several papers by Nilsson (1960, 
1963) and by Nilsson and Pejler (1973). It 
seems that closely related species with similar 
feeding niches, react in other ways than more 
differentiated species, which increase their segrega
tion into different feeding niches, as their com-

cm

Storsik

/11970

’/ Sandsik

10 years

Aspsik /

f'

//1975 
H/y 1970 

#V
Planktonsik

r 1975

1970

8 10 years

Fig. 7. Five years after impoundment of the lake, in 
1975, the growth rates of all four species were 
improved.

Table 2. Catch of test-fishing (kg) before impoundment in 1970 and after impound
ment in 1975.

Whitefish Perch Pike Burbot Grayling Trout
n w n w n W n w n W n W

Sinking 1970 320 28 277 47 14 10 9 3 3 0.5 2 l
nets 1975 200 40 321 41 25 19 3 1 1 0.2 4 3

Floated 1970 3,896 91 5 1 1 2 13 5 0 0 0 0
nets 1975 2,750 48 11 1 0 0 2 0.4 0 0 0 0
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Table 3. The species composition of white fish catch in numbers 
and per cent in July 1970 and in July 1977.

Storsik 
n %>

Sandsik 
n °/o

Planktonsik Aspsik 
n °/o n °/o

Sinking 1970 95 23 277 69 3 2 25 6
nets 1975 42 24 128 69 4 1 12 6

Floated 1970 2 0 170 12 705 79 70 8
nets 1975 1 0 67 16 319 76 31 7

mon resource, the bottom fauna, becomes gradually 
sparser.

Earlier studies have shown that the semi- 
benthic Eurycercus lamellatus is favoured during 
the first years after lake regulation (Lindström 
1973). The proportion of Eurycercus was also high 
in the September diet of both storsik and sandsik, 
indicating that some positive effects of the dam- 
ming-up phase still remained.

IV. DISCUSSION

Storsik—sandsik

It seems that although the two benthic species 
have a similar diet, small specimens of the larger 
storsik have a better adapted ability to feed on 
large prey than sandsik. In environments where 
this type of food is available, storsik has a good 
chance of living sympatrically with sandsik and 
of dominating in large sizes. The smaller sandsik 
on the other hand, has a competitive edge with 
regard to an ability to feed on plankton and in

being more flexible in diet. Sandsik therefore 
generally dominate numerically over storsik.

The most competitive of the six whitefish species 
is the blåsik which is not found in Lake Parkijaure. 
The blåsik has a similar diet to sandsik, but is 
more planktivorous. In lakes where blåsik has 
built up a population, sandsik are few in number 
and the storsik may consequently be more dense 
(Svärdson 1979).

The diets of sandsik and storsik respectively, 
are more differentiated in Parkijaure than in 
other investigated lakes. Generally chironomid 
larvae is a common prey for both species. In 
some cases the prey may be superabundant and 
the segregation between the species is low. In 
other cases, however, the lake habitat and hence 
the prey fauna, is probably less complex and so 
the food ranges overlap. After becoming a 
reservoir, Lake Parkijaure has lost the large 
larvae of caddisflies and Mayflies and the propor
tion of chironomid larvae has increased in the 
food of sandsik and storsik. Their diets now 
overlap more than before and the competition

Table 4. The age-distribution of the whitefish species in the catch before impoundment in 1970 
and after impoundment in 1977.

Age 0 + 1 + 2 + 3 + 4 + 5 + 6 + 7+ 8 + 9 + 10 +

Storsik 1970 22 22 23 13 10 7 2 1
1975 — 1 4 6 11 13 14 6 5 1 —

Sandsik 1970 1 9 42 23 17 8 — — — — —

1975 — 36 37 15 10 2 — — — — —
Planktonsik 1970 — 5 50 39 6 _ _ _ _ _ _

1975 — 44 51 3 1 1 — — — — —
Aspsik 1970 — — 4 4 2 13 24 28 12 6 2

1975 — 2 4 3 4 11 6 3 3 1 —
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PRE IMPOUNDMENT

POST IMPOUNDMENT
o so -,

.2 50

Legend

Terrestrial insects Large insect larvae

Cladocera Valvatidae

Copepoda Sphaeriidaey Semi-benthic plankton | |jf Chironomidae larvae

Fig. 8. The diets of the two benthic whitefish species 
after impoundment. Large insect larvae had decreased 
and the proportion of Chironomidae larvae increased 
in the diet.

has sharpened. Possibly the storsik will become 
fewer in number relative to sandsik in the future.

Sandsik and the planktivorous whitefish pair 
In midwater the catch was composed of young 
sandsik, planktonsik and aspsik. All had fed on 
plankton. The sandsik had fed exclusively on 
cladocerans and Cyclops captured above the 
bottom, while planktonsik and aspsik fed on 
calanoid copepods as well. This suggests that the 
sandsik is less well adapted for catching plankton

than the planktivorous species, and that its main 
food niche is benthic.

Aspsik and the benthophagous whitefish pair 
Aspsik was partly caught in the same habitat as 
sandsik above the bottom in the lower part of the 
littoral zone and in the profundal. In spite of the 
fact that aspsik dwelt on the bottom, the stomachs 
contained plankton and surface food. Although 
aspsik shared the habitat of the benthic whitefish, 
it did not utilize the same food resource. In most 
lakes the diets of the benthophagous whitefish and 
the more planktivorous aspsik is clearly differen
tiated, even when the habitats overlap. In some 
lakes, however, benthic prey is also included in 
the diet of aspsik, and the food composition, as 
regards the proportion of plankton-surface-benthic 
prey, therefore differs from lake to lake (Lind
ström and Nilsson 1962). These differences can 
be explained by the varying availability of certain 
prey in different lakes. In addition, we now know, 
that the aspsik is more or less introgressed with 
whitefish species with few rakers and that the 
aspsik demes in Sweden form a series of popula
tions with gill raker averages ranging from 45 to 
62 (Svärdson 1979). It is quite possible that the 
gene flow has affected the feeding habits as well, 
so aspsik with few rakers have a more benthic 
diet. The ‘normal’ feeding niche of aspsik is, 
however, planktivorous.

Planktonsik and aspsik
With the exception of surface food which aspsik 
took in the height of the summer, the two plank
tivorous species utilized the same food resources 
and fed almost entirely on the same zooplankton 
species. Planktonsik was decidedly the most domi
nant of the two numerically, and the stomachs 
were well filled, whereas the stomachs of aspsik 
were often empty. Aspsik was also caught above 
the bottom probably while digesting, indicating 
that aspsik performed vertical movements and 
dwelt in deeper water in order to save energy. Its 
reaction to improved food conditions (Fig. 7) was 
also the strongest.

According to Svärdson’s (1979) interpretation 
of whitefish spéciation, planktonsik and aspsik 
both belong to the peled species group with a 
common progenitor. The center for the parental
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species is the non-glaciated area of eastern Siberia. 
The planktonsik is the older invader and thus 
better adapted to Scandinavian conditions. The 
small size of the planktonsik seems to be an 
adaptation for living in cold oligotrophic lakes 
■with a low food ration. In most cases, where the 
two species live sympatrically, planktonsik is 
dwarfed, but numerically abundant, and the least 
modified demes of aspsik seem to be the least 
competitive.

Summing up, the whitefish species in this 
investigation all had clearly differentiated feeding 
habits. When studying the diet in detail, it was 
found that even the most closely related species 
differed in their feeding habits. In agreement 
with Svärdson (1979) it is suggested that the 
feeding preferences have a considerable hereditary 
component. If the habitat of the lake is varied 
and the prey fauna is complex, conditions are 
good for closely related species to live sympatri
cally. If lakes are impoverished, however, feeding 
is affected and the better adapted species will 
dominate. Probably introgression and gene flow 
will increase simultaneously.
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The accuracy of the confidence intervals of the removal method (Moran-Zippin’s estimator) 
applied to small populations was investigated by Monte Carlo simulation, using catchabilities in 
the range of 0.5—0.8 and for 2 and 3 removals.
For the two-sample case, the confidence interval is valid for populations down to 200 for 
catchabilities from 0.5 to 0.7. For 0.8, a population size of 100 may be tolerated.
For the three-sample case and catchabilities from 0.5 to 0.7, the confidence interval is reason
ably well estimated for populations down to about 50. For a catchability of 0.8, the confidence 
interval tends to be too narrow for populations smaller than 200.
For population sizes above the minimum limits indicated above, the precision is generally 
acceptable for both cases. For the two-sample case and a catchability of 0.5, the precision may 
be too low for most applications. The precision is greatly improved, especially for small popula
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I. INTRODUCTION

The maximum likelihood solution to the removal 
method of population estimation (Moran 1951, 
Zippin 1956, 1958, Junge and Libosvarsky 1965, 
Seber and Le Cren 1967, Seber 1973, p. 309— 
325) is perhaps the method most widely applied 
to electrofishing, especially in the case of salmonid 
density assessment in small streams. Apart from 
purely practical considerations, the utility of the 
method is determined by its accuracy and preci
sion, and the possibility of calculating these para
meters with confidence.

There are two main problems of applying the 
removal method to electrofishing. The first one 
is the validity of the assumption of equal catch 
probability among individuals and effects of 
deviations from this assumption. This question has

been discussed by Junge and Libosvarsky (1965), 
Seber and Whale (1970) and Bohlin and Sund
ström (1977), who concluded that unequal catch
ability would result in a negative bias, the magni
tude of which will depend on the catchability 
distribution among individuals. Few attempts have 
been made to test the accuracy of the removal 
under field conditions. Bohlin and Sundström 
(1977), however, using natural and semi-natural 
salmonid populations of known size, found a gene
ral underestimation in the magnitude of 15 °/o, 
probably as a result of unequal catchability.

The second main problem is the validity of the 
large-sample normal theory required for accurate 
confidence limits. In the case of the two-sample 
method (number of removals = 2), Seber (1973, 
p. 322) concludes that the method is “satisfactory 
for N > 200 and p not too small”, where N is 
the population size and p the catchability. For the 
three-sample case, Zippin (1956) came to the con
clusion that the large-sample normal theory gave 
reasonable confidence limits for N > 200 and 
p = 0.4. In electrofishing, however, the catch
ability is usually in the range 0.5—0.7, and the 
populations encountered may sometimes be quite 
small, especially in the case of older fish or in 
low-density areas. In view of the frequent use of
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electrofishing, the adequacy of the confidence 
interval in these cases needs further investigation.

This study, therefore, deals with the precision 
of the removal method and the possibility of 
calculating this precision with accuracy, and is 
restricted to conditions frequently encountered in 
electrofishing surveys. Statistical theory is kept 
at a minimum, and some consequences of the 
results are given as recommendations.

- 3X-Y-1/Y2 + 6XY-3X2
P 2X

where X=2Ci + C2, and 
Y= Ci -f- C2 -f- C3

V (1—£
-q3)q3

- 9 p2q2
SE

q8)2-
where q= 1 — p
95 % confidence limits = 1ST ± 2 • SE

II. METHODS

A simple and straight forward way of testing the 
validity of a method is to carry out numerical 
experiments under reasonably realistic conditions 
and to compare the actual outfall with the known 
parameters. In the present study, the successive 
catches of the removal method were simulated 
using Monte Carlo technique and assuming equal 
catchability among individuals, and by applying 
different p values (0.5, 0.6, 0.7, 0.8) and N values 
(400, 200, 100, 75, 50, 25) for each run. For each 
of the 24 parameter combinations, the two-sample 
as well as the three-sample method was used. 
100 replicas were carried out, in each case estima
ting the population size (N), the standard error 
(SE), the catchability (p) and the 95 °/o confidence 
limits. To obtain the validity of these estimates, 
their means over the 100 replicas were calculated

(N=

100
SN
100

SE =

100
s (SE2) g 

100 ’p

100

and the number of confidence intervals not in
cluding the known population size noted.

The following estimators were used.

Two-sample case (Seber and Le Cren 1967)
N=Ci2/(Ci — C2)
Nk=N—q(l +q)/p3 (allowance for statistical bias) 
p=(Ci-C2)/Ct 
q=l-p

C1C2 i i
C1 + C2 

= N±2 SE

SE =
(C1-C2)

95 «/o conf. limits

Three-sample case (Junge and Libosvarsky 1965) 
6X2 —3XY —Y2+Y • ]/Y2+6XY — 3X2 

18(X—Y)

III. RESULTS

The outcome of the simulations are displayed in 
Table 1 and 2. The following can be noted.

For the two-sample case, Seber’s conclusion 
mentioned above is supported. The standard error 
and the confidence limits are valid for popula
tions > 200. For p = 0.8, however, a population 
size down to 100 may be tolerated. Further, the 
precision is not so good for p = 0.5. In practice, 
thus, the results indicate that use of the two-sample 
method should be restricted to populations > 200 
and catchabilities ^ 0.6.

For the three-sample case and p = 0.5 to 0.7, the 
standard error is reasonably well estimated for 
populations down to 75, and the confidence inter
val valid for populations to about 50. For p = 0.8, 
the confidence interval tends to be too narrow for 
populations below 200, probably because of the 
skewed sampling distribution when the total sam
pling fraction is large (Zippin 1958). Further, the 
precision of the three sample case is generally 
quite good. For p = 0.5, however, the precision 
may be too low for small populations. The three- 
sample method, thus, can normally be used quite 
safely for populations down to about 50.

Sometimes, however, the populations may be 
considerably smaller than the minimum limits 
indicated above, e.g. in the case of older fish. 
One way to handle this problem is to apply a p 
value estimated from a larger population, e.g. a 
pooled population from several occasions, and to 
estimate the size of the small population Ns as 
Ns = T/(l—qk)

where T is the total catch of the small population 
for the k removals, and q=l— p, where p is the 
estimated catch probability for the large popula
tion. The precision of Ns depends of Ns and the 
precision of p. If the size of the large population
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Table 1. Simulation results of the two-sample case, based on 100 replicas. The estimates, given as 
percentage of the parameter values, are shown together with the percentage of failing runs and 
the percentage of successful confidence limits (Conf. L). xxx denotes results for which not even 
the magnitude is nearly correct.

N N Nk SE SE P P Failed Conf. 1.
(%> of N) (%> of N) (%> of SE) (°/o of p) (°/o) (°/o)

II o In 400 102 99 54.2 101 0.5 100 0 96
200 102 98 36.3 83 101 0 92
100 105 92 36.9 63 100 0 90

75 114 63 89.4 37 96 0 88
50 124 XX xxxx XX 100 2 84
25 123 XX xxxx XX 5S 114 4 71

p = 0.6 400 100 100 22.1 94 0.6 100 0 94
200 101 99 18.0 101 101 0 91
100 103 99 15.4 85 99 0 90

75 111 XX XXXX XX 97 0 93
50 106 93 16.4 60 99 0 90
25 118 XX xxxx XX 102 0 81

*0 II o V
I 400 100 100 12.7 95 0.7 99 0 95

200 101 100 9.65 95 99 0 93
100 102 100 7.77 93 99 0 91

75 102 100 8.73 89 99 0 90
50 103 99 7.79 72 98 0 92
25 104 82 15.3 34 102 1 90

p=0.8 400 100 100 6.58 105 0.8 99 0 95
200 100 100 4.81 106 100 0 95
100 101 100 3.81 100 99 0 95

75 101 100 3.34 95 99 0 92
50 102 100 4.29 91 100 0 88
25 102 98 3.51 56 101 0 90

is sufficient (say more than a hundred), its p 
value not too low (say more than 0.5), and the 
number of removals at least 3, the standard error 
of this p estimate will be quite low. If so, a rough 
idea of the precision of the removal method also 
for small populations may be obtained by conside
ring the p value exactly known and applying 
binomial theory. In this case the standard error 
of the small population is estimated as

SEs=l/NsqV(l-qk)
where, as above, k is the number of removals for 
the small population. In Table 3. this standard 
error is calculated for k=3 and for some values 
of p and Ns. The result indicates a quite reasonable 
precision of the removal method even for small 
populations. In practice, when the p value is 
estimated rather than known, the precision will 
be less good. It can, however, be shown from

Bohlin (1981, eq. 6) that the effect of an “esti
mated” p value is negligible in the situations most 
frequently encountered, and consequently that the 
expression for SEs above may be practically useful.

IV. RECOMMENDATIONS

In the usual range of catchabilities, the three- 
sample method is recommended for general use in 
favour of the two-sample method because of its 
acceptable precision and accurate confidence limits 
down to a population size of about 50. The two- 
sample method may be used when the catchability 
is 0.6 or larger, and for populations larger than 
200. For populations below the limits above, 
estimates of reasonable precision may be obtained 
by applying a catchability estimate derived from 
a larger population.

2
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Table 2. Simulation results of the three-sample case, based on 100 replicas. The estimates, given 
as percentage of the parameter values, are shown together with the percentage of failing runs 
and the percentage of successful confidence limits (Conf. L). xxx denotes results for which not 
even the magnitude is nearly correct.

P=°.5

p = 0.6

p = 0.7

p = 0.8

N N SE
(%> of N)

SE p
(%> of SE)

P Failed Conf.
(°/o of p) (%>) (%)

400 100 15.8 98 0.5 100 0 94
200 100 10.5 109 100 0 94
100 103 9.52 114 99 0 95

75 103 8.98 110 100 0 89
50 104 9.19 136 99 0 94
25 108 8.59 XXX >5 103 0 90

400 100 8.86 98 0.6 100 0 95
200 100 6.09 102 100 0 94
100 101 4.11 117 99 0 94

75 101 4.13 105 100 0 96
50 101 3.19 121 100 0 94
25 103 2.62 144 » 100 0 92

400 100 4.42 113 0.7 99 0 98
200 100 3.45 95 „ 100 0 91
100 100 2.26 107 100 0 93
75 100 2.08 108 100 0 94
50 100 1.40 136 100 0 95
25 104 5.91 XXX Î3 99 0 85

400 100 2.38 92 0.8 100 0 97
200 100 1.63 96 100 0 94
100 100 1.19 98 100 0 90

75 100 1.15 85 101 0 89
50 100 0.95 87 101 0 80
25 102 0.86 86 100 0 64

Table 3. Theoretical standard errors for varying popu
lations N from 10 to 21 and varying catchabilities p 
from 0.11 to 0.71, assuming p known and the number 
of removals 3.

N
Catch prob
0.55 0.60

ability p
0.65 0.70 0.75

25 1.58 1.31 1.12 0.83 0.63
20 1.42 1.17 0.95 0.75 0.56
15 1.23 1.01 0.82 0.65 0.49
10 1.00 0.83 0.67 0.53 0.40
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ABSTRACT

Using simple random sampling of stream sections and applying the removal method to each of 
the sections, the spatial distribution of juvenile sea trout (Salmo trutta) in two small streams was 
studied using electrofishing. The distributions were contagious with a coefficient of variation in 
the magnitude of 0.7 for trout of age 1+ and older. On the basis of the results, the approximate 
sampling intensity required to reach varying levels of precision of the mean density estimate was 
calculated. Stratification with respect to biotope improved the precision. The effect of varying 
number of removals in each section was studied by numerical experimentation, suggesting a 
negligible gain in precision for a number of removals exceeding 3, and a small gain from 2 to 3 
removals in the case of large total populations. The consequences of the results are put forward 
in the form of recommendations.
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I. INTRODUCTION

Stock assessment of salmonids in small streams has 
received a great deal of attention since the 1950’s 
when electrofishing came into general use. In 
addition to fisheries biology and management, 
environment monitoring has presently become 
one of the main fields for the application of this 
method in many parts of the world.

By applying the removal method (see e.g. 
Seber 1973, p. 309—327) to electrofishing, reason
ably accurate estimates of the salmonid density 
in sections of small streams may be obtained 
(Bohlin and Sundström 1977). Unfortunately, 
however, the possibility of making useful state
ments about the entire stock, e.g. the population 
size in a stream, is negatively influenced by the 
large spatial variation in population density and

other parameters in streams. Since the aim of 
most electrofishing surveys is to make such state
ments, information of the spatial variation of 
population parameters and its consequences for 
stock analysis is necessary for the planning of an 
electrofishing survey. In this paper we will give 
some practical guide-lines concerning the sampling 
design and the fishing effort required to reach a 
reasonable precision of the population density. 
The recommendations and conclusions made are 
based on data from 88 quantitative electrofishings 
on sea-trout populations in two small streams in 
SW Sweden. Some statistical considerations, based 
on the work of Bohlin (1981), are given as an 
introduction.

II. STATISTICAL ERRORS OF THE POPULA
TION DENSITY ESTIMATE

Often or usually a complete stream survey by 
electrofishing is impossible or impracticable to 
carry out even in comparatively small streams 
because of the time-consuming field work. If so, 
statements about the stock must be based on the 
information contained in a sample of stream sec
tions, drawn at random out of the total number 
of potential sections of the stream. The accuracy 
and precision of these statements about the stock
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is then determined by two error components: 
error ‘within sections’ and error ‘between sections’.

The ‘within sections’ error is generated from the 
population estimation within each section, usually 
and conveniently obtained by the removal method.

1 Bor a section i in a stream, the population size 
estimate x; and its sampling variance V(x;) can be 
computed by the Zippin (1956) estimators or their 
modifications (see Seber 1973, p. 309—327). This 
variance is proportional to the population size X; 
and decreasing with an increasing number of remo
vals and with an increasing catchability of the fish.

The ‘between sections’ error is caused by the 
fact that the population size varies among different 
parts of the stream and that only a few such parts 
can be studied. Say that a stream is made up by a 
total of N sections of approximately the same 
length or area, and that only n of these are 
studied. If these n sections are drawn at random, 
we can estimate the mean population density per 
section as

nSx,
(1)

The precision of this estimate depends on the 
number of sections studied and the variation of 
fish density in the stream, and also by the total 
number of sections in the stream. The sampling 
variance can be expressed as

(2)

where V(x) is an estimate of the variation in fish 
density among sections, calculated as

V(x) =
S(Xj —X)2

n —1 (3)

Thus, if the spatial variation V(x) of a population 
is known or can be estimated, and if the size of 
the stream N is known, it is possible to get an 
idea of the number of sections (n) required to 
reach a reasonably low value of the sampling 
variance V(x). The formulas (1)—(3), however, 
are strictly valid only if the population sizes Xj 
of the studied sections are exactly known. As 
stated above, this is usually not the case since the 
Xj’s are estimated as Xj rather than known, which 
makes the situation a bit more complicated. The 
following approach was adopted.

Consider eq. (3), expressing the variance V(x) 
'between sections’. Now instead of the true x; 
values we have a number of observations Xj which 
are more or less precise. The variance V(x) among 
these observations are likely to be somewhat larger 
than V(x), since the former also includes a ‘within 
sections’ variance component. Further, this ‘within 
sections’ variance can be estimated by the removal 
method (for details, see Bohlin 1981, Appendix 2). 
Since the variances are additive this leads to an 
opportunity to estimate the unknown V(x) ‘be
tween sections’:
V(x) = V(x) — (‘within sections’ variance) (4)

In the sections below, we used this relation in two 
ways. Using field data we estimated the variance 
components in the case of applying 3 removal 
fishings in each section. Accepting the estimated 
V(x) value as a parameter, we then went on to 
investigate the total sampling variance for varying 
number of removals and varying number of 
stream sections sampled.

III. STUDY AREAS AND FIELD WORK

Two small softwater streams, Jörlandaån and 
Norumsån, in SW Sweden, were chosen for this 
study. Catchment areas are 39 kms and 15 km3, 
respectively. The water flows are charaterized by 
heavy fluctuation with peaks usually in autumn/ 
winter and minimum flow in summer. The mean 
flows are 0.4 and 0.15 m3s_1, respectively. The sea 
trout Salmo trutta is the most abundant fish 
species together with the minnow Phoxinus phoxi- 
nus. The streams flow through shallow valleys 
dominated by arable and pasture land, mainly 
marine clay and postglacial moraine.

The field work was organized in the following 
way. The streams (or in one case part of the 
stream) were divided into N sections of equal 
length. From these sections a sample of n sections 
were drawn at random for the purpose of electro
fishing and according to the scheme below:

Sample Stream Section N n
length

1 Jörlanda 1981,
autumn 100 m 92 20

2 Jörlanda 1980,
upper part, spring 50 m 43 20
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Sample Stream Section N n

3 a Jörlanda 1974, 
autumn

length

50 m 184 14
b Jörlanda 1975, 

autumn 50 m 184 11
c Jörlanda 1976, 

autumn 50 m 184 8
4 Norum 1981,

autumn 100 m 86 15

In each section of each sample the number of 
juvenile sea trout in different age classes was 
estimated in the following way. Using a DC 
electrofishing gear, 400 V, 3 removals were carried 
out in a standardized way. The catches were 
divided by the length frequency to classes ap- 
proximatively equal to age classes. For each of 
the classes the successive catches were pooled over 
the n sections. For these pooled populations the 
catchability p was estimated using the Zippin 
estimator. The population size x; in each section 
was then estimated as

1 1-qk

Table 1. Variance components of samples 1, 2 and 4.

Sample No and 
age class

Variance among 
sections

Variance within 
sections

1. 1 + 898.4 2.22
11+ and
older 89.9 0.79

2. 1 + 631.8 3.18
11+ and
older 305.7 0.61

4. 0 + 28,347 13.75
1 + 42.2 0.47
11+ and
older 135.6 0.11

large samples 1 and 2 are given in Fig. 1. The 
population means, standard deviations and coeffi
cients of variation for all samples are shown in 
Table 2.

p- Sample 1, 1+

0 10 20 30 40 50 60 70 80 90 100 ‘
where Tj is the total catch for the k removals in 
section i, and q=l—-p.

IV. RESULTS

Estimated variance components in the case of 3 
removal fishings
Using the approach outlined above, we started 
the analysis by calculating the ‘between’ and 
‘within’ sections variances for our largest samples 
(sample 1, 2 and 4). The result is shown in 
Table 1. It is clearly evident that in these samples 
the ‘within sections’ variance is negligible in 
comparison to the large ‘between sections’ variance. 
The implication is that the removal method in 
these cases may be considered to yield practically 
exact estimates of the population size in the 
different sections. For practical purposes, there
fore, formulas (1), (2) and (3) above may be used 
for a further analysis.

Accepting the conclusion above we ignored the 
‘within sections’ variances and treated all samples 
as ‘normal’ ones. Frequency distributions of the

l/)
CL

.2 5J
<u

an
£n

0

5-

Sample 1,11+ and older, 
autumn

50

Sample 2, 1+

50 ‘ 100

Sample 2, 11+ and older

I--- 1-------- 1--- 1--- 1---
50 100

Number per section
Fig. 1. Frequency distribution of the number juvenile 
trout per section for sample 1 and 2. Note the large 
variation, especially for trout of age class I + .
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Table 2. Estimates of the mean density x, the standard deviation s, and the coefficient of varia
tion C=s/x for juvenile trout in different age classes and samples, n is the sample size.

Sample No
0 + 1 + 11+ and older

n X S C (»/o) n X s C (»/o) n X s C (°/o)

1, Jorlanda _ _ _ _ 20 48.0 30.0 63 20 21.6 9.51 44
2, Jorlanda — — — — 20 38.9 25.2 65 20 17.7 17.5 99
3, Jorlanda (a) h 58.3 62.9 108 14 54.3 27.8 51 14 9.57 4.88 51

(b) h 148 103 70 11 16.1 14.4 89 14 3.91 3.29 84
(c) 7 118 85.7 73 8 59.7 29.3 49 8 4.53 3.31 73

4, Norum 15 190 165 87 15 22.6 24.2 107 15 17.5 11.7 67

All populations appear to be contagious 
(s2 ^ x). Although the coefficients of variation 
vary among the samples, there is a tendency 
towards larger values for the smaller fish. For 1 + 
fish and older the coefficient of variation is 
varying around 0.7.

If the coefficient of variation is of the same 
magnitude in other streams, we can use the value 
from the streams studied as a preliminary generali
zation to get an idea of the sampling intensity 
required to reach given levels of precision. In 
Table 3 the result of this computation is shown. 
In most practical applications, the standard error, 
to be useful, should not be allowed to exceed 
10 °/o of the mean. It is evident from Table 3 
that even this moderate precision would require a 
large number of electrofishings, larger than what 
seems to be commonly applied. Until further data 
on the spatial variation of salmonids in small 
streams is available, we propose that Table 3 
should be used as an aid for a preliminary de
termination of the sampling intensity required in 
cases when mean density of salmonids is of interest.

Stratified random sampling
One of the reasons for the large population 
variation is probably the heterogeneous environ

ment in streams. Stratification with respect to 
biotope might then reduce the variation and 
increase the efficiency as compared with simple 
random sampling. The effect of stratification, 
using standard technique (see e.g. Snedecor and 
Cochran 1967, p. 520—523), was studied in 
samples 1 and 2.

The upper part of Jörlandaån, from which 
sample 2 was drawn, is naturally divided into two 
very different biotope types: canalized parts 
through fields, and natural, mostly fast-flowing 
and stony sections. In sample 2 we therefore 
stratified the stream into canalized parts (C) and 
natural biotopes (N).

In sample 1, covering the entire stream, the 
grounds for stratification were less obvious. Two 
biotope extremes, however, could be recognized: 
hardbottom, mainly fast-flowing parts, and soft- 
bottom, mainly slow-flowing parts. Between these 
categories fell, however, a number of sections of 
intermediate character. We chose to divide the 
stream into three strata: hard-bottom (H), soft- 
bottom (S) and intermediate (HS).

In Table 4 a comparison between random sam
pling and stratified sampling is shown. The reduc
tion of variances was considerable in sample 2, 
resulting in a 50 °/o lower standard error as

Table 3. The approximate number of sections in a sample required 
to reach various levels of precision, assuming a coefficient of 
variation of 0.7, simple random sampling of sections, and 3 remo
vals in each section.

Level of precision Total number of stream sections (N)
(standard error: mean) 10 25 50 75 100 200 oo

5 °/o 10 22 40 54 66 100 200
10 Vo 8 17 25 30 33 40 50
20 °/o 6 8 10 11 11 12 12
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compared with the simple random sampling. In 
sample 1 the gain in precision was less pronounced 
for older fish but still considerable for age 
class I + .

In order to reach a required level of precision, 
the results thus indicate that the sampling effort 
can be reduced if stratification is applied. The 
gain in precision, however, may vary widely be
tween streams of different character and depends 
largely on how well 'high density’ and 'low 
density’ biotopes can be recognized.

How many removal fishings?
So far we have ignored the ‘within sections’ error 
generated by the use of removal method, which 
seemed justified in the cases above. Further, we 
have shown that, in the case of 3 removals, a 
large number of time consuming electrofishings 
may be required to get a reasonably good preci
sion of the fish density estimate. A question of 
interest is therefore if it would pay, in terms of 
total field work, to apply only 2 removals and to 
add a few extra sections.

Although we have not found any simple analy
tical solution to this problem, an idea of the effect 
of the number of removals may be obtained by 
numerical experimentation, using the values from 
our field work as parameters. The catchability 
was assumed = 0.60 and the coefficient of varia- 
tion = 0.70. Trying a number of different mean 
densities and values of N (total number of sec
tions in the stream) we calculated the standard 
error for varying sample size and number of 
removals. The result of one such simulation is 
shown in Fig. 2. It can be noted that the precision 
in the case of 3 removals is approximately as good 
as in the case of a very large number of removals, 
which is not surprising in view of the results of 
the preceeding sections. It is perhaps more notable 
that the loss in precision from 3 to 2 removals is 
rather small and approximately balanced by an 
increase in sample size by 2 or 3 sections. Other 
combinations of parameters yielded similar results. 
For small populations, however, (N small, mean 
density small) the loss in precision from 3 to 2 
removals was larger.

The conclusion to be made from the results 
above is that it is probably not worthwhile to 
apply more than 3 removals when estimating

Table 4. Effects of stratification in samples 1 and 2. 
SEst is the standard error after stratification, and SE 
the standard error as obtained by simple random sam
pling. x, s, n and N has their usual meaning, with 
subscript referring to stratum.

Sample
1 +

1
11 +

Sample 
1 +

2
11 +

Stratum H H N N
xi 84.30 18.2 53.0 26.80
si 22.43 2.65 13.70 10.90
ni 5 5 8 8
Ni 21 21 20 20

Stratum S S C C
X2 30.33 28.2 29.40 11.6
S2 14.06 8.02 9.40 3.50
n2 7 7 12 12
n2 39 39 23 23

Stratum HS HS
X3 40.84 17.90
S3 26.01 10.90
ns 8 8
N 3 26 26
Xst 46.6 22.60 40.37 18.70
SEst 3.84 1.60 2.00 1.45
SE 5.88 1.86 4.12 2.86

°/o improve-
ment 35 14 52 49

X

Number of sections sampled

Fig. 2. The theoretical standard error, given as precen- 
tage of the mean density, for different number of 
removals (K) and number of sections sampled. In this 
case the total number of stream sections is N = 100, 
the mean density x = 50, and the coefficient of varia
tion 0.7. The catchability is assumed to be 0.6.
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mean density. For large populations (large mean 
density, many sections) 2 removals may be consi
dered. It should also be noted that other solutions 
may be practicable, e.g. to apply several removals 
in sections with many fish and fewer in sections 
with low density. The main impression from the 
results above is in any case that the large problem 
is to overcome the error raised by the large spatial 
variation of fish in streams. An increase in the 
number of removals has thus little effect on the 
precision, and a large number of sections will 
probably be necessary in any case.

V. CONCLUSIONS AND RECOMMENDA
TIONS

1) In most cases, electrofishing in small streams 
should be carried out in such a way that 
inferences about the stock can be made. The 
parameters of main interest are usually mean 
density, population standard deviation, and 
total stock size.

2) In cases when total stream sampling is imprac
ticable, simple or stratified random sampling 
of stream sections is suitable.

3) To make a preliminary decision of the sampling 
intensity required, Table 3 may be consulted. 
The standard error should normally not be 
allowed to exceed 10 % of the mean.

4) In the usual range of catchabilities (0.5 and 
above), 3 removal fishings is the maximum 
number to be recommended. 2 removals may be 
sufficient in the case of large total populations.
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The Population of Brown Trout, (Salmo trutta L.) in Some 
Regulated Lakes in Southern Norway
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ABSTRACT

A total of 49 trout lakes exposed to different levels of water impoundment, were studied with 
respect to catch per effort, length — age composition, and several growth parameters. The 
results were based on sampling with standard net series once in each lake. There were slight 
negative correlations between catch per effort, mean weight and growth with increasing water 
amplitude. However, due to great variations in values at all regulation levels, the correlations 
were not significant. As for age and length composition, there was a tendency of increasing 
share of older and smaller fish with increasing impoundment.
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I. INTRODUCTION

Various ecological programs have been initiated 
to study the impact of fluctuating water level 
upon the freshwater life. A serious reduction in 
both qualitative and quantitative food production 
of bottom fauna in the littoral zone of regulated 
lakes has been documented (Stube 1958, Grimås 
1961, 1962, Nilsson 1961).

Concerning the fish fauna in these reservoirs, 
the most essential changes are connected with the 
growth rate of the fish (Runnström 1952, 1955, 
1964). Runnström (1964) states that it was 
natural to associate these changes with that of the 
regulated lakes. At the present time more than one 
half the total freshwater area in Norway has been 
impounded for the purpose of producing hydro
electric power (Aass 1973). The majority of these 
reservoirs are oligotrophic lakes inhabited by 
brown trout (Salmo trutta L.) only.

1 Present address: Directorate for Wildlife and Fresh
waterfish, P. O. Box 63, N-1432 Äs, Norway.

Since 1972 a team under the direction of the 
Directorate for Wildlife and Freshwaterfish has 
carried out general studies of the effect of impound
ment on fish populations in order to find the best 
way of managing the different reservoirs with 
respect to fish production. A total of about 200 
lakes with different levels of regulation and fish 
species composition in Southern Norway are 
included in the project (Garnås, Hesthagen and 
Gunner0d 1981). The lakes were more or less 
randomly chosen and thus vary with respect to 
altitude, size and water quality. In the present 
paper we will discuss if any general trends can 
be pointed out between density and growth rates 
of the trout populations and increasing lake regula
tion, based on the results from the project.

II. MATERIAL AND METHODS

The results are based on 49 lakes where brown 
trout is the only species and pH > 5.5. However, 
minnow (Phoxinus phoxinus (L.)) may occur in 
some of the lakes. Fig. 1 shows the reservoirs’ 
distribution with respect to impoundment, altitude 
and planting of trout. Twenty of the lakes were 
only influenced by regulation as a result of 
impoundment in the watershed, leading to reduced 
water flow. The water amplitude of the other 
lakes varies between 1—30 m annually. Planting 
of trout is carried out in 22 of the lakes.

The results include about 1,000 brown trout
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Fig. 1. Distribution of the 49 brown trout lakes included in this study according to water amplitude and altitude. 
Solid marks are lakes where planting of trout occurs.

specimens, collected from 1972—79. Fish were 
caught by using standard gill-net series consisting 
of different mesh sizes (mm): 52—45—40—35— 
29—26—21—21. This series has nearly the same 
efficiency on all trout sizes between 18 and 49 mm 
(Jensen 1977). The gill netting was mainly carried 
out in August. Each locality was sampled from 
one to four nights using one to four series each 
night.

Fish length was defined as total length. The 
trout were aged by using scale analysis. In back 
calculation of the growth rate, isometric growth 
between fish and scales was assumed.

Age and length composition of the catch was 
defined in relation to the 40 %> fractile of group 
length 22 cm (L22) and group age 4 years (A4). 
If 40 °/o or more of the sample was < 22 cm, the 
individuals in the population were considered 
small. Opposite if less than 40 °/o of the samples 
was < 22 cm, the individuals were defined as large. 
Age composition was grouped in young and 
older fish, also according to the 40 °/o fractile. 
Age and length composition was then divided 
in four different groups:

I L22 >, A4 > 40 °/o — Small and younger fish
II L22 >, A4 < 40 0/0 — Small and older fish

III L22 <, At < 40 °/o — Large and older fish
IV L22 <, A4 > 40 0/0 — Large and younger fish

The growth parameters ultimate length (Loo) and 
growth coefficient (k) in von Bertalanffy’s growth 
equation were expressed as length increment (AL) 
from age 4 to age 6.

III. RESULTS

In Fig. 2 catch per net series, the mean fish weight, 
and the three different growth parameters are 
plotted against water amplitude. Average values 
of catch per series, mean weight and AL in each 
regulation category are shown in Table 1.

Results show great variations in catch per 
series amongst different lakes at all levels of 
regulation. However, there was a slight negative 
correlation between catch per series and increa
sing regulation (r=—0.21). Catch per series in 
lakes uninfluenced by regulation and those regula
ted from 6—15 m was significantly higher than 
in lakes which exhibited a water amplitude of 
1—5 m (P < 0.05 Wilcoxon’s two sample test). 
There were no significant differences in catch per 
series between the other regulation categories 
(P > 0.05).
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8000
4 9,66 x+ 3640

N = 49

6000'
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N = 48

N * 42
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0,25x + 45.9
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y = 0,001x+0j79

r =0,11
N I 38

WATE R AMPL I T U O E M

Fig. 2. Catch per effort, average weight, and three different growth parameters of brown trout with respect to 
water amplitude. N = number of lakes, r = correlation coefficient.

Mean fish weight was reduced with increasing 
water amplitude. There was a slight negative corre
lation between the two parameters (r= — 0.21). 
However, there was no significant difference 
between average mean weight in the four regula
tion categories (P > 0.05), due to variations in 
mean weight at all water amplitudes.

Length increment (AL) showed a minor nega
tive correlation with increasing water amplitude 
(r=—0.22). No significant differences were noted 
between average AL in the four regulation cate
gories (P > 0.05). Growth expressed as ultimate 
length (Loo) and growth coefficient (k) was 
reduced with increasing water amplitude. Respec-



28 Erik Garnås and Trygve Hesthagen

Table 1. Catch per effort, mean weight and length increment (tsL) of brown trout in lakes of four regula
tion levels. Wilcoxon’s two sample test is used to test the differences of the parameters between the regula
tion groups.

R
eg

ul
at

io
n

le
ve

l

Te
st

gr
ou

p

M
ea

n w
ei

gh
t/ 

se
rie

s (g
)

St
an

da
rd

er
ro

r o
f m

ea
n

N
o.

 o
f

la
ke

s

M
ea

n
w

ei
gh

t (
g)

St
an

da
rd

er
ro

r o
f m

ea
n

N
o.

 o
f

la
ke

s

H-1
1o

hJ
h4 §
< 6 St

an
da

rd
er

ro
r o

f m
ea

n

N
o.

 o
f

la
ke

s
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Other : P > 0.2

tively, a slight negative (r=—0.15), and slight 
positive (0.11) correlation between these two para
meters was found.

The number of small and young fish decreased 
with increasing water amplitude for lakes regula

ted 0—15 m (Fig. 3). However, for lakes where 
the water amplitude exceeded 15 m, the frequency 
of small and young fish was even higher than in 
lakes only slightly influenced by regulation. The 
occurrence of small and older fish increased

1 - 5 m -6 -15 m > 15 m

Fig. 3. Age and length composition according to the 40 °/o fractile of group length 22 cm and group age 4 years 
of brown trout populations in lakes of four different regulation levels.
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distinctly with increasing regulation level, making 
up some 71 °/o of the catch in lakes regulated 
6—15 m.

The group of large and older fish did not show 
any special trend in relation to regulation level, 
though they were most numerous in lakes influen
ced by high amplitude. For regulated lakes there 
was a pronounced reduction in number of young 
and large fish related directly to increasing regula
tion level. In about 25 °/o of the lakes regulated 
1—5 m, the population consisted of young and 
large fish. In lakes with a water amplitude 
exceeding 5 m, there was only one population 
which exhibited this length and age composition.

IV. DISCUSSION

Catch per effort (C/E) using standard net series 
is thought to be a useful method for classifying 
fish density in lakes (Jensen 1979). However, 
because sampling was carried out only once in 
each lake, the results can only supply description 
of the fish population at a given instant. But the 
results may give an indication of age and length 
distribution of the fish population in each lake. 
Hence, it will show if the density of fish is too 
high or low in relation to available food.

The results indicated a slight tendency of 
reduced C/E with increasing impoundment. How
ever, there were great variations in this parameter 
at all water amplitudes. Besides impoundment, 
different lake elevation, size and fishing intensity 
of the lakes may influence the results.

Production of bottom fauna is known to be 
reduced with increasing altitude (Raddum 1974). 
Comparing C/E amongst different regulation cate
gories is therefore dependent of even distribution 
with respect to altitude of the lakes. However, 
no significant difference in distribution between 
lakes in each regulation category with regard to 
elevation was found (P > 0.05, Wilcoxon’s two 
sample test).

Lake size may also influence production of 
food animals. Small lakes are usually more 
shallow than large ones, resulting in a higher 
production of bottom animals. According to Jen
sen (1979) C/E was lower in lakes larger than 
500 ha. However, the lakes in this investigation

were generally smaller than 500 ha, thus error 
due to varying surface area was thougt to be 
negligible.

Impounded lakes are exposed to fluctuating 
fishing pressure. In some of these lakes net fishing, 
the dominating fishing gear used in Norwegian 
lakes, is complicated by roots and bushes never 
having been removed from the shore line. In 
other lakes, fishing pressure will fluctuate because 
of varying interest from local fishermen. Differen
ces in fishing intensity will have great influence 
both on density and growth condition of the 
trout populations. The combined effects of fishing 
pressure and varying water amplitude are cor
roborated in this investigation.

There is also known to be a short term positive 
effect on fish populations in a period after 
impoundment, due to increased nutrients available 
from the flooded areas (Runnström 1952, Frost 
1956). The lakes studied in this investigation have 
all been regulated for more than ten years. This 
factor can therefore most likely be excluded, 
because the effect generally lasts for eight to ten 
years (Aass 1973).

As for growth rates of the trout populations, 
both growth increment (Lo —Lt), ultimate length 
(Loo) and growth coefficient (k) indicated decre
asing growth with increasing water amplitude.

Growth reduction is known to occur for both 
trout and char in impounded lakes (Runnström 
1952, Stube 1958). Impoundment will lead to 
disruption between population density and avail
able food, resulting in growth reduction (Runn
ström 1964). However, when judging changes in 
growth of fish in regulated lakes, separation 
caused by impoundment and that from changes 
in population density is needed. If population 
density becomes reduced as a result of increased 
natural mortality, emigration (Borgstr0m 1973), 
or loss of spawning areas, the growth can remain 
unchanged in spite of the reduction in available 
food.

The results of the age and length composition 
in the present study, indicated an increasing share 
of small and older fish with increasing water 
amplitude. This indicates reduced fish production 
with increasing impoundments, based on the 
populations’ turnover rate (P/B). Increased av
erage age, reduced growth and thus reduced
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production with increased impoundment, may, 
however, also be caused by less effective fishing, 
which leads to reduced amount of available food 
because of increased competition (Runnström 
1951).

Planting of trout in impounded lakes is carried 
out in large numbers to compensate for reduced 
natural propagation caused by impoundment. In 
64 o/o of the lakes regulated more than 5 m, 
planting of trout occurs regularly. However, 
these lakes contain mostly smaller fish (< 22 cm). 
This fact indicates that planting of excessive num
ber of trout in relation to available food and 
existing fishing pressure cause reduced fish growth 
and production. Also, in extensively regulated 
lakes where no planting occurs, fish populations 
are dominated by smaller fish. Generally, natural 
propagation seems to be sufficient to sustain the 
fish stocks in these lakes.

At present time the lakes contain mostly trout 
populations of slow growth and small individuals. 
To increase fish production, there is a need for a 
more keen adjustment to food production. This 
can be achieved by reducing the stock by increa
sing the fishing intensity and reduce the mean age 
of first capture through regulation of mesh size of 
the nets.

The prevailing population structure and growth 
pattern of brown trout in the lakes studied are 
probably caused by a combination of water 
impoundment, low fishing pressure and excessive 
planting.
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L.) in the River Rana, Northern Norway
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ABSTRACT

From 1970 to 1974 a total of 18,592 one- and two-years-old reared smolts were tagged with 
Carlin tags and released in different parts of the River Rana, Northern Norway. Releases in the 
upper parts of the river yielded lower recapture rates than releases in the lower parts. Two- 
years-old smolts tend to mature at an earlier sea age than one-year-old smolts. But it was 
impossible to estimate the impact of genetic differences between the two groups, and different 
responses to environmental factors during the sea period. Recaptures were reported from large 
areas of the Norwegian sea and the Norwegian coast. 13.5 % of the recaptures, however, were 
reported from the River Rana. Straying to other rivers was common, 17.6 % of the river recap
tures were reported from nearby rivers. Taking into account tagging mortality and nonreported 
tags, some of the experiments were considered to be profitable. This was not the case when 
considering the river recaptures alone.
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I. INTRODUCTION

For many years reared smolts of Atlantic salmon 
Salmo salar L. have been released in and outside 
Norwegian rivers. Some results from these releases 
have been summarized by Rosseland (1965, 1979). 
Summaries of Norwegian smolt releases and recap
tures can be found in the 1980 report to ICES 
from The Working Group on North Atlantic 
Salmon. Recently Hansen (1980 a and b) has 
presented results from smolt releases in River 
Vefsna, Northern Norway and River Glomma, 
S.E. Norway.

Such experiments can give information on the 
biology of salmon, for instance migrations and 
growth. They also furnish information on the most 
important fishing areas and the fishing gears 
involved.

There has been an increasing interest in salmon

ranching (Thorpe 1980), but in Norway yield 
calculations must be available before eventual 
decisions to release large amounts of smolts are 
taken.

The aim of this paper is to summarize results 
from several releasing experiments of Atlantic 
salmon smolts in the River Rana, Northern Nor
way. The emphasis is on growth, migration and 
yield calculations.

II. DESCRIPTION OF THE WATERCOURSE

The River Rana is fed by tributaries in the 
Svartisen glacier area and Lake Northern Bjollaa- 
vatn in the north and some smaller river systems 
close to the border of Sweden in the east. The 
river runs into the sea at Mo i Rana (Fig. 1). 
The watercourse has a catchment area of 3,790 kmI. 2 
(Berg 1964).

There are two important salmon ladders in the 
river. One is situated in the 7 m high Kobbfors 
waterfall about 11 km from the sea, and the other 
is located in the 29 m high Reinfors about 2 km 
above the Kobbfors waterfall. Salmonids can 
migrate up the main river as far as the Raufjell- 
fors waterfall about 55 km from the sea. 1,124 km2 
of the catchment area is dominated by the glacier
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pig. 1. The River Rana watercourse.

Svartisen. Because of the low water temperature 
and the high turbidity in these parts of the river 
system it is doubtful whether salmon ascend here 
(Berg 1964). No juvenile salmon were found in 
this part of the river in 1976 by electrofishing 
(Johnsen 1978).

In 1923 a small hydro-electric power station 
came into effect at Reinfors. The output was 
increased from 1964, and the maximum power 
production in the watercourse is now estimated at 
about 468 MW.

Both Atlantic salmon, brown trout Salmo trutta 
L. and anadromous char Salvelinus alpinus (L.) 
are found in the river. In the lower parts of the 
river, stickleback (Gasterosteus aculeatus L. and

flounder (Platichtys jlesus (L.)) are occasionally 
found (Johnsen 1978).

Further information about the river system is 
given by Berg (1964) and Johnsen (1978).

Fig. 2 shows the salmon catches in the River 
Rana based on Reports from the Central Bureau 
of Statistics of Norway. Although these figures are 
uncertain, they probably express the main trends.

In the 1960’s there was a peak in the catches 
reaching a level of 1,200 to 1,400 kg. At the 
beginning of the 1970’s the catches dropped to 
about 200—400 kg. The catches later increased 
considerably to approximately 3,000 kg. Simulta
neously an increasing number of salmon were 
registered in the Reinfors’ fish ladder (Johnsen
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Fig. 2. Salmon catches in the River Rana since 1896 
(From Central Bureau of Statistics, Oslo, Norway.)

1978). Starting in 1967 Rana Hydro-Electric 
Company were ordered to release 30,000 smolts 
yearly. This level was eventually reached in 1972.

III. MATERIAL AND METHODS

From 1970 to 1974 a total of 18,592 tagged salmon 
smolts were released in different parts of the 
River Rana (Table 1). The majority of the smolts 
were released close to the mouth of the river, but 
one group was released at Reinfors on June 20, 
1972. A total of 2,500 smolts were released above 
Reinfors.

The smolts were reared at Rana Hydro-Electric 
Company’s hatchery. The parent fish were caught 
in the sea. It is therefore likely that the offspring 
are a crossbreed between different river-popula
tions.

The smolts were anaesthetized with Sandoz MS 
222, measured (total length) to the nearest full 
cm and tagged with Carlin tags (Carlin 1955). 
The smolts were tagged some weeks before release. 
They were transported by truck and released 
directly into the river.

In 1971 a group of small one-year-old smolts 
and a group of 54 very large two-year-old smolts 
were released on October 27 and 29. There were 
no recaptures from the first release, but three 
adults were recaptured from the second release. 
Due to special circumstances connected with 
autumn releases we found it appropriate not to 
include these two groups in the total computations.

All catches were reported by anglers and 
commercial fishermen. If the fish weight was not 
reported, mean weight at actual sea age has been 
used in the yield calculations.

Table 1. Survey of the tagged and released smolts in River Rana. The smolts were 
reared at the Rana Hydro-Electrical Company’s hatchery.

Age
years

Year of 
release

Date of 
release Place of release No.

released
Mean smolt length 
(cm + SD)

i 1970 June, 17 Below Reinfors 4965 18.0 ± 1.2
i 1971 October, 27 Below Reinfors 600 14.0 + 1.0
2 1971 October, 29 Below Reinfors 54 30.0 ±2.7
2 1972 May, 18—19 Below Reinfors 478 19.0 ±1.4
2 1972 June, 20 Below Reinfors 1999 16.0± 1.8
1 1973 May, 15 Below Reinfors 500 16.7 ± 1.4
1 1973 May, 15 Above Reinfors 500 16.8 ±1.4
1 1973 June, 5 Below Reinfors 1000 16.4 ±1.3
1 1973 June, 5 Above Reinfors 1000 16.5 ±1.4
1 1973 June, 20, 29 Below Reinfors 1000 16.4 ±1.1
1 1973 June, 29 Above Reinfors 1000 16.5 ±1.3
1 1974 June, 14 Below Reinfors 3500 17.7 ± 1.8
2 1974 June, 14 Below Reinfors 1996 18.1 ±3.0
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Table 2. Distribution of the recaptures of tagged salmon smolts released in the River 
Rana during the years 1970—74. The 1971 releases are not included in the total 
computations. (A — Above Reinfors, B=Below Reinfors).
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1970 June, 17 (B) 19 96 9 11 4 7 127 2.6
1971 October, 27 (B) 0 0 0 0 0 0 0 0
1971 October, 29 (B) 1 0 2 0 1 0 3 5.6
1972 May, 18—19 (B) 0 16 2 0 0 0 18 3.8
1972 June, 20 (B) 4 80 10 16 4 1 111 5.6
1973 May, 15 (B) 0 5 0 0 0 0 5 1.0
1973 May, 15 (A) 0 7 0 0 0 0 7 1.4
1973 June, 5 (B) 1 40 2 5 0 0 47 4.7
1973 June, 5 (A) 1 8 0 4 1 1 14 1.4
1973 June, 20, 29 (B) 0 29 1 8 2 1 41 4.1
1973 June, 29 (A) 4 11 1 3 0 1 16 1.6
1974 June, 14 (B) 13 24 0 7 1 1 33 0.9
1974 June, 14 (B) 2 22 2 7 1 2 34 1.7

Total 44 338 27 61 13 14 453 2.5

IV. RESULTS AND DISCUSSION

Distribution of the recaptures

Table 2 shows the recaptures from the different 
releases 1970—74. We could not detect any 
systematic difference between groups and year of 
release with regard to geographical distribution. 
The recaptures have therefore been pooled and 
the geographical distribution is shown in Fig. 3.

In 1973, one-year-old smolts were released both 
above and below Reinfors on three separate occa
sions. The release made May 15 resulted in no 
significant difference in the total adult recapture 
rate when comparing the two groups. But for the 
releases made June 5 and June 20—29 the recap
ture rate for fish liberated below Reinfors was 
significantly higher (p < 0.01) than for the group 
liberated above. This suggests a greater mortality 
of the smolts released in the upper parts of the 
river, and the data agree well with experiments 
done in River Vefsna and River Glomma (Hansen 
1980 a and b).

There was a considerable variation in the 
recapture rate between different years. It was 
especially high for the smolt released below Rein
fors on June 20, 1972. In 1974 two groups

consisting of one- and two-year-old smolts were 
released on June 14. The two-year-old smolts had 
approximately twice the recapture rate of one- 
year-old smolt. A Wilcoxon signed rank test 
showed a significant (p = 0.01) difference in recap
ture rate between smolt lengths smaller than 25 cm 
for the two age groups. For two-year-old smolts 
released in 1974, 56 % of the total number recap
tured were recaptured as mature grilse, as opposed 
to 25 °/o for the one-year-old smolt. This may 
help to explain the lower recapture rate for the 
one-year-old smolt. However, it is impossible to 
estimate the impact of genetic differences between 
the two groups and the different responses to 
environmental factors during the sea period. 
Ritter (1975) and Bailey et al. (1980) found 
that two-year-old smolts resulted in a higher 
proportion of grilse than one-year-old smolts 
which is supported by the present data. But 
Naevdal et al. (1979) in their fish farm experi
ments presented results contrary to these.

Most recaptures have been reported from north
ern Norwegian coastal waters (Fig. 3), both far 
north and far south of the River Rana, indicating 
that the salmon have different migrating routes 
towards their home river. The geographical
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Fig. 3. Geographical distribution of recaptured adult salmon.
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Table 3. Numbers, weight and mean weight of the salmon caught 1—3 years and more after release in the River 
Rana. 1971 not included in the total computations. (A = Above Reinfors, B—Below Reinfors.)

Year of 
release Date of release

1 year 
after release
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 |

3 years and 
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1970 June, 17 (B) 59 133.6 2.26 48 233.9 4.87 20 145.3 7.27 127 512.8 4.04
1971 October, 27 (B) 0 0 0 0 0 0 0 0 0 0 0 0
1971 October, 29 (B) 1 1.3 1.3 1 — — 1 — — 3 — —
1972 May, 18—19 (B) 8 21.1 2.64 10 53.7 5.37 0 0 0 18 74.8 4.16
1972 June, 20 (B) 53 131.5 2.48 55 306.6 5.57 3 19.1 6.37 111 457.2 4.12
1973 May, 15 (B) 3 9.7 3.23 1 4.1 4.10 1 6.4 6.40 5 20.2 4.04
1973 May, 15 (A) 4 11.6 2.90 2 10.6 5.3 1 7.6 7.60 7 29.8 4.26
1973 June, 5 (B) 17 40.4 2.38 20 97.4 4.87 10 74.1 7.41 47 211.9 4.51
1973 June, 5 (A) 5 16.5 3.30 4 16.0 4.00 5 37.3 7.46 14 69.8 4.99
1973 June, 20, 29 (B) 13 33.1 2.55 19 90.8 4.78 9 72.9 8.10 41 196.8 4.80
1973 June, 29 (A) 6 11.5 1.92 8 32.0 4.00 2 24.2 12.10 16 67.7 4.23
1974 June, 14 (B) 8 15.1 1.89 18 77.0 4.28 7 44.2 6.31 33 136.3 4.13
1974 June, 14 (B) 19 45.1 2.37 8 37.2 4.65 7 54.3 7.76 34 136.6 4.02

Total 195 469.2 2.41 193 959.3 4.97 65 485.4 7.47 453 1913.9 4.22

distribution also gives a picture of the most 
important exploitation areas. Most of the home 
water recaptures were taken by bag-, drift-, bend- 
and setnets, while the bulk of recaptures from 
international waters were taken by long-line. One 
recapture has been reported from the Baltic Sea, 
but it has not been possible to check the validity 
of this observation.

Only 16.3 °/o of the total recaptures were repor
ted from freshwater, which strongly indicates 
heavy sea fishing pressure on the River Rana 
salmon. Straying was very common and 13 of the 
74 river recaptures (17.6 %>) were reported from 
rivers other than the River Rana. Most of the 
strayers, however, were reported from nearby 
rivers.

Berg (1977), who tagged wild salmon smolts 
in the River Vardnes, Northern Norway had a 
total of 83 recaptures as adults from 1,384 smolts 
tagged. 71 were recaptured in the sea, and of the 
12 river recaptures only 5 were recaptured in the 
home river. Reared smolts released in the relatively 
large River Vefsna, some distance south of the 
River Rana yielded 54 river recaptures 8 of 
which were from other rivers (Hansen 1980 a). 
Releases of smolts reared near Trondheim in the 
large River Glömma, S.E. Norway had fewer

strayers, only 5 of 201 river recaptures were 
reported from rivers other than the river of 
release (Hansen 1980 b). Similarly in the Baltic, 
an average of only 2 °/o of the salmon entered 
rivers other than their native ones (Carlin 1969).

Yield
The recapture rates are gross underestimates. One 
contributory factor is that a large number of 
recaptures are not reported.

Saunders and Allen (1967) had a higher 
recapture rate of fin-clipped wild smolts than 
smolts tagged with modified Carlin tags. They also 
suggested that survival to the adult stage was 
much higher for unmarked smolts than for tagged 
and fin-clipped fish. Preliminary results from a 
tagging experiment with wild smolts in the River 
Imsa, S.W. Norway gave return rates of 2.4 °/o, 
3.0 o/o and 6.0 °/o for Carlin-tagged, adipose fin- 
clipped and unmarked fish (Hansen 1980 a). 
Straying and tag loss can contribute in explaining 
the difference between unmarked and marked fish, 
but higher mortality due to handling and marking 
might be the main explanation. In Iceland Isaks
son and Bergman (1978), working with reared 
smolts, showed a 1.6 return of micro-tagged fish 
for each Carlin-tagged, indicating that use of
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Table 4. The value of the recaptures. The first hand value is based on the following 
prices given for gutted salmon by Fremstad A/S, Trondheim in week 24 1980: 1—3 kg 
kr. 23 per kg, 3—3 kg kr. 32 per kg, 3—7 kg kr. 40 per kg, 7—9 kg kr. 30 per kg and 
> 9 kg kr. 60 per kg. (A= Above Reinfors, B=Below Reinfors).

Age
Year of 
release

Date of release

No of kg 
recaptured 
per 1,000 
smolts re
leased

First hand 
value (N. kr) 
of the re
captures

First hand 
value per 
smolt re
leased

One-year old 1970 June, 17 (B) 103 13157 2.65
1973 May, 15 (B) 40 591 1.18
1973 May, 15 (A) 60 906 1.81
1973 June, 5 (B) 212 7063 7.06
1973 June, 5 (A) 70 2372 2.37
1973 June, 20—29 (B) 197 6663 6.66
1973 June, 29 (A) 68 2069 2.07
1974 June, 14 (B) 39 4355 1.24

Total 92 37176 2.76

Two-years old 1972 May, 18—19 (B) 156 2292 4.80
1972 June, 29 (B) 229 13990 7.00
1974 June, 14 (B) 68 4432 2.22

Total 149 20714 4.63

Carlin tags underestimates the true survival to the 
adult stage.

Table 3 gives the number, weight and mean 
weights of the recaptures distributed over different 
years after release. Most salmon matured after one 
or two years in the sea, but recaptures of two-sea- 
year-old salmon yielded in total twice as much 
with regard to weight. A substantial number of 
salmon were also caught three or more years 
after release, and the total weight of these was 
approximately equal to the grilse group. The mean 
weight for grilse was 2.4 kg, and the mean 
weights for salmon caught after 2 and 3 years 
or more in the sea were respecively 5.0 and 7.5 kg.

The value of the recaptures is given in Table 4. 
The first hand value is based on the following 
prices given for gutted salmon by Fremstad A/S, 
Trondheim for week 24, 1980: 1—3 kg NKr. 25, 
3—5 kg NKr. 32, 5—7 kg NKr. 40, 7—9 kg NKr. 
50 and salmon larger than 9 kg were paid NKr. 60 
per kg. As anglers and fishermen report the 
round weight of the salmon a weightloss of 10 °/o 
has been calculated for gutted salmon. In total 
based on reported recaptures the yield per 1,000 
smolts released was 92 kg for one-year-old smolts 
and 149 kg for two-year-old smolts. This cor

responds to first hand values of NKr. 2.76 and 
4.63 per smolt released respectively.

Since the yields from the different releases show 
great variations many factors are involved. Some 
of these are selection of breeding fish, age at 
maturity and growth, or smolt qualities such as 
degree of smoltifying, size, age and condition. 
Factors with regard to release such as locality, 
time, transport, releasing techniques and environ
mental factors, for instance, nutrition and preda
tion are also important.

In Norway at present the production price for 
a one-year-old and a two-year-old smolt can be 
estimated to about Nkr. 4.— and Nkr. 8.— 
respectively. If we assume that the true yield is 
actually double what the total reported recaptures 
show, some of the experiments can be considered 
to be profitable when catching expenses are not 
included. When considering the river recaptures 
alone all experiments were unprofitable. In Nor
way similar yields are reported from tagging 
experiments from River Vefsna and River Glomma 
(Hansen 1980 a and b). In the Baltic, however, 
higher total yields are reported, but most recap
tures are reported from the feeding areas (e.g. 
Carlin 1969, Larsson et al. 1979).



38 Lars P. Hansen and Trygve B. Lea

Rosseland (1979) who summarized some results 
from Norwegian releasing experiments concluded 
that in spite of some exceptions, the results were 
rather discouraging although with increasing sal
mon prices this may change. But as shown in 
Norway (Rosseland 1969, Gunnerod and Kle- 
metsen 1976, Jensen 1979), and other important 
salmon producing countries (e.g. Isaksson 1980, 
Larsson 1980, Ritter and Carey 1980) improve
ments in the factors which determine the survival 
of salmon will undoubtedly contribute increasing 
the yield of Atlantic salmon smolt releases.
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ABSTRACT

The 36.7 kmI. 2 Aursjöen reservoir has been regulated since 1953, and includes a main basin 
regulated 28 m and the Gautsjöen basin regulated 5 m. Brown trout (Salmo trutta L.) and 
grayling (Thymallus thy mallus L.) are the only fishes present. The crustacean plankton seemed 
unaffected by the water fluctuations. The soft bottom and littoral fauna was dominated by 
Oligochaeta, Chironomidae, Pisidium, and the Cladocera Eurycercus lamellatus. Besides small 
numbers of Hydracarina and unidentified Diptera, 6 species of other insects, and 8 species of 
littoral Entomostraca were recorded. The material identified to the species level revealed only 
minor qualitative differences between the two basins. The biomass of benthos, mainly 
Chironomidae, in the Gautsjöen basin was several times higher than before regulation started. 
The basis of this high production of Chironomidae has to be the peat deposits of the impounded, 
boggy ground. Based on the biomass data and probable figures of the P/B relations, the estimated 
production of planktonic food organisms for fish exceeded the corresponding benthos with a 
factor of 140 for the main, and 5 for Gautsjöen basin. Stocking with a plankton-consuming fish, 
for example Arctic char, Salvelinus alpinus (L.), would probably tenfold the yield of fish.
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I. INTRODUCTION

The effects of the changed environment in the 
hydroelectric reservoirs upon the vegetation and 
fauna are known in broad outline. The conse
quences on fish production have drawn special 
attention. Axelson (1961) and Lötmarker (1964) 
have studied crustacean plankton in reservoirs, 
and Rodhe (1964) the fertilizing effect and 
blooming of plankton during the first years after 
impounding. The destructive effect of water level 
manipulations upon plants and invertebrates of 
the littoral has been described (Stube 1958, Hynes 
1961, Grimås 1961 and 1962). None of these 
studies upon invertebrates have, however, been 
done in reservoirs regulated for more than 10—12 
years.

The Aursjöen reservoir includes three lakes of 
different amplitude of water fluctuations over 
25 years. Plans including increased impounding 
lead to this study, merely a check, upon the 
crustacean plankton and bottom animals. The 
results are, however, very unambiguous.

II. THE AURSJÖEN RESERVOIR

The Aursjöen reservoir covers 36.7 km2 and is 
23 km long. It is located in the Dovrefjell area in 
Central Norway (Fig. 1).

Its catchment area consists of Pre-Eucambrian 
rocks, mainly folded granitic and granodiositic 
gneisses. The western part is mainly bedrock with 
scattered vegetation. Around the east end of the 
reservoir the terrain is flatter with some quater
nary deposits, bogs and birch forest. Mountains 
ranging up to an altitude of 1,500—1,800 m 
surround the reservoir.

The annual precipitation is about 1,000 mm, 
much of which falls as snow. The average air 
temperature in July, the warmest month, does not 
exceed 13°C. The catchment area includes small 
glaciers, and large snowdrifts exist throughout 
the summer. The reservoir is exposed to strong 
western winds.
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Fig. 1. Map of the Aursjoen reservoir and the original lakes.

The Aursjoen reservoir was made by damming 
the River Aura, and impounding the Lakes Aur
sjoen, Grunningen, and Gautsjöen to altitude 
856 m (Fig. 1). The natural levels of the lakes 
were altitudes 831, 837.5, and 851 m, respectively. 
Now the lowest level of the Lake Aursjoen is 
827.3 m, and the amplitude of water fluctuations 
is thus 28.7 m. When the reservoir is completely 
emptied, the Lake Gautsjöen will drain to altitude 
843.5. This has happened only three or four times 
since the regulation started in 1953. During the 
last ten years the reservoir has most often been 
filled up in the autumn. The main basin, the 
former Lakes Aursjoen and Grunningen, has been 
drained about 20 m, to the natural level of the 
Lake Grunningen. The Gautsjöen basin has been 
lowered 5 m, to its original level.

The Aursjoen reservoir bears the impact of the 
water fluctuations. The impounded zone of the 
main reservoir consists of about 90 °/o naked 
bedrock and large stones, of which the former 
vegetation is washed out. The heavy erosion by 
wind and waves has washed the small particles 
and plant remains beneath the lowest water level.

Boulders and stones eroded by frost occur all 
over this zone.

The impounded zone of the Gautsjöen basin is 
much flatter and less eroded. About 50 °/o of this 
area is covered by black peat, and large stretches 
of gravel and sand exist. Fine particles and large 
amounts of peat are deposited on the former lake 
bottom.

The differences in levels of water fluctuation 
and substrate give rise to different ecosystems, 
which are also separated for most of the year.

III. MATERIAL AND METHODS

Water samples were taken with a Ruttner sampler 
at one station in the main reservoir and at one 
in the Gautsjöen reservoir.

Crustacean plankton were collected at 6 sta
tions, mainly by vertical hauls from bottom to 
surface, at some stations also by a 25 1 Schindler 
trap. The diameter of the net opening was 29 cm, 
the mesh size 90 pm. The quantitative samples 
were counted in total, and of the net hauls a frac
tion of 1/10.
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Table 1. Mean number m-2 surface area of crustacean plankton, based on three 
vertical net hauls and net factor 2.

Main reservoir Gautsjöen reservoir

July 4 August 31 July 5 August 30

Holopedium gibberum 24,000 7,700 19,100 12,100
Daphnia longispina 6,300 7,200 100 0
Bosmina longispina 44,000 47,600 126,200 81,400
Bythotrephes longimanus 0 100 0 200
Diaptomus cop. 16,800 0 10,100 0
Arctodiaptomus laticeps ad. 0 18,600 0 10,900
Mixodiaptomus laciniatus ad. 0 0 0 200
Heterocope saliens cop. 21,300 0 8,200 0
Heterocope saliens ad. 0 2,700 0 9,200
Cyclops scutifer cop. 2,200 54,000 1,200 43,700
Cyclops scutifer ad. 15,000 800 6,600 0

Soft bottom animals were sampled by a Van 
Veen grab at different depths at 6 stations. In the 
impounded zone of the main reservoir it was very 
difficult to find any soft bottom. All grab samples 
contained much peat, from which it was very 
time-consuming to sort out the animals. Therefore 
each sample includes only two grabs, covering an 
area of 0.04 m2. The samples were sieved through 
a screen of mesh width 0.5 mm.

Littoral samples were taken at shallow water at 
12 stations by a kicking technique described by 
Frost et al. (1971).

Strong wind and other problems made it impos
sible to sample all stations during the two periods 
of field work, July 4—5, and August 30—31, 1978. 
The water level of the main reservoir was alti
tude 848 in the first period and 849 in the second. 
Its surface area was 23 km2. The Gautsjöen 
reservoir remained in both periods at its original 
level, altitude 851, surface area 6.8 km2. The two 
basins had been separated since January—February.

IV. RESULTS 

Hydrography
On July 4 the surface temperature in the main 
reservoir was 10.2°C. From 5 m depth to 20 m, 
near the bottom, the temperature fell from 9.7 to 
6.7°C. The Gautsjöen reservoir was isothermal at 
11°C. On August 31 the surface temperatures 
were 11.0°C in the main and 8.7°C in the 
Gautsjöen reservoir, falling to 10.4°C and 8.3°C 
near the bottom, at 30 and 15 m depth, respecti

vely. The temperature of the main reservoir 
probably seldom exceeds 11°C. The smaller Gaut
sjöen reservoir is a little warmer, and cools down 
earlier in the autumn. The strong wind along 
the reservoir involves intense circulation and small 
vertical thermal and chemical differences. Electric 
conductivity 8—10 pS/cm, 0.3 mg/1 CaO, Secchi 
depth 8.1 m and Secchi colour green show that 
the water quality is the typical of waters of the 
Norwegian mountains. A chloride content of 
0.4—0.6 mg/1 indicates that marine electrolytes, 
characterizing fresh water along the coast, do not 
reach the Aursjöen reservoir. pH values of 6.6— 
6.7 show that the acid precipitation enveloping 
Scandinavia from south (Jensen and Snekvik 
1972, Wright and Snekvik 1978) does not yet 
touch this area.

Crustacean plankton
Eight species of crustacean plankton were recorded, 
4 of Cladocera and 4 of Copepoda (Table 1). 
All of them are widespread in Scandinavia up to 
an altitude of 1,000 m, except Mixodiaptomus 
laciniatus (Lillj.), the occurrence of which is 
more occasional south of the Arctic circle.

In the Schindler trap samples, the abundance 
of the different species in most cases was one 
individual k1. The most numerous species, Holope- 
dium gibberum Zaddach, Bosmina longispina 
Leydig, Arctodiaptomus laticeps (Sars), and 
Heterocope saliens (Lillj.), occurred in many 
samples from the main reservoir in numbers of 
2—5 k1. In the Gautsjöen reservoir this holds only
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Table 2. Individual length (L) and weight (W), and dry weights m-~ of surface area of 
crustacean plankton August 31. In the equation In W=lna-\-blnL, a and b for 
Holopedium gibberum after Langeland (1982), for the other species after 
Bottrell et al. (1976).

L
mm

W
Bg

Main reservoir 
mg m-2

Gautsjöen reservoir 
mg m-2

Holopedium gibberum 1.16 + 0.12 30 230 363
Daphnia longispina 1.68 ±0.20 13 94 —

Bosmina longispina 0.63 ±0.03 6 285 488
Arctodiaptomus laticeps 1.36 ±0.05 7 130 76
Heterocope saliens 1.98 ±0.07 27 73 248
Cyclops scutifer 0.45 ±0.03 0.4 22 17
Cladocera 609 851
Copepoda 225 341
All crustacean plankton 834 1,192

for B. longispina, of which the maximum number 
here was 19 H. The variations were large both 
vertically and from station to station. H. gibberum 
and H. saliens were, never-the-less, most numerous 
above 10 m depth. The concentration of all 
crustacean plankton varied from 0.3 to 20 1+. 
In 60 °/o of the samples the number was between 
3 and 10.

To calculate the filtering efficiency of the 
plankton net, the number of individuals per m2 
surface area based on the samples of the Schindler 
trap were divided by the corresponding number 
of the vertical net hauls. For 8 vertical series the 
mean net factor varied from 1.3 to 2.3 for the 
different species, and for all crustaceans it was 1.9. 
Based upon these figures and corresponding results 
from comparable lakes, a net factor of 2.0 will be 
used in the further calculations.

The vertical net hauls also revealed large hori
zontal variations. Generally the numbers increased 
with increasing depth. Differences existed between 
the main reservoir and the Gautsjöen reservoir. 
Daphnia longispina (O. F. Müller) occurred in 
small numbers in all samples of the main reservoir, 
but in the Gautsjöen reservoir only a few specimens 
were found in the east end on July 5. Both basins 
were then dominated by B. longispina. At the end 
of August copepodites of Cyclops scutifer Sars 
were most abundant in the main and B. longispina 
in the Gautsjöen reservoir.

The planktonic crustaceans seem to have tradi
tional annual cycles in the Aursjöen reservoir. 
In the main reservoir H. gibberum was on the

decline at the end of August, while the abundance 
of D. longispina and B. longispina was similar to 
that of July. A. laticeps and H. saliens have, 
during the same period, metamorphosed from small 
copepodites to adults. Even C. scutifer shows an 
unusually clear cycle. On July 5 its populations 
held 85 °/o adults, which by August 31 had 
raised a new generation of copepodites and were 
dying.

The usual abundance of the different species 
was 10,000 to 30,000 individuals nr2. B. longispina 
showed a maximum of 204,000 on July 5, and 
C. scutifer reached 89,000 individuals nr2 on 
August 31.

Based on the mean abundance of the vertical 
net hauls, the mean biomass of the crustacean 
plankton is calculated to 0.8 g nr2 for the main 
reservoir and 1.2 g nr2 for the Gautsjöen reservoir 
at the end of August (Table 2). The Cladocera 
represented about 70 °/o, and H. gibberum and 
B. longispina alone 50 °/o of the biomass.

The crustacean plankton biomass of Norwegian 
lakes in July—August is found to vary between 
250 and 1,950 mg nr2 when net factor 2 is used for 
vertical net hauls and mesh size 90 pm (Lange
land 1972, 1974 a, 1974 b, 1975, 1978, Reinert- 
sen and Langeland 1978). Figures of 1,000 mg nr2 

are high, and for the Aursjöen reservoir they are 
probably partly a consequence of the negligible 
predation by the present fishes, brown trout 
(Salmo trutta L.) and grayling (Thymallus thy- 
mallus (L.)).
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Table 3. Number of animals m-2 bottom area in grab samples.

Locality Date St.
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Main reservoir July 4 1 3 200 20 220 30
6 600 — — — — 600 230

12 — — 100 — — 100 450
20 30 — 30 — 50 HO —

22 30 — 100 — — 130 —

Main reservoir August 31 2 1 150 ___ 30 ___ — 180 30
3 430 — 180 — — 610 80
5 450 — 400 — 100 950 150
7 400 — 100 — — 500 50

10 200 — 400 — 50 650 —

15 — — 50 — — 50 —

20 80 — 80 — — 160 —

Main reservoir August 31 3 3 100 ___ 100 — — 200 50
5 200 — 950 — — 1,150 150

12 100 — — — — 100 250

Gautsjöen July 5 5 1 530 — 30 — — 560 —

3 30 — 550 — — 580 —

5 — 30 500 — — 530 —

7 70 — 480 — 50 600 —

10 — — 80 — 50 130 —

Gautsjöen July 5 6 1 480 — — — 180 660 —

3 80 — 630 — — 710 30

Gautsjöen August 30 4 1 750 — 2,680 — 1,430 4,860 ------

3 430 — 1,600 — 900 2,930 50
5 250 — 2,200 — 1,530 3,980 150
7 100 — 950 — 450 1,500 100

10 — — 680 — — 680 30

Gautsjöen August 30 5 1 230 — 950 20 — 1,200 80
3 100 — 1,900 80 80 2,160 50
5 150 — 1,230 — — 1,380 —

7 20 — 1,700 — 20 1,740 20
10 70 — 1,590 — — 1,660 150

Gautsjöen August 30 6 1 880 — 2,330 — 50 3,260 —

3 50 — 2,700 — — 2,750 250
5 230 — 1,930 — — 2,160 100

Bottom animals
The grab samples contained no living plants. 

At one locality in the Gautsjöen reservoir some 
moss and a few specimens of Callitriche poly- 
morpha Lönnr. were observed.

The results of the grab samples are given in 
Table 3 and Fig. 2. The soft bottom fauna was 
almost completely composed of four groups, 
Oligochaeta, Chironomidae, Pisidium and one

species of Cladocera, Eurycercus lamellatus (O. F. 
Müller). Besides, one larva of Ephemeroptera and 
four individuals of FFydracarina were recorded. 
Oligochaeta and Chironomidae were dominant, 
and often the only animals present.

In the main reservoir the maximum number of 
bottom animals on July 4 was found at 6 m depth, 
600 individuals nr2, with a wet weight of 2.33 g, 
E. lamellatus not taken into account. At the other
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AURSJ0EN/GRUNN INGEN
St.no. 1 2 3

Aug 31 Aug 31
I- 848

- 838 -

- 827

GAUTSJ0EN
r 856

St.no,
Date Jul 5 Jul 5 Aug 30 Aug 30Aug 30

-851

■e 6 -
O 9 -

Fig. 2. The vertical distribution of soft bottom animals in the Aursjoen main reservoir and the Gautsjoen reservoir.

depths the numbers varied between 110 and 230, 
and the biomass between 0.28 and 2.67 g. On 
August 31 the variation in the depth zone 3 to 
7 m at St. 2 was from 500 individuals and 2.44 g 
to 950 individuals and 2.93 g per m2. At St. 3 
and always below 10 m depth the biomass of 
bottom animals was less than 0.8 g nr2.

In the Gautsjöen reservoir no grab samples 
were taken deeper than 10 m. The total numbers

nr2 on July 5 were mainly 500—600. On August 
30 the abundance of Chironomidae had increased, 
and varied between 680 and 2,680 nr2. Pisidium 
occurred more patchily, but reached 1,530 indi
viduals and 9.39 g nr2. The total number of 
bottom animals was maximum 4,860 individuals 
and 15.50 g nr2, and the mean figures 2,330 
individuals and 7.10 g nr2.

The soft bottom fauna of the three intact lakes

Table 4. Number and wet weight fgj of soft bottom animals m~~ in the Lakes Gautsjoen, G run- 
ningen, and Aursjöen before impounding, and in the Aursjöen reservoir 1978. Eur y c er eus 
lamellatus is excluded from the 1978 material.

Mean < 12 m depth Maximum Minimum

No g No g No g

1950—1953 Intact lakes 470 3.1 753 4.7 251 0.7
July 1978 Main reservoir 410 1.4 600 2.3 100 0.1
August 1978 Main reservoir 610 1.5 950 3.0 50 0.1
July 1978 Gautsjoen reservoir 540 2.1 710 3.9 130 0.6
August 1978 Gautsjoen reservoir 2,330 7.1 4,860 15.5 680 1.2
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Table 5. Biomass m-~ of bottom animals in some Norwegian reservoirs.

Regulated Impounded Wet weight g m-2
ReferenceLocality Date

No. years m m 1—5 m 6—10 m 10 m

Finnkojsjöen July 14 1 6 6 1) 10.3 8.7 Jensen 1973
Gautsjöen August 30 25 5 5 8.2 4.6 —
Selbusjöen July 2 54 6 — 1.2 9.0 0.3 Langeland 1976
Selbusjöen August 22 54 6 — 3.2 6.0 0.3 Langeland 1976
Gautsjöen 
Aursjöen, main

July 5 25 5 5 2.3 1.6

reservoir 
Aursjöen, main

August 31 25 29 25 1.4 1.9 0.3

reservoir July 4 25 29 25 0.4 2.4 0.4
Holden July 15 60 10 12 1.1 0.7 0.5 Jensen 1972
Storvatn July 10 13 6 — 1.0 0.5 0.3 Langeland 1974 b
Gjölgavatn June 10 12 4 — 1.0 0.5 — Jensen (unpubl.)
Samsjöen July 41 11 0.6 0.8 0.4 Sivertsen, E.

(pers. com.)

1) Grabbing impossible.

was investigated in 1950—53, before impounding 
and regulation. The results have not been properly 
published, but ökland (1963) gives some informa
tion, which in Table 4 is compared with the 
figures of 1978. The mean values of 1978 are less 
reliable, but the maximum values favour the 
1950—53 results, since the grabbing programme 
then was far more extensive. In July the abun
dance both in the main reservoir and the Gaut- 
sjöen reservoir was of the same order as before 
impounding, but the biomass was smaller. The 
larger animals, such as Gammarus, Gastropoda, 
larvae of Ephemeroptera, Plecoptera, and Trichop- 
tera, had disappeared and been replaced mainly by 
Oligochaeta and Chironomidae of less individual 
weight. In late summer the situation was much 
the same in the main reservoir, but in the Gaut- 
sjöen reservoir the abundance was 5—6 times and 
the biomass 2—3 times larger than in the intact 
lakes. This is mainly due to increased numbers of 
Chironomidae and more occasionally of Pisidium. 
According to Ökland (1963) the Gautsjöen 
reservoir has both a larger abundance and biomass 
of soft bottom animals than most Norwegian 
lakes.

Table 5 reviews the wet weights of soft bottom 
animals in some Norwegian hydroelectric reser
voirs. The Aursjöen main reservoir represents a 
typical case with small weights all over. The 
Gautsjöen reservoir is only surpassed by the

Finnkojsjö reservoir, where the biomass in the 
same way increased after impounding by the 
advance of Chironomidae (Jensen 1973). Lange
land (1976) also found comparable weights of 
Chironomidae on patches covered with organic 
matter in the Selbusjöen reservoir.

The mean individual wet weight of Oligochaeta 
increased from 3.3 to 5.4 mg, and decreased for 
Pisidium from 5.9 to 5.1 mg during the summer. 
For Chironomidae it was divided in half, from 
4.0 to 2.0, while their number increased several 
times in the Gautsjöen reservoir. Consequently, 
new generations of Chironomidae have been born, 
and the bulk must hatch immediately after the 
breaking up of the ice.

The kick samples at two stations gave a total of 
140—150 individuals, elsewhere the numbers were 
8—80 (Table 6). Oligochaeta occurred on every 
station but one. Two species of Cladocera, E. 
lamellatus and Sida crystallina (O. F. Müller), 
were normally dominating in number, especially in 
late August. Otherwise, only fragments of the 
littoral fauna of an intact lake were found: of 
Ephemeroptera some specimens of Siphlonurus 
lacustris Etn. and one Baëtis rhodani (Pict.), of 
Plecoptera one Diura bicaudata (L.), of Trichop- 
tera one Apatania sp. and one Limnephilidae. The 
Coleoptera Deronectes alpinus Payk. was present 
on several stations in the Gautsjöen reservoir. The 
complete sampling programme gave one to five
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Table 6. Number of animals in 5 minutes kick samples.

Main reservoir
Date

Gautsjöen reservoir

July 4 August 31 July 5 August 30

Oligochaeta 5 63 8 4 14 5 3 16 122 5 16 12
Cladocera

Eurycercus lamellatus 2 — — — 75 20 — — 22 5 49 1 18
Sida crystallina 9 — — 38 27 — — — 2 — 2 — —

Ephemeroptera
Siphlonurus lacustris •----- — 1 — 1 — — — — 20 1 — 2

Plecoptera
Diura bicaudata — — — — — — — — — — — 1 —

Trichoptera
Apatania sp. — — — — 1 — — — — — — — —

Limnephilidae — — — — — — — — — — — 1 —

Chironomidae — — — — 2 — 5 — — — 5 1 —

Other Diptera — 5 — 1 21 — — — — — 1 6 4
Hydradephaga

Deronectes alpinus — — ------ — — — — 2 — 5 — 2 4
Hydracarina — 2 — — — 1 — — — — — — —

Pisidium — 10 — — 5 — — — — — 1 — —

Sum 16 80 9 43 146 26 8 18 24 152 64 28 40

individuals of the following littoral Cladocera: give a proportion of 1:3, in spite of the high
Ophryoxus gracilis Sars, Acroperus harpae Baird, 
Alona affinis Leydig, and Chydorus sp. A few 
copepodites, stages IV and V, of the littoral 
Copepoda Acanthocyclops and Eucyclops were 
also found.

Comments upon biomass and production
The reflections on biomass are based upon the 
following assumptions. The actual productive area 
of the main reservoir was 23 km2 and of the 
Gautsjöen reservoir 6.8 km2. Naked, unproductive 
bedrock is supposed to cover 90 °/o of the im
pounded area above and 30 °/o below level 838 m 
of the main reservoir. The dry weight of bottom 
animals make up 10 °/o of the wet weight (Dahl 
1930, Aagaard 1978). Nauplii of Copepoda, the 
small populations of B. longimanus and M. lacinia- 
tus as well as the poor littoral fauna above 1 m 
depth are disregarded. For comparison the August 
values are chosen, when the biomass of crustacean 
plankton was smallest and that of bottom animals 
largest.

Even though the statistical significance of the 
figures is low, it is evident that the biomass of 
bottom animals is only a small fraction of that 
of the crustacean plankton in the main reservoir 
(Table 7). For the Gautsjöen reservoir the estimates

abundance of bottom animals. Relations between 
crustacean plankton and bottom animals corre
sponding to the last figures are reported by Dahl 
(1930) from several Norwegian lakes.

The estimates of production are based upon 
the following assumptions. Between the annual 
production and mean biomass of the growth 
season (P/B), the following relations are found 
for different fauna groups: planktonic Cladocera 
10 in lakes where the temperature reach 14—15°C, 
and about 2 per month at temperatures of 10— 
11°C (Winberg et al. 1971, Langeland 1982), 
planktonic Copepoda 2—4 (Langeland 1982), 
Jensen 1980), Pisidium and Chironomidae 0.8— 
2.2 decreasing with the life span (Winberg et al. 
1971, Aagaard 1978). For further calculations on 
the Aursjöen reservoir a P/B coefficient of 4 is 
chosen for Cladocera and 2 for Copepoda and 
bottom animals. Based on the biomass estimates 
of August, this will lead to a production under
estimate of the crustacean plankton and an over
estimate of the bottom animals.

On these premises the production of crustacean 
plankton and bottom animals of the main reservoir 
were respectively 66,600 and 1,100 kg dry weight 
(Table 7). The corresponding figures for the 
Gautsjöen reservoir were 27,800 and 6,400 kg.
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Table 7. Estimates of standing biomass Aug 31 and annual production of different 
groups of invertebrates in the Aursjöen reservoir, kg dry weight.

Main reservoir Gautsjöen reservoir

Biomass Production Biomass Production

Cladocera 14,000 56,000 5,800 23,200
Copepoda 5,300 10,600 2,300 4,600
Sum crustacean plankton 19,300 66,600 8,100 27,800
Eurycercus, Chironomidae,

and Pisidium 200 400 2,400 4,800
Other bottom animals 350 700 800 1,600
Sum bottom animals 550 1,100 3,200 6,400

V. DISCUSSION

Four species of planktonic Cladocera and three of 
Copepoda were found in the Aursjöen main reser
voir. This number is equal to the mean number of 
13 lakes of northern Sweden (Lötmarker 1964), 
and larger than the number Pennak (1957) finds 
typical of lakes on a global scale. The biomass 
of crustacean plankton was large compared with 
other Norwegian lakes, but the predation by fishes 
is small. The crustacean plankton seems unaffected 
by the water fluctuations. This is in accordance 
with the conclusions of Axelsson (1961) and 
Lötmarker (1964) for Swedish reservoirs.

The abundance of the littoral Cladocera Eury- 
cercus lamellatus was fairly high down to 10 m 
depth, and some Sida crystallina occurred above 
1 m depth. In addition, four species of littoral 
Cladocera and two of Copepoda were recorded 
in numbers from one to five.

The bottom fauna was mainly composed of 
Oligochaeta, Chironomidae and Pisidium. Besides 
Diptera, only 6 species of insects were recorded, 
and of them Siphlonurus lacustris seems to best 
tolerate the water fluctuations. The rest fauna 
of the groups Ephemeroptera, Plecoptera, and 
Trichoptera included 5 species, compared with 13 
in the Blåsjön reservoir in Sweden after 6 m 
regulation over 9 years (Grimås 1961 and 1962). 
The sampling in the Blåsjön reservoir was much 
more intensive, but the main reservoir of Aursjöen 
has, on the other hand, been exposed to a higher 
amplitude of water fluctuation over a longer 
period. The qualitative damage on the bottom 
fauna is probably worse than in other Scandi
navian reservoirs investigated.

In the Gautsjöen basin one additional species of 
planktonic Copepoda and one of bottom animals, 
the Coleoptera Deronectes alpinus, were found. 
The abundance and biomass of the benthic fauna, 
and especially of the Chironomidae, in the Gaut
sjöen reservoir was on the contrary much higher 
than before regulation started. The corresponding 
situation is known from the Finnkojsjöen reservoir 
(Jensen 1973). In the Nesjö reservoir the stomachs 
of the brown trout and Arctic char are stuffed 
with Chironomidae the first month after the 
breaking up of the ice (Jensen 1979 a and 1979 b). 
Common for these reservoirs are large areas of 
impounded, flat bogs, where the peat partly lies 
intact and partly is spread out over the reservoir 
bottom. The base for the high production of 
Chironomidae has to be that peat. The bottom 
fauna of such reservoirs has much in common with 
the profundal fauna of eutrophic lakes, the peat 
being the storage of organic matter, providing a 
high production of specialized species. The produc
tion will gradually decrease as the plant remains 
decompose or are covered with sediments. Based 
on the situation in many reservoirs, including the 
Holden reservoir of Northern Tröndelag im
pounded 70 years ago (Jensen 1972), the decompo
sition is very slow. The speed of sedimentation 
will especially depend upon the quality and 
extent of quarternary deposits around the reservoir 
and the degree of wave action. From the situation 
in the Gautsjöen reservoir, one would predict that 
a high production of these specialized bottom 
animals will be maintained for a 100 years, and 
probably longer. This longterm positive effect 
must be distinguished from the bloom of Cladocera
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during the first few years after the impounding 
of lakes.

According to Aass (1969) Crustacea was the 
most important food item of brown trout in the 
Aursjöen reservoir during August—September 
1965—68, supplemented by terrestrial insects, 
Chironomidae and some Tipulidae and Plecoptera. 
The crustaceans were mainly E. lamellatus, Lepi- 
durus arcticus Pallas, and B. longimanus, but also 
some Daphnia and H. gihberum. The grayling had 
specialized on E. lamellatus. Such a food consump
tion is quite in accordance with the available food 
fauna described by this survey, except that L. arcti
cus was not recorded. Aass (1969) states that 
L. arcticus has colonized the Aursjöen reservoir 
after the impounding. Its abundance is unclear.

The presented estimates on production favour 
in all steps the benthos in relation to the crusta
cean plankton. Considering only the animals eaten 
by the brown trout and the grayling, the produc
tion of planktonic Cladocera is of the order 140 
times larger than of Eurycercus, Chironomidae, 
and Pisidium in the main reservoir, and 5 times 
in the Gautsjöen reservoir. In oligotrophic lakes 
plankton-feeding fishes can consume as much as 
75 <Vo of net zooplankton production, and the 
production of such fishes makes up about 10 % 
of the zooplankton production (Hillbricht- 
Ilkowska 1977). This production ratio seems to 
have general ecological value, and can also be 
accepted for fish-benthos. Intensive predation by 
fishes will lower the standing biomass of prey. 
But it is also known to cause an increase of the 
P/B ratio of zooplankton (Hillbricht-Ilkowska 
op. cit.). Assuming a water content of 75 % in 
fish (A. J. Jensen 1979) and a harvest of 25 °/o of 
the yearly fish production, the potential fish yield 
(wet weight) is 0.1 of the production of prey 
animals (Table 7). Thus the potential fish yield 
of the main reservoir based on benthos is less 
than a 100 kg, while the planktonic Cladocera 
should provide more than 5,000 kg. The corre
sponding figures of the Gautsjöen reservoir are 
roughly 500 kg compared to 2,300 kg. The water 
height of 1978 considered, this represents 2.5 kg 
ha-1 for the main and 4.1 for the Gautsjöen 
reservoir, figures which are within the accepted 
levels of Scandinavian reservoirs. The actual fish 
production of the Aursjöen reservoir is probably

only 10 °/o of the potential, which depends on the 
absence of a plankton-consuming fish. Fishing 
with standard series of bottom nets has thus 
revealed that reservoirs stocked with Arctic char, 
Salvelinus alpinus (L.), yield three to five times 
more than those stocked exclusively with brown 
trout (Jensen 1979 a). The best fishing of brown 
trout and Arctic char ever reported from Norway 
(Jensen 1979 a and 1979 b) takes place in the 
Nesjöen reservoir, located at altitude 720 m in 
the county of Sör-Tröndelag. Its invertebrate 
fauna is very much similar to that of the Gaut
sjöen reservoir. Arctic char make up about 90 ®/o 
of the catches. The main food is planktonic 
Cladocera, but the key to the success is the 
Chironomidae, hatching from the breaking up of 
the ice to mid-July. The Chironomidae fill the 
gap in food access during the first month of the 
growth season, which exists in most reservoirs 
until the populations of Eurycercus and planktonic 
Cladocera are dense enough for fish predation.

Stocked with planktonic-feeding fishes, such 
as Arctic char or whitefish, Coregonus lavaretus 
(L.), the fish production of reservoirs like the main 
basin of Aursjöen is probably not reduced by 
more than 20 °/o compared to the unregulated state. 
Reservoirs of the Gautsjöen type will on the same 
premises for many, say 100, years produce more 
fish than the intact lake.

Hitherto, the official management of reservoirs 
in Norway has consisted of attempts to keep up 
the fishing of brown trout (Aass 1969). This is 
accompanied by expensive stockings, because the 
recruitment of brown trout is small in most 
reservoirs. The Arctic char, on the contrary, has 
a high potential of recruitment, and ‘overpopula
tion’ is often a problem. The char seems, however, 
to be easier to handle in reservoirs than in intact 
lakes, probably as a result of reduced spawning 
facilities. At least the yield of Arctic char is 
larger in reservoirs than in comparable intact lakes 
of Mid-Norway (Jensen 1979 a).

A proper management of reservoirs should 
concentrate on Arctic char, which can compete 
with the brown trout in every respect as a fish 
for consumption. In Norway several reservoirs 
of the Gautsjöen type are under construction, 
some of them covering larger areas of wetland.
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They should be stocked with Arctic char from 
the start. At present the right to fish with nets 
and other effective tackle is usually granted to 
only a few persons. They are by no means able 
to catch the quantity necessary to avoid over
population, nor the potential yields. The most 
important and greatest task in the management 
of Norwegian lakes and reservoirs, is to provide 
access to fishing with effective tackle on a much 
larger scale.
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Adaptive Differences in the Long-Distance Migration of Some 
Trout (Salmo truttn L.) Stocks
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ABSTRACT

Tagging operations revealed the movements of four stocks of trout (Salmo trutta L.) in various 
Baltic Sea environments to which they were transported. The Dalälven stock proved to be 
coastal, with some incidence of straggling non-homing specimens. The Gullspång trout roamed 
about widely in open water, except in the cold Bothnian Bay, and had strong correlated homing 
behaviour. The downstream Verke trout had a NE-directed trend of movement and perfect 
homing. The upstream Verke trout is resident above waterfalls and did not migrate when 
transplanted. Evidence is presented for adaptation by natural selection in all cases. Selection for 
or against homing during repeated glacial periods is briefly discussed.
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I. INTRODUCTION

Ricker (1972) wrote an extensive review of the 
worldwide work, done mainly on Oncorhynchus 
and Salmo, in order to determine the environ
mental or genetic basis of various morphological 
and ecological stock traits. In most cases the 
analysis could prove the existence of a core of 
hereditary origin masked by a greater amount of 
phenotypic modification.

Waddington (1942, 1953, 1957) provided an 
explanation of the evolutionary mechanism in
volved, based on his Drosophila studies. Ontogene
tic development may be more or less strongly 
modified by the local environment (e.g. tempera
ture) and, especially in extreme habitats, a canali
zing selection creates a genetic assimilation of part

of the effect produced by the environment. A 
similar type of genetic assimilation may occur in 
traits such as growth, sexual maturity or migra- 
tional patterns.

Allelic frequency studies of proteins have lately 
been used as a standard method of proving overall 
genetic differences between stocks of the same 
fish species. Unfortunately, however, organismal 
and molecular evolution are out of step (Clayton 
1981). Natural selection is the predominating 
force driving organismal evolution, while the 
"molecular clock’, migration and genetic drift are 
supposed to cause molecular evolution. It follows 
that electrophoretic techniques cannot be used to 
prove to what extent a certain stock trait, 
important in fisheries management, is in fact 
genetically based and thus comparatively stable.

Larsson et al. (1979) summarized the yields of 
trout (Salmo trutta) taggings in the Baltic, based 
on 15,600 recoveries from 29 different stocks of 
trout. Five of these were consistently the best 
producers. Different migrational patterns have 
long been thought to occur in trout and Steffner 
(1975) proved that there was more dispersal among 
Gullspång trout than Dalälven trout, when both 
stocks were released in the Bråviken bay area.

The purpose of the present paper is to penetrate 
somewhat deeper into these migrational patterns 
in trout and their adaptive nature.
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II. MATERIAL AND METHODS

Brown trout, artificially raised and released into 
Swedish fresh waters, as two-year olds, produced 
poor returns for commercial as well as sport 
fisheries (Svärdson and Nilsson 1965). In the 
brackish Baltic Sea, however, results were better, 
though not as good as those obtained by releasing 
tagged natural smolts (Svärdson and Anheden 
1963 a).

Stimulated by the better yields in the Baltic, 
various authorities funded an extensive series of 
trout stockings in the 1960’s and 1970’s. Many 
different stocks were used, according to what was 
available and thought to be a good choice.

A better planned test of the performance of 
trout stocks was started by the Institute of Fresh
water Research in 1959, based on the Kälarne and 
Älvkarleby hatcheries. Other authorities later 
participated in the test by using the same stocks.

The trout were marked with Carlin tags. These 
served well, though designed for Atlantic salmon. 
In some cases tag losses were significant (Svärd
son and Anheden 1963 a). There is evidence of 
slightly slower growth and higher mortality in 
tagged fish, compared to untagged fish.

Except for the natural smolts of the Verke river 
(also introduced to the Nybro river) all trout 
were first generation hatchery smolts, two years 
of age and released in early summer. The eggs, 
taken from the river, may in some cases (Gull
spång and Dalälven stocks) have originated from 
fish which were themselves reared in hatcheries 
before their sea sojourn.

The transport of smolts is a stressful process 
which influences their survival. For obvious rea

sons some transports had to be longer than others. 
Economic and other aspects interfered with and 
modified the program. The Älvkarleby hatchery 
was responsible for the production of about half 
of the smolts dealt with in this paper.

Due to practical considerations, the trout could 
not be released along the coast at those points 
where maximum information about dispersal could 
be obtained. It was also necessary to take care not 
to genetically contaminate some important local 
stocks, e.g., those of the Rivers Em and Mörrum.

The Gullspång trout is native to Lake Vänern. 
The Dalälven trout is one of the most widely used 
Baltic stocks, since both the Älvkarleby hatchery 
and the Salmon Research Institute are situated on 
the river. The Verke river, in the province of 
Skåne (Scania), for many years had a commercial 
weir for trout at its mouth, prompting various 
studies on its trout population.

III. RESULTS

Verke river trout, natural smolts
The Verke river runs from the southeastern part 

of the provice of Skåne east to the Hand bay, 
about 20 km north of the town of Simrishamn. 
Its width is 6—10 metres. There are no rapids, 
but ten km from the river mounth, some steep 
waterfalls block the further upstream movement 
of sea-running trout. Above the falls there is a 
resident, non-migratory trout stock (Svärdson 
and Anheden 1963 b).

The emigration of smolt, studied in a down
stream weir for five years, takes place between 
May 3 and June 6 (Svärdson 1966), although a

Recovered tagged trout are shown by dots. A small dot represents a single find. Larger dots represent several 
trout found in the same locality, and the accompanying figure indicates how many specimens were caught there. 
A figure surrounded by a circle shows the number of tags reported by Danish fishermen from the “southern Baltic”.

The details of every experiment are given in the figures, including the type of stock, the date and locality 
of release and the numbers of tagged and recovered trout.

Figs. 1—7 reveal the movements of the natural Verke river smolts during half-year periods. Fig. 8 shows 
the dispersal of natural smolts from the Nybro river, to which the Verke stock has been transplanted.

Figs. 9—15. The dispersal of hatchery smolts of the Verke stock, raised and released in various places. Fig. 15 
shows the migration of Verke smolts from the Älvkarleby hatchery, released in the Verke river mouth, to be 
the same as that of natural smolts.

Figs. 16—24. The movements of hatchery smolts of the Gullspång stock, released in different localities, inclu
ding Lake Vänern, their home lake.

Figs. 25—37. The movements of hatchery smolts of the Dalälven stock, released in different localities, inclu
ding their home river.
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FIG. 1

VERKE TROUT 

FIRST SUMMER 

MAY - OCT

FIG. 2

VERKE TROUT 

FIRST WINTER 

NOV - APR
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FIG. 3

VERKE TROUT 

SECOND SUMMER 

MAY - OCT

FIG. 4

VERKE TROUT 

SECOND WINTER 

NOV - APR
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few may already run in the last days of March or 
during April, and some late specimens appear 
through June until the first week of July. Three- 
year olds are few in number and start the run. 
No one-year-old smolts were found. The smolt are 
14—19 cm in total length.

Samples of smolt, taken from the weir, were 
tagged in 1960—64. A total of 8,000 smolt were 
tagged, 1,131 of which were later known to have 
been recovered in the river or the Baltic sea. 
The survival of smolts varied between years, 
1963 being by far the most favourable, while the 
cold spring of 1962 gave poor returns. Smolt 
size was found to influence the recovery rate. The 
average rate of recovery was 14 °/o, but in larger 
smolts of the 1963 class it was 25—40 °/o. In the 
figures all the recoveries are presented, even those 
which made shortly after tagging.

Early movements of post-smolts

In the first three months (May—July), the post- 
smolts spread slowly along the coast of Skåne, 
and a few returned to the river (Fig. 1). Some 
crossed the open sea — one was found in the 
Gulf of Riga. During the next three months, 
this tendency became more pronounced. Not only 
the eastern but also the southern coast of Skåne 
was followed. Some trout pursued their westward 
penetration to the Belt area around the Danish 
islands. A more extended movement started to the 
northeast, with finds as far away as the Gulf of 
Finland and north of Åland. Some trout returned 
to the river in the autumn, having reached a size 
of 25—45 cm (average 38 cm), most of them 
probably for spawning and for overwintering. 
Since the trout were still partly below the mini
mum size for legal fishing, it is hard to determine 
the proportions of the different categories.

First winter
During the winter the Verke trout began to be 
vulnerable to commercial fisheries. From scale 
readings on tagged and untagged trout the total 
length, at the end of the first season’s growth, was 
found to be 40 and 41 cm respectively. From 
November to January the immature trout were 
spread over vast areas of the southern Baltic. 
Many were caught around the northern tips of

the islands of Öland and Gotland. From February 
to April, the tendency for northeastern dispersal 
was even more pronounced. There were 9 finds 
in the region from the Gulf of Finland to the Gulf 
of Riga and 17 trout were taken around Gotland, 
most of them on the eastern side (Fig. 2). Trout 
fishing on the margin of the coastal ice was 
reported from Gotland. Verke trout were, how
ever, at the same time also found some distance 
west of the home river and even on the Swedish 
west coast. These trout had followed the north
running sea current through the Öresund strait.

Second summer
In the spring months seven trout were caught in 
the Gulf of Riga region, probably having arrived 
there during the winter. There were few records 
from Öland and Gotland, or from the Danish 
islands (Fig. 3). In late summer and early autumn 
a new burst of trout was reported from Öland 
and Gotland, and some stray specimens were re
ported from the Bothnian Sea. All of the Verke 
trout were by now fully vulnerable to fisheries. 
The bulk of the smolt-class returned in the autumn 
for spawning in the Verke River, having reached 
a size of about 50—55 cm. The still immature 
trout were, at the end of the second growth 
season, about 60 cm in length.

Second winter

Quite a few finds were again reported from north
ern Öland and eastern Gotland, and some finds 
were made on the eastern side of the Baltic from 
the Gulf of Finland down to the Polish coast 
(Fig. 4). Compared to the very few records from 
the Danish islands there is clear evidence for the 
predominantly northeastern distribution of Verke 
trout.

Third summer

Not a single trout was reported west of Falsterbo 
(the southwestern point of Skåne), but 14 re
coveries were made around Öland and Gotland 
(Fig. 5). In the autumn the last trout belonging 
to the smolt-class matured and returned, having 
reached a size of 65—70 cm. When growth had 
terminated (calculated from older fish), the total
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FIG. 7,

VERKE TROUT 
FOURTH YEAR 
MAY - DEC

STOCK: VERKE 
LOCALITY: NYBRO RIVER
DATE: 1956-1965

APR - MAY 
TAGGED: 913 
recovered: 68 = 11

3 14 14 17

length was 70—75 cm, and tagged fish were some 
3 cm shorter on average than non-tagged fish 
belonging to the same smolt-class.

Third winter
Most of the trout had returned to Skåne. Not a 
single find was reported from the west, but five 
trout were reported from the east (three had cros
sed the open Baltic) (Fig. 6).

Fourth year in the sea
Most trout were now on their second or third 
feeding tour in the sea. No finds were reported 
from the west and six finds were made in the 
northeast, confirming the conclusions already 
formulated. No trout had crossed the Baltic to its 
eastern coast, suggesting that older trout make 
shorter trips (Fig. 7).

Nybro stream
Nybro is a small stream, emptying on the south 
coast of Skåne, some 5 km east of the town of

Ystad. It previously had a native trout population, 
which was wiped out by heavy eutrophication and 
pollution. A local group of devoted anglers re
habilitated the stream, after cleaning-up operations 
had made the water quality tolerable for trout. 
Verke river fry were used and a reproducing 
population was established in the late 1950’s 
(Ehnbom 1966).

A total of 913 natural smolts were tagged during 
1956—65, and of these, 68 recoveries were re
ported (7 %>). Fig. 8 shows that four trout had 
moved north (with the current) through the Öre
sund strait, one of which was a straggler running 
up the Lagan river. Three others were caught in 
the Danish Belt area, while four finds near Öland 
and five around Gotland suggest that the north
eastern migratory tendency of the Verke river 
trout was retained even in the new environment. 
It should be noted that the recovery rate is only 
half of that usually obtained for Verke trout 
tagged in their normal environment. This may 
suggest increased mortality and/or some confusion
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in homing. The Lagan straggler has no single 
counterpart among the 1,100 recoveries of Verke 
trout tagged in their home stream.

Hatchery smolts of the Verke stock 

Råneå
In May 1969 about 1,200 Verke trout were re
leased outside the mouth of the Råne river, al
most at the top of the Bothnian Bay. Later some 
14 °/o of the fish were reported (Fig. 9). The main 
result of this experiment is the pronounced te
nacity shown by the trout in remaining close to 
the point of release (140 of the 167 recoveries). 
Seven fish ascended the Råne river and 22 ascen
ded the adjacent, and much bigger, Lule river. The 
tenacity of these trout as well as the number of 
non-homing stragglers stands out in contrast to 
the behaviour of Verke trout in their normal sur
roundings.

Lule river
660 Verke trout were released on May 19 and 
June 25, 1964. Like the Råne fish they were 
raised at the Boden hatchery, near the point of 
release. Again, their extreme tenacity stands out 
as the main result of the experiment: 170 trout 
were recaptured in the Lule river or in the area 
close to its mouth. A few trout moved short 
distances along the coast (Fig. 10). Atlantic sal
mon smolts, annually released in the Lule river, 
regularly move south to the southern part of the 
Baltic Sea. The Verke trout, known for their 
long-distance movements in the southern Baltic, 
thus here behave in a manner which is strikingly 
different from that of Atlantic salmon.

Skellefte river
Two experiments, from May 1964 and May 1967, 
are summarized on the map. A total of 950 trout 
were released, 15 fl/o of which were later reported. 
28 trout were found in the Skellefte river, and 
another 65 were recovered just south of the river 
mouth (Fig. 11). There was some dispersal along 
the coast, mostly to the south, but also to the 
Finnish coast. On the whole the migratory ac
tivity was fairly low. These fish were raised at 
Kvistforsen hatchery, situated on the river.

Ångermanälven river
A batch of 1,000 smolts was released on May 12, 
1964. Later, 308 trout (31 °/o) were reported, 104 
of them in the river, to which many had homed. 
Dispersal along the coast was obvious, all the way 
from the Ume river in the north to the Dalälven 
river in the south. Straggling fish ran the Lule 
river (one specimen) and the Indal river (one 
specimen). Two specimens crossed the sea, presum
ably along the narrow Kvarken route (between 
the Bothnian Sea and Bothnian Bay). One single 
trout was reported north of Åland (Fig. 12). 
These trout were raised at the Forsmo hatchery, 
situated on the river.

Dalälven river

Two stocks of Verke trout were raised at the 
Älvkarleby hatchery and released as two-year 
olds in early July 1965 (unfortunately too late in 
the season). One was the resident stock, which 
normally lives above the impassable waterfalls, the 
other the ordinary sea-running stock.

185 tagged resident trout produced 46 recov
eries, or 25 «/o. 42 were found in the river, three 
were found in the estuary and one single trout 
was caught at the town of Vasa, Finland. Out of 
the 42 trout reported from the river seven had 
probably, to judge from their size when caught, 
spent some time in the estuary or the sea.

178 tagged migratory trout produced 42 recov
eries, or 24 °/o. 27 were caught in the river, and 
about half of them had spent some time in the 
estuary or the sea, to judge from their size. Five 
trout were caught in the estuary. Two were re
ported on the coast just south of the river mouth, 
and four others were reported some distance 
northwards along the coast. The last four had 
crossed the sea in a northeasterly direction and 
were reported from Finland (Fig. 13). Although 
the material is small, it suggests that the two 
stocks had different migratory behaviour when 
both were released in a river much larger than 
their native Verke.

Helge river

Two batches of Verke smolts, 1,700 in all, were 
released in the mouth of this Skåne river in April 
1962 and early May 1963. They had been raised
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FIG. 9

stock: verke

LOCALITY: RANE RIVER
date: 1969-05-16 
tagged: 1,180 
recovered: 167 = 19%

FIG, 11

STOCK: verke 
locality: skellefte

RIVER
date: 1969-05-19 

1967-05-18
tagged: 952 
recovered: 195 = 15%

FIG. 10 FIG. 12

stock: verke 
locality: lule river

date: 1969-06-25 
1969-05-19 

tagged: 661 
recovered: 61 = 9%

stock: verke

LOCALITY: ANGERMANÄLVEN 
RIVER

date: 1969-05-12 
tagged: 1,000 
recovered: 308 = 31%
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FIG. 13

STOCK: VERKE
LOCALITY: DALÄLVEN 

RIVER
date: 1965-07-07 
TASGEDi 178 
recovered: 92 = 29 %

at the Älvkarleby hatchery. Recoveries were few, 
only 47 trout or 3 °/o were reported. 15 were 
caught in the river and a further 18 were caught 
close to the river mouth. There was some slight 
dispersal along the coast and there were three 
long-distance movements to Gotland (Fig. 14).

Verke river

In early May 1967, and again in 1968, batches of 
Verke trout smolts (migratory stock) were re
leased in the mouth of their home stream, after 
having been raised at the Älvkarleby hatchery, 
700 km away. The recovery rate, 12 °/o, was 
slightly less than that for natural smolts (14 %). 
However, the distribution of the trout was nor
mal for the stock (Fig. 15). The general pre
dominantly northeastern tendency is clear, with 
17 trout found around Gotland, two in the Gulf 
of Finland, 11 more along the Swedish east coast 
(from Öland and northwards), while not a single 
trout was reported west of Falsterbo.

Summarizing the evidence obtained by these 
experiments it can be stated that Verke river 
migratory trout behave as if they have an inborn

FIG. 14

stock: verke

LOCALITY: HELGE RIVER

date: 1962-04-28

tagged: 1,727 
recovered: 47 = 3Z

tendency to move NE. This tendency can be 
blocked by coasting behaviour, which results in 
a dispersal mainly determined by the local topo
graphy. This coasting behaviour might in turn be 
almost reduced to site tenacity if the trout are 
transplanted to the northernmost part of the 
Baltic Sea (the Bothnian Bay), where the water 
is very brackish (2—3 promille) and the tempe
rature is low, even in summer.

The Gullspång trout

There are several trout stocks in Lake Vänern, 
spawning in the tributaries and feeding on smelt 
and cisco in the lake. Originally, large-sized 
trout also spawned in the mighty outlet, the Göta 
river just upstream of the waterfalls near the 
town of Trollhättan (Lloyd 1854), but this stock 
was probably wiped out by the damming of the 
lake. Another stock of large trout, which ran the 
Gullspång river (Runnström 1940), was almost 
exterminated by hydroelectric damming. How
ever, due to the energetic work done by Ros 
(1966) it may now be possible to save this stock. 
As part of the restoration project, the Gullspång
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FIG, 15

STOCK: VERKE 
LOCALITY: VERKE RIVER
date: 1967-05-09 

1968-05-13
tagged: 949 
RECOVERED: 118 = 12%

5 3 7

WsSBmkmmamm

FIG. 17

;stock: gullspAng

'locality: göta (nordre) 
RIVER

'date: 1970-06-02 
iTAGGED: 500 
RECOVERED: 13 = 3 Z

FIG, 16

stock: gullspAng

LOCALITY: KLARÄLVEN 
RIVER

DATE: 1967-05-25 
1868-05-21

tagged: 1-972 
RECOVERED: 106 = 5 %
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trout has been propagated in various hatcheries, 
and it was released in northern lakes and along 
the Baltic coast in order to test its presumed in
herent excellent growth capacities and to enlarge 
the supply of eggs. It was found to be one of the 
five best trout stock producers by Larsson et al. 
(1979).

Lake Vänern
For various reasons hatchery smolts have so far 
not been released in the native Gullspång river. 
In the years 1967—68, a total of 1,972 Gull
spång trout smolts were, however, released in the 
lower part of the Klarälven river, at the northern 
end of the lake. They were raised at the Brattfors 
hatchery. The number of recoveries was low, only 
106, or 5 °/o. The finds were dispersed throughout 
the huge lake, with a concentration of finds in 
two southerly bays (Wickström 1974) where food 
was probably most abundant (Fig. 16). The gen
eral impression of the dispersal might also be 
interpreted as a downstream movement, caused 
by the known current pattern in the lake. One 
trout was found in the outlet, suggesting that 
some trout might have drifted out of the lake, 
though no tagged trout were reported from the 
lower Göta river or the west coast. However, 
this result prompted the next experiment.

Göta river (Nordre river)
500 tagged Gullspång trout, from Brattfors, were 
released in June 1970. Later, 13 trout, or 3 %> 
were reported as caught, all but one found locally 
in the river or the estuary (Fig. 17). The excep
tion was a trout caught in the Oslo fjord, Nor
way. This trout had obviously drifted with the 
strong ‘Baltic current’ which runs north along 
the Swedish west coast. The tagging of native 
west coast trout has shown northward drifting 
(Berntsson and Johansson 1977), and the same 
result was observed when one-year-old rainbow 
trout were released (Gönczi 1965). West coast 
trout and rainbow trout were in fact found all 
along the Norwegian south and west coast as far 
north as the town of Bergen.

The low recapture rate for Gullspång trout 
suggests poor survival in the saline seawater on 
the west coast, which is not surprising for a fresh
water stock. It may also explain why no Gull

spång trout from Lake Vänern were reported 
from the west coast, though some may have drifted 
down the Göta river.

Dalälven river
The Älvkarleby hatchery was involved in the 
operations to save the Gullspång trout and pro
duce eggs. Fin-cut and/or tagged smolts were 
released in the river, and eggs were secured when 
the trout homed back to the hatchery after their 
feeding movements in the sea. Over the years 
(1965, 1970, 1971) totally 1,700 smolts were tag
ged and 190 (11 °/o) were later caught on the 
coast, in the sea or in the trap at the Älvkarleby 
hatchery (Fig. 18).

The dispersal of the Gullspång trout in the 
Baltic was extensive. They spread north along the 
Bothnian coast (one straggler ran the Indal river), 
traversed the Bothnian Bay to the Finnish coast, 
and drifted south and were caught, pelagically, 
by the commercial salmon fishermen operating in 
the open Baltic Sea. Others were found along the 
coast of Skåne, off the Danish island of Bornholm 
and off the Polish and Lithuanian coasts. It 
should be observed that no single trout was re
ported from the Gulf of Finland or the Gulf of 
Riga, areas in which so many Verke trout were 
caught. The main direction of dispersal of the 
Gullspång trout is therefore 1) along the coast, 
and 2) to the southern pelagic areas of the Baltic.

Isle of Väddö, Uppland coast
Two batches of trout were released along the 
coast, presumably without olfactory contact with 
river waters. 400 were released at Forsmark, north
west of the isle of Väddö, in June 1970, and 
1,000 smolts were released on the eastern side of 
Väddö (Bylehamn) in May 1977. Recoveries were 
30 trout (8 %>) and 26 trout (3 °/o) respectively. 
The Forsmark fish were to some extent caught in 
the vicinity of Väddö, while the Bylehamn fish 
dispersed more thoroughly. Gullspång trout from 
these experiments (Figs. 19 and 20) turned up in 
the salmon fishery catches and again demon
strated the pelagical roaming behaviour of this 
particular stock. Again, the Gulfs of Finland and 
Riga were without finds, with the exception of 
one Bylehamn trout, caught at Tvärminne, Fin
land, in November 1981, after five growth sea-
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FIG. 18

stock: gullspAng

LOCALITY: DALÄLVEN 
RIVER

date: 1965-1971
MAY - JUN 

tagged: 1,693 
recovered: 190 = 11%
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sons. It was a male fish, 73 cm long and weighing 
7.8 kg, no doubt searching for a spawning ground.

Bråviken

The Motala river empties into the innermost part 
of Bråviken bay, but a number of trout experi
ments have been performed in the outer part of 
Bråviken bay, where a ferry enables release of the 
fish in mid-water. One Gullspång trout experi
ment is summarized in Fig. 21 (there are several 
confirmatory experiments). In this case 500 trout 
were released in May 1973, and 129 were later 
reported (26 %). Apart from 49 recovered in 
Bråviken bay, most of them homing (as large fish) 
to the point of release, the others were mostly 
scattered to the south and, again, many were 
taken by commercial fishermen in the open sea. 
Five were reported as being found in the ‘southern 
Baltic’ by Danish salmon fishermen.

Tyrislöt, St. Anna

A small batch of 200 trout was released in the 
archipelago of St. Anna, at Tyrislöt, in early May 
1975. The recovery rate was 29 %>. Apart from 
the local finds, six were caught off the small isle 
of Gotska Sandön in the central Baltic, and others 
were found by salmon fishermen in the sea mainly 
south of Gotland. Others appeared along the coast 
of Skåne, off the island of Bornholm and along 
the Polish coast (Fig. 22).

Helge river

500 tagged Gullspång smolts started their free life 
on May 21, 1971 in the lowest part of the Helge 
river, Skåne. Only 14 (3 %) were later reported, 
suggesting again a lower rate of survival in a more 
saline environment. The pattern of dispersal seems 
to be of the usual type (Fig. 23).

Lule river

This was the only experiment to be performed 
with Gullspång trout in the northern part of the 
Baltic. The Lule experiment, started in June 1970, 
comprised 500 tagged smolts, of which 68, or 
14 °/o were recaptured. They had been raised at 
the Boden hatchery. Like the Verke trout, trans
planted to this cold environment, the Gullspång 
trout also reacted by showing a similar tenacity

to the coast and the point of release (Fig. 24). 
25 trout were reported from the Lule river, and 
most of the others were found in the vicinity of 
the river mouth. Two can be said to have dis
persed along the coast to the south and 6 dis
persed to the north (or traversed the Bothnian 
Bay). Since there are coastal currents taking the 
salmon smolts far southwards, it is striking that 
the otherwise pelagic Gullspång trout did not 
turn up far to the south, like salmon from the 
Lule river.

The Dalälven trout

Larsson et al. (1979) found the Dalälven trout to 
be one of the five best producers. It has been 
widely used. Its growth is good, if not as excellent 
as that of the Gullspång and Wisla river (Polish) 
stocks. The average recovery rate is consistently 
high, which is probably correlated to its coastal 
habits {vide infra).

Dalälven river

Many tagging experiments have been performed in 
the home stream of the stock. On May 18, 1960 
two batches, each consisting of 500 smolts, were 
released. One was released near the village of 
Älvkarleby, some ten km up the river, and the 
other near Skutskär, situated on the eastern shore 
of estuary area. May 18th was the last day of a 
period of anticyclonic weather with light winds. 
On May 19—21, a northerly wind was blowing. 
This wind may have exaggerated the migrational 
differences between the batches. The Älvkarleby 
fish were found along the coast, mainly to the 
north (one fish off Gotland) (Fig. 25). The Skut
skär fish were more widely spread: again, most 
fish moved north along the coast, but two crossed 
the Bothnian Bay to Finland, four trout appeared 
far south off northern Öland and another group 
of four were caught in eastern Skåne. One trout 
crossed the Baltic Sea to the SE (Fig. 26). The 
Skutskär fish were obviously more influenced by 
a south-running coastal current, known to occur 
along the Swedish coast. Homing was more pro
nounced in the Älvkarleby fish (90 specimens) 
than in the Skutskär fish (59 specimens). Of the 
Älvkarleby trout, two stragglers appeared in the 
Ljusnan and Ljungan rivers to the north, and of

5
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FIG. 21

stock: gullspAng 
LOCALITY: BRAVIKEN BAY

date: 1973-05-22 
tagged: 500 
recovered: 129 = 261

FIG, 22

Stock: gullspAng

LOCALITY: TYRISLÖT- COAST
date: 1975-05-07 
TAGGED: 200 
recovered: 57 = 29%
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the Skutskär trout, stragglers were found in the 
Ångermanälven river (two fish), and in the 
Emin and Mörrum rivers to the south.

The experiment was repeated in 1966. On May 
23, two batches of 500 trout each were released in 
Älvkarleby and Skutskär. The number of recov
eries was the highest on record, suggesting that 
climatic factors were involved, since exceptionally 
rich year-classes of other freshwater fish ap
peared the same spring (Svärdson and Molin 
1981). There was no northerly wind just following 
the smolt release and no difference in dispersal 
appeared between the two batches. Both displayed 
a coastal spread to the north (Figs. 27 and 28). 
There was one Älvkarleby straggler compared 
with five for the Skutskär trout. The recovery 
rates were 42 °/o and 52 % respectively. The num
ber of homing fish (i.e. caught in Älvkarleby) was 
129 and 148 respectively.

Later taggings of the Dalälven stock have pro
duced about 1,000 more recoveries, which confirm 
the pattern already presented by Puke and Steff- 
ner (1964). The main dispersal is along the coast,

to the north. Occasionally, fish cross the Bothnian 
Bay or move south, and if they do so, they 
travel a fairly long distance.

Ljusnan river

Of the 500 trout from the Dalälven stock 
(raised at the Ljusne hatchery) that were released 
in May 1974 in the lower part of the Ljusnan 
river, 20 °/o were later caught. Dispersal to the 
north was about three times more frequent than 
dispersal to the south (Fig. 29). 27 trout were 
found in the river of release, two stragglers were 
caught in the Dalälven river, two were caught in 
the Indal river and five were found in the Ånger- 
manälven river.

Ångermanälven river

Fig. 30 shows the dispersal of Dalälven trout 
released in the lower Ångermanälven river, after 
having been reared at the Forsmo hatchery. There 
is a pattern of coastal dispersals of about the 
same distance, northwards as well as to the south.
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though most recoveries were made in the south. 
While 67 trout were caught upstream in the 
Ångermanälven river, another 14 straggled to the 
Indal river and one ascended the native Dalälven 
river.

Ume river

For fish released in the Ume river (Fig. 31) there 
was a fairly even dispersal to both sides of the 
river mouth. 65 trout were homing (or had never 
made it to the sea), three entered the Ångerman- 
älven and five the Indal river, while a northern 
straggler ran the Pite river.

Lule river

A large batch of Dalälven smolts from the Boden 
hatchery were stocked into the lower Lule river 
in June 1966. Interestingly, the recovery rate, 
30 o/o, was higher than during the last three ex
periments, in which it was about 20 %. The year 
1966 seems to have generally resulted in excellent 
survival rates for released salmon and trout 
smolts, which can be correlated to a late spring 
with heavy run-off and a hot month of June 
(Svärdson and Molin 1981). The dispersal from 
the Lule river is mainly to the south due to topo
graphical conditions, and it is slightly larger than 
that of the Verke and Gullspång trout released in 
the area. Site tenacity, however, can be said to be 
predominant. One single straggler ran the Ume 
river, while 69 were homing and another 63 were 
caught right in the mouth of the river (Fig. 32).

Summarizing the results of the northern ex
periments with the Dalälven trout stock, coastal 
behaviour emerges as dominant. Dispersal to the 
north is most frequent at first, but this gradually 
changes to more even dispersal from the point of 
release. Open sea swimming is obviously very rare. 
Recovery rates are generally very high and 
though the trout can be observed to home to any 
new locality from which they are released there 
tends to be a significant number of straggling fish, 
which is also characteristic of the Dalälven stock 
in its native river.

Bråviken bay

When released from a ferry in the bay of Brå
viken, the vast majority of Dalälven trout re

mained in the area (Fig. 33). Out of 141 recov
eries, 127 were made in the bay. The size of the 
fish suggested good growth in this bay, known for 
its abundant populations of small-sized herring. 
Seven fish were found outside the bay where
they could have drifted south with the coastal
current, as testified by 6 trout found near the 
Lister peninsula and one found ‘on route’ in the 
Kalmarsund strait. The behaviour of the Dal
älven trout should be compared to that of the 
Gullspång trout (Fig. 21) released on the very 
same day. Both batches were transported to Brå
viken from the Älvkarleby hatchery. They display 
striking evidence of stock traits, the Dalälven 
trout producing 90 °/o of the recoveries in Brå
viken bay, while 62 % of the recovered Gull
spång trout were reported from fisheries outside
of Bråviken bay and far away (Steffner 1975).

Simpevarp
These Dalälven trout were used for experiments 
on growth performance in heated water from a 
local nuclear plant. After the termination of the 
growth experiment some were tagged and released. 
Fig. 34 shows their coastal behaviour, and in this 
case their tendency to move north (against the 
current) becomes evident. Three were found on the 
coast not far from Stockholm and another four 
had moved up to the Bothnian Sea, one of them 
as far as the Ume river area.

Bräkne river
Of some 500 Dalälven trout, raised at Älvkarleby 
and released in May 1969 at the mouth of the 
small Bräkne river in the province of Blekinge, 
only 31, or 6 °/o were reported. This is a low 
recovery rate for the stock. Dispersal was very 
modest, with one straggler found in the Mörrum 
river. It is tempting to speculate that the shore 
topography blocked their tendency to move north 
or drift south (Fig. 35).

Helge river
During the years 1968 to 1971 a total of 2,500 
Dalälven smolts were released at this river mouth 
(Fig. 36). All were raised at the Älvkarleby 
hatchery. 19 °/o, or 479 trout were later recovered. 
Coastal behaviour dominated, and quite a few had 
drifted north through the Strait of Öresund. One
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FIG, 31.

STOCK! DALÄLVEN 

LOCALITY; UME RIVER

date; 1963-05-22 
tagged: 1,000 

recovered; 197 = 20%

FIG. 32.

STOCK; DALÄLVEN 

LOCALITY; LULE RIVER

date; 1966-06-08 
TAGGED; 964 
RECOVERED; 292 = 30^
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FIG. 34

STOCK: DALÄLVEN 

LOCALITY: SIMPEVARP, COAST

date: 1972-11-09

TAGGED: 650 
recovered: 143 = 22%

5 4 4
FIG, 35

STOCK: DALÄLVEN 

LOCALITY: BRÄKNE RIVER

date: 1969-05-27 
TAGGED: 492 
recovered: 31 = 6%
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FIG, 36

STOCK: DALÄLVEN 

LOCALITY: HELGE RIVER

05-13 
05-27 
■05-14 
05-21 

tagged: 2,500 
recovered: 479 = 19 1

10 18 13
DATE

FIG, 37

STOCK: DALÄLVEN

LOCALITY: GÖTA (nORDRE) 
RIVER

date: 1970-06-02 
tagged: 500 
RECOVERED: 17 = 31
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trout, found close to the Norwegian border, had 
obviously been transported by the strong west 
coast current. Stray fish moved to Öland or 
crossed the Baltic to the Polish coast. Three 
straggling, non-homing fish were found in other 
rivers.

Göta (Nordre) river
Like the Gullspång trout (Fig. 17), the Dalälven 
stock also performed badly when released on the 
west coast. The recovery rate was only 3 °/o and 
the trout drifted to the north with the strong 
current (Fig. 37). The trout were raised at the 
Älvkarleby hatchery.

Reliability of the maps
Maps showing recaptured tagged fish are of 
course dependent on fishing intensity. Some com
ments on the actual fishing pressure are thus 
needed.

There are private fishing rights in Swedish 
fresh waters and along some parts of the Baltic 
coast, roughly from Gävle down to Karlskrona. 
The private waters are, however, restricted to a 
belt of some hundred metres, depending on the 
depth and the configuration of the shore. Other
wise, fishing along the coast is open to all citizens.

Restrictions in the use of gear are few. Gill-nets 
are allowed, as are fyke nets, and if a licence is 
obtained, huge eel traps may be used. Angling is 
allowed after obtaining personal permission from 
the land owner, or after purchasing a permit.

On the whole there is intense fishing activity 
along the entire Swedish coast. River mouths are 
very heavily fished and salmon and trout stocks 
are locally overfished by commercial fisheries. The 
Baltic salmon is mismanaged by fishing far too 
heavily in the open sea. Therefore trout is caught, 
not only when moving along the coast, but also 
by salmon fishermen, on the high seas.

The maps are fully reliable, as far as the general 
dispersal of trout in Swedish waters is concerned. 
Along the Finnish and Danish coasts there tend to 
be similar conditions. In Soviet waters, on the 
contrary, fishing is more restricted and, above all, 
the general motivation for, or possibility of send
ing private reports through the mail is lower. A 
negative bias is thus suggested for the coasts of 
USSR, Poland and DDR. The amount of this bias 
is hard to estimate.

IV. DISCUSSION

There is a contrasting time-scale for the local 
genetic variation in Salmo compared to that of 
Salvelinus and Coregonus. Whereas the trout, 
Salmo trutta, has achieved its local diversification 
post-glacially, the Coregonus and Salvelinus varia
tion is principally caused by the existence of 
sibling species, which have introgressed to various 
degrees in post-glacial times (Svärdson 1979, 
Nyman et al. 1981).

Sympatric trout stocks with different growth 
rates and spawning habits are fairly common in 
larger Scandinavian lakes. Outlet spawners are 
noted for better growth and larger size, and the 
divergent behaviour of young fish. The two 
sympatric trout stocks of Lake Bunnersjöarna have 
been made widely known (Ryman et al. 1979). 
Their genetic difference is calculated to be equi
valent to isolation for 125,000 years though they 
are very similar and show genetic identity at 
19 loci (Ryman and Stahl 1981).

If the isolation period of 125,000 years is 
correct, the two stocks should represent two 
different trout species, since Lake Bunnersjöarna 
is not more than 9,000 years old. The calculation 
is, however, based on the presumed non-selective 
effect of different LDH-alleles. In fact Lake 
Bunnersjöarna is situated in a region of barren 
lakes and, moreover, char, and not trout, is known 
to be the species which has spontaneously colonized 
the uppermost lakes. The fisheries officer of the 
region, Mr. Richard Ohman, does not doubt that 
the trout were introduced by man, and probably 
very recently. Different LDH-B-genotypes of 
Fundulus heteroclitus also have been proved to 
affect the time of hatching as well as swimming 
endurance (DiMichele and Powers 1982). The 
Lake Bunnersjöarna trout thus have little relevance 
for evolutionary considerations.

In post-glacial times Scandinavia must have 
been colonized by an anadromous trout, the eco
type from which the other demes have evolved 
locally. It should be stressed that straggling (non
homing) behaviour was positively selected for 
during a period in which there were many virgin 
streams.

Carlin (1965) summarized the first trout smolt 
taggings in four rivers of the Bothnian Sea, and
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Fig. 38. Surface currents in the Baltic Sea (adapted from Wessel 1971). The salinity is also given, compiled 
from various sources. The Baltic is brackish and the salinity decreases from 10—15 promille in the southwestern part 
to 2—4 promille in the northernmost Bothnian Gulf.
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found trout to be more coastal and local than 
salmon, with about 6 °/o non-homing individuals 
being caught in foreign rivers.

Three migratory trout stocks, dealt with in 
this paper, have all been released as smolts in the 
Bothnian Bay. Their behaviour in this environment 
has been rather similar. Coastal movements prevail, 
although the Gullspång trout in other localities 
tend to drift long distances with sea currents and 
the Verke trout may also be long distance trav
ellers. The tenacity shown by remaining close to 
the point of release and the tendency to straggle 
to nearby rivers suggest a physiological response 
to the cold water, in which pelagic swimming is a 
wasteful expenditure of energy.

If this behaviour of the Gullspång and Verke 
trout is a phenotypic modification due to the 
environment, the Dalälven trout seems to have 
adapted itself genetically to its native Bothnian 
Sea conditions. Compared to the other two stocks, 
the Dalälven trout tends to stick to its coastal 
behaviour in all environments tested and, more
over, it displays a consistent trend of having some 
straggling individuals.

From an evolutionary point of view, the Dal
älven stock may be said to be more primitive, 
more like the presumed early colonizer. Homing 
can be based on simple olfactory or visual stimuli 
(cf. Bertmar 1979).

The more the sea sojourn is extended to increase 
trout growth and size, the more important becomes 
the relation of trout to sea currents. Baltic Sea 
currents are not strong and are mainly caused by 
the Coriolis’ force, combined with the heavy 
discharge of fresh waters from the many rivers in 
the north. Winds disturb the pattern and the map 
by Wessel (1971), here modified as Fig. 38, is 
accepted with caution by some specialists (Svan- 
son, pers. comm.).

However, there seems to be a unanimous opinion 
that sea currents run north along the Finnish 
Bothnian coast and south on the Swedish side. 
Toivonen and Tukhunen (1975) found that 
Finnish tagged trout have a northern trend in 
their dispersal, i.e. they move with the current, in 
contrast to salmon, which move against it. The 
Dalälven trout also have a northern dispersal 
tendency, which, however, runs against the prevai
ling current (Swedish Bothnian salmon post-smolts

then move with the current!). The behaviour of 
the Dalälven trout could best be explained by a 
tendency to slowly disperse against the current 
when in contact with the shore, but to drift with 
the current if they loose contact with the shore 
(cf. the Skutskär result in 1960 Fig. 26).

Fig. 38 shows the mouth of the Dalälven river 
pointing north, while the provinces of Uppland 
and Södermanland protrude as a broad eastern 
promontory into the Baltic. The southern part of 
this promontory is further split up into a vast 
archipelago of thousands of islands. Dalälven 
trout, which drift (as in 1960) south of the 
promontory, tend to move long distances and 
might very well have more difficulties in homing 
than trout which move directly northwards from 
the river mouth. North-dispersing Dalälven trout 
also may find several alternative rivers suitable 
for spawning, while this is not the case for those 
drifting south. On the whole, the argument for a 
local natural selection, which determines the 
contra-current coastal behaviour of Dalälven 
trout, has some strength.

The Gullspång trout live in the more restricted 
habitat of Lake Vänern. There are very few 
rivers offering spawning grounds and, above all, 
predatory pike abound in the lake. Northern pike 
(Esox lucius) is known to be a formidable predator 
on Salmo and Salvelinus all over Scandinavia, 
and trout live in small Baltic streams only in 
those areas where pike are rare or non-existent.

The natural selection caused by pike, must have 
produced the tendency of Gullspång trout smolts 
to minimize the time spent as parr in the river 
(cf. Runnström 1940, Wickström 1974), and to 
head out into the huge lake to lead an off-shore 
pelagic life, where pike are few (although they 
do exist as large-sized specimens). As a result the 
Gullspång trout should have evolved a homing 
capacity, after having spent their growth period 
in open water with negligable contact with the 
shore.

The Gullspång trout used in the experiments 
were extremely pelagic and drifted widely, in all 
environments except the cold Bothnian Bay. In 
spite of the long distances covered, the evidence 
(admittedly indirect) is that homing was good. 
The prolific egg production at Älvkarleby was 
based on the fact that large-sized Gullspång trout
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Table 1. Total length of recaptured trout of the Verke stock in five experiments. All were released as two-year- 
old hatchery smolts. Growth is more rapid in the southern Baltic Sea, where trout, released in the Verke 
river, migrate.

Area/River cm
Year 1
2nd half

Year 2
1st half 2nd half

Year 3
1st half 2nd half

Year 4
1st half 2nd half

Råne 1969 20—29 6
30—39 32 3 10 i 1 — —

40—49 — 1 35 3 3 1 —

50—59 — — 2 1 15 — 3
60—69 — — — — 1 — 11
average 33.4 37.5 43.3 45.0 53.0 45.0 62.9

Lule 1964 20—29 26 4 1 ___ — ___ —

30—39 26 26 29 4 4 — —

40—49 1 3 30 5 5 1 —

50—59 — — 4 6 11 1 —

60—69 — — — — 2 — —

average 30.3 34.7 40.1 46.3 50.0 50.0 —

Angermanälven
1964 20—29 37 6 1 — — — —

30—39 36 37 14 — — — —

40—49 2 8 21 8 — — —

50—59 1 — 11 4 12 — —

60—69 — — — — 8 3 6
average 30.7 35.4 43.9 48.3 59.0 65.0 65.0

Dalälven 1965
20—29 4 — 1 — — — —

30—39 1 1 4 3 1 1 —

40—49 — — 5 5 1 2 —

50—59 — — 1 — 3 — —

60—69 — — — — — 1 •-----

average 27.0 35.0 40.5 41.2 49.0 47.5 —

Verke 1967
20—29 2 — — — — — —

30—39 9 10 1 — — — —

40—49 4 15 3 — 2 — —

50—59 1 5 22 3 3 2 —

60—69 — — 11 7 3 — —

average 37.5 43.3 56.6 62.0 56.2 55.0 —

(no doubt having spent their growth period in 
the sea, and presumably far away) did return in 
great numbers to the trap at the hatchery.

Two different trout stocks inhabit the Verke 
river. The stock living above the impassable falls 
has an even sex ratio in all age groups, while the 
stock living below the falls has a very unbalanced 
ratio after the females have left the river as 
two-year-old smolts. Females constitute some 75 °/o 
of the smolts and also dominate among the ascen
ding adults (Svärdson and Anheden 1963 b). 
Since any smolt produced by the upstream stock, 
will be lost to the population, selection has 
•obviously almost eliminated smolt behaviour.

When released near Älvkarleby in the broad Dal
älven river, the upstream stock performed some 
downstream movement, but differed from the 
anadromous Verke stock by showing much less 
coastal or sea dispersal. The behavioural differ
ences thus must have, as supposed, a genetic basis.

The anadromous Verke trout smolts may reach 
the Gulf of Finland (their ultimate target, as 
taggings suggest) with the sea currents after having 
reached the Bornholm area, if they move counter
clockwise in the southern Baltic and northwards 
along the Latvian and Estonian coasts (Fig. 38). 
However, the recovered trout do not suggest such 
a route. Instead, the finds indicate a more direct
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NE-trend, and recaptured trout around Öland and 
Gotland abound. Selection as a result of fisheries 
cannot explain the paucity of open sea finds, as 
the Gullspång trout recoveries show. Instead, the 
probable route implies a complicated reaction, 
with the trout mainly moving against currents on 
their way to Gotland, and with the currents for 
the last part of their journey. It seems better to 
assume another mode of movement, e.g. the trout 
swimming, during the morning peak of activity, 
against the rising sun, trying not to be swept too 
far away from the shore. The well-known ‘coas
ting’ of migratory birds, continued as long as the 
guiding line does not conflict too heavily with 
their inborn standard direction, comes to mind as 
a parallel.

There are several facts that could combine to 
create a natural selection for an inborn NE trend 
of movement in Yerke trout. The coastlines of 
Skåne and the Danish isles provide a most compli
cated pattern for the trout moving west (as some 
do). If the trout passed the point of Falsterbo, 
they would easily be swept away by the strong 
surface current of brackish water running north 
through the Öresund strait. If so, the trout would 
soon arrive in the much more saline habitat of 
Kattegatt and Skagerack. Native Swedish west 
coast trout are notorious for their small size and 
short periods of growth (Lindqvist 1958, Bernts- 
son and Johansson 1977). A Verke trout, success
fully homing from the Swedish west coast would 
most probably be a considerably smaller fish, with 
fewer and even smaller eggs. On the contrary, 
growth in the southern Baltic is rapid (Table 1) 
and some of the largest sized trouts in Europe 
(outside fresh waters) are found in this area 
(Nall 1930, Zarnecki 1963, Svärdson 1967), 
notably the Wisla, Em and Mörrum stocks.

The southeastern point of Skåne (Sandham
maren) may, to some extent, be a parallel to the 
waterfalls of the Verke stream. Trout passing it 
‘downstream’ (i.a. westwards) risk a smaller chance 
of homing and, if they were successful, they would 
risk being smaller and having fewer eggs, and 
thus being less fit than trout coming from the 
Öland-Gotland-Gulf of Finland route. The latter 
are favoured by dense herring prey populations 
and iso-osmotic waters, in which they waste no 
energy on osmotic regulation. If homing is also

facilitated by using this route, selection pressure 
should be strong.

The general picture emerging from these Baltic 
Sea trout experiments is that the migratory pattern 
may be lost (Verke upstream stock), consist of 
coastal dispersal with some incidence of straggling 
(Dalälven stock), consist of open water drifting in 
currents with excellent homing behaviour (Gull
spång trout) or, finally, be a long-distance directed 
movement, irrespective of currents, with some 
contact with shore (Verke downstream stock). 
In all cases there is evidence that the behaviour 
has evolved under natural selection in post-glacial 
times.

Bams (1976) proved a genetic influence in the 
homing of pink salmon (Oncorhynchus gorbuscha) 
by testing the effects of paternal genes in two lots 
of transplanted fish. Horrall (1981) recently 
summarized the literature on homing. If homing 
and genetic isolation evolve together (Leggett 
1977) it seems that the cues used for orientation 
could probably be slightly different in various 
local stocks, where selection favours one out of 
several potentially available cues common to all 
fish.

It is not only in early post-glacial times that 
straggling, rather than homing, should be selected 
for, but also when advancing glaciers push trout 
populations south to streams which provide 
refuge. The trout, as a species different from the 
Atlantic salmon, has probably lived through seve
ral glacial periods (c/. Svärdson 1979). Hence, 
homing correlated to elaborate feeding migrations, 
has probably repeatedly been alternatively selected 
for or against. Consequently, the potential for 
rapid deme radiation to different environments, or 
withdrawal to a standard sea-running type of 
behaviour should ultimately have been selected 
for and determined the ecological niche of the 
species.

V. MANAGEMENT ASPECTS

Fisheries managers are generally cautious not to 
destroy natural stocks by the release of foreign 
fish. In the management of Swedish Baltic salmon 
this principle has been strictly adhered to during 
the postwar period. For trout, however, this 
practice has been less prohibited. This may be due
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to the fact that trout stocks abound, that trout 
has more often been handled by private owners of 
fishing rights, or that large amounts of trout fry 
were already transported and released in the 19th 
century.

Even so, the large-scale transplantations of trout 
reported in this paper may horrify some fishery 
managers, and the risks of contaminating stocks 
may be judged as being too high for winning some 
scientific results. It should be stressed again, that 
the activities were started for practical purposes, 
and aimed to achieve a higher trout production 
than natural reproduction could provide.

The results do have some considerations for 
future management. Local stocks are adapted, and 
may therefore have the best survival odds and be 
the most efficient homers. On the other hand, 
there are more or less fast-growing stocks. The 
Dalälven stock will produce local recoveries while 
the Gullspång trout stockings may benefit fisheries 
far away. The Verke upstream stock has been 
used in river reservoirs, where other stocks have 
emigrated downstream and been lost to the local 
reservoir fishery.

The negative effects of the genetic contamination 
of stocks should not be too strongly emphasized. 
Natural selection will restore fitness. The general 
experience from Coregonus and Salvelinus sibling 
species introgression also stresses the relative sta
bility of the local deme in spite of the infusion of 
foreign genes.
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Ultrasonic Tracking of Atlantic Salmon (Salmo salar L.) — 
I. Movements in Coastal Regions
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ABSTRACT

Atlantic salmon have been tracked using ultrasonic transmitters in the archipelago and estuary 
of the presumed home river during their spawning migration. 21 trackings were made off the 
River Lule in the Bothnian Gulf, 7 off the River Klarälven in Lake Vänern. Tracking times 
ranged up to 40 hours (mean 16 hours) and the tracking distance was up to 60 km (mean 19 km).
Approximately 60 °/o of the trackings which lasted for more than 5 hours showed erratic 
movements, statistically not significantly different from random walk. For this group the net 
progress was slow (typically 10 km/day) and the resulting direction could be both towards and 
away from the river. All these erratic tracks were observed in the river estuary or in the inner
most archipelago. The behaviour is similar to that seen during the riverine phase of the migration. 
A high incidence of retrograde movements in one branch of the Lule estuary seems to be caused 
by pollution.
The lesser group with a significant degree of oriented movement showed a net progress of 
approximately 25 km/day. In three cases, when recaptures made the river affiliation known 
or probable, the migration direction was towards the home river. The remaining 5 trackings 
show a direction away from the presumed home river.
The observed cruising speed was in the range 0.5—1.0 body length/s. This speed is close to 
what theoretically would give a minimum energy consumption per unit distance travelled. 
Possible orientation cues are discussed and an experiment which shows that a salmon was 
sensitive to the presence of a weak magnetic field is presented.
On numerous occasions the salmon were observed to detect and avoid traps and set nets. 
Detection was at approximately 10 m distance and seemed to be non-visual. A strong cooperation 
between different traps was noted. This means that a small increase in the number of salmon 
traps in the archipelago can have a considerable effect on the proportion of the total run which 
is caught in the river.
Observations on swimming depth and behaviour in relation to the hydrography are discussed 
in an accompanying article.
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I. INTRODUCTION

The anadromous migration cycle of the salmon 
species, and the remarkable homing to the river 
of birth, is well known and has been reviewed

and discussed for example by Hasler (1966), 
Harden—Jones (1968) and Stasko et al. (1973). 
The return to the spawning grounds can be 
divided in three phases: an ocean phase from the 
distant feeding areas to the generalized region of 
the home river, a slower coastal phase in which 
the river mouth is approached, and a final stream 
phase where olfaction and rheotaxis guide the sal
mon to the parent tributaries and spawning redds.

In 1976 adult salmon (Salmo salar) were tracked 
in the estuary of the River Lule in the northern 
Bothnian Gulf. The study was continued in 1978, 
when the trackings were made in the archipelago 
at a greater distance from the river. Additional 
experiments were made in Lake Vänern during 
1979 and 1980.

6
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The main objective of the studies was to in
vestigate the behaviour of salmon in relation to 
hydrography, as a background for the assessment 
of the effects of cooling water discharges on 
salmon migration.

Several other telemetry experiments have been 
made during the coastal approach of salmonid 
species: On Atlantic salmon (Salmo salar); Waate- 
vik 1980 and Smith et al. 1981, on sockeye salmon 
(Oncorhynchus nerka); Madison et al. 1972, 
Groot et al. 1975 and Stasko et al. 1976, and 
finally on pink salmon (Oncorhynchus gorbuscha); 
Stasko et al. 1973.

All the studies, except that of Waatevik 1980 
were made in areas with a strong tidal influence. 
In common to the observations are large variations 
between the tracks of individuals, complex paths 
and on occasion a progress away from the presu
med home river. When trackings were made in 
estuaries with a strong freshwater influence, the 
movements of the salmon were dominated by 
passive advection by the tidal currents, and the 
net progress was slow.

The present trackings were undertaken in an 
environment without tidal currents and differs 
from earlier experiments in the absence of salinity 
difference, or very weak salinity gradient in the 
estuaries. In this way the behaviour of the salmon 
could be studied in relation to temperature as a 
single parameter.

A marked ability of the salmon to avoid 
fishing gears was found, and some implications 
of this behaviour for the effects of the fishing 
intensity in the archipelago are discussed.

This report will present and discuss the observed 
horizontal movements from all the trackings. In 
an accompanying article (Ultrasonic tracking of 
Atlantic salmon. ■— II. Swimming depth and 
temperature stratification. Referred to as B below) 
the swimming depth observations are presented, 
and an attempt is made to interprète them with 
a new model of olfactive orientation.

II. BACKGROUND 

The River Lule
The River Lule discharges into the Bothnian Gulf 
in the northern Baltic (Fig. 1). Since 1971 there

N 65-40’
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Fig. 1. The estuary and archipelago of the River Lule.

has been a power dam at the town of Boden, 
approximately 50 km from the river mouth. This 
dam is a definite blockage to the salmon migra
tion, and the few remaining spawning grounds in 
the river contribute insignificantly to the recruit
ment of salmon. Essentially all smolts, 100,000 per 
year, are reared and then planted in the lower 
reaches of the river. The genome of the fish in 
this investigation is uncertain. At least 13 different 
stocks and several crossings, have been released in 
the River Lule (Larsson et al. 1979). The fishery 
in the archipelago is done with hoop and trap nets. 
During the period 1976—78 the proportion of the 
total catch taken in the archipelago increased 
considerably, due to an increase in the number of 
nets and a transition to more efficient, large trap 
nets.

The water in the Bothnian Gulf is brackish, 
with a surface layer of the order of 10 m thick
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■with approximately 2 °/oo salinity and a bottom 
water with salinity 3—4 °/oo. The circulation in 
the gulf is in general cyclonal, but currents in the 
archipelago are variable and determined by the 
local wind. There are no tides and the currents 
are weak. The hydrography of the Lule estuary is 
described by Broman (1980). In July, when the 
trackings were done, the river flow is approxi
mately 500 m3/s. The freshwater outflow is devi- 
ded between three branches in the river mouth. 
The branches are (see Fig. 1): I Tjuvholmsundet, 
II Klubbnäskanalen and III Hertsöfjärden. The 
approximate proportions of the freshwater flow 
are via I 15 %, II 35 °/o and III 50 °/o. In the 
Sandöfjärden and the Hertsöfjärden there is a 
gradual increase of the surface salinity, due to 
entrainment of intruding saltwater from below, 
and the salinity is 1—1.5 °/oo when the outflow 
reaches the Brandö- and Junköfjärd. Here the 
riverwater spreads in irregular plumes, which are 
usually separated from the 2 °/oo coastal surface 
water by fronts extending 1 —10 km from the 
mouths.

Lake Vänern
Vänern is a 5,600 km2 lake, which holds a land
locked stock of Atlantic salmon, separated from 
the ocean by the land elevation since the latest 
glacial period. Two salmon rivers remain after 
the installation of hydro-electric power; the 
Rivers Gullspång and Klarälven. The telemetry 
experiments were made in the Klarälven estuary 
(Fig. 2). The main part of the recruitment of 
Klarälven salmon is by release of hatchery reared 
smolts.

The experiments were done in July—August, 
during the spawning run. At this time the lake is 
strongly stratified in temperature. The hydro
graphy of Lake Vänern and the Klarälven estuary 
is discussed by Lindell 1978 and Holmström and 
Carlsson 1978. The main branches of the River 
Klarälven discharge into Säterholmsfjärden and 
the flow of river water is approximately 150 m3/s. 
In Säterholmsfjärden there is a mixing with sur
face lake water and the plume of river water is 
usually concentrated along the western shore. In 
contrast to the situation in an estuary with salinity 
stratification the plume of river water can sink if 
the coastal surface water is warmer than the

E13"30'
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Fig. 2. The estuary and archipelago of the River 
Klarälven.

plume. The currents in Lake Värmlandssjön, the 
open basin south of the archipelago, are governed 
by the local wind. In the summer there is typically 
a weak counter-clockwise circulation, with currents 
of the order of magnitude 10 cm/s.

III. MATERIAL AND METHODS 

Telemetry equipment
Tracking was done with a hydrophone mounted 
on the gunwale of the boat. The hydrophone, a 
Bruel & Kjaer 8101, was protected by a stream
lined, flooded plastic dome, with a parabolic 
reflector to obtain directionality. The reflector was 
rotated by remote control, and the listening direc
tion displayed on a control panel in the wheel- 
house. The signal from the hydrophone was con
verted to audible pulses with a 50—150 kHz
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Table 1. Specifications of the ultrasonic transmitter 
tags.

Type Position or 
Temperature

Swimming
depth

Diameter (mm) 15 15
Length (mm) 45 70
Weight in water (g) 8 13
Battery life (days) 30—60 10
Frequency (kHz) 95 95
Source strength

(dB re 1 [rPa, lm) 145 . 145

tunable receiver, similar to the RC-75A receiver 
described by Holand et al. 1974. Data on the 
ultrasonic transmitters used in the experiments are 
summarized in Table 1. The electronics of the posi
tion and temperature tags in described by Björk 
1977. Details of the depth-sensing transmitter are 
given in B.

Handling of fish
All fish for the experiments were caught in trap 
or fyke nets. In general the nets were examined 
every second day. When possible, arrangements 
were made with the fishermen to search the net an 
additional time, so that the salmon used in the 
trackings would have spent a maximum of only 
24 hours in the trap. The fish which were chosen 
were transferred from the trap to a 40 1 tank and 
sedated with 20 ppm MS 222, replaced from 1978 
with benzocaine of the same strength. When the 
salmon showed signs of losing the righting reflex 
(after 2—5 minutes), the head was raised out of 
the water, and the transmitter guided down the 
oesophagus with a smooth inserter. A Carlin tag 
was fastened at the base of the dorsal fin for 
external identification. The water in the tank was 
changed and the salmon observed for a few 
minutes. Recovery from the light anesthesia was 
normally instantaneous in the fresh water. Sex was 
determined and the weight estimated.

All individuals were released close to the net 
where they had been caught — usually approxi
mately 50 m from the outermost part of the net. 
The whole operation, from recovery from the trap 
to release, lasted less than 20 minutes. The fish 
were out of the water for less than one minute.

During the experiments in 1980 the surface

water temperature was 20—22°C, and the stress 
on the fish proved to be too great when they were 
handled at this temperature. Instead they were 
taken from the trap net to a 1 m3 holding tank, 
containing cool water pumped from below the 
thermocline. After an acclimatization period of a 
few hours the tagging was done as described 
above. The salmon were then kept for observation 
in the holding tank for some hours more. In some 
of these experiments the release was effected in 
positions other than at the net where the salmon 
had been caught.

Tracking procedure
In 1976 a 7 m open motorboat was used for 
tracking. The position of the salmon was deter
mined at 10—30 minutes’ intervals, by manoeu- 
vering close to the salmon and taking bearings on 
points on the shore with a handheld compass. This 
was sometimes made from two points to get a 
cross bearing on the fish, but in the majority of 
cases, when the fish was moving, the distance and 
direction of the fish was estimated and position 
determined from a single point. The accuracy of 
the positions was generally good, when the salmon 
moved close to the shore, approximately 50 m 
including the uncertainty in distance between boat 
and fish. When the distance from the shore increa
sed the uncertainty of position also increased. The 
estimated uncertainty is 100—300 m at distances 
greater than 1 km from land.

In 1978 and later tracking was undertaken from 
a 10 m boat equipped with radar. Visual bearings 
were still used close to land, but at greater distan
ces radar was used for positioning, giving a maxi
mum probable error in position of approximately 
200 m. During the intervals between position fixes 
the boat drifted within hearing range of the 
transmitter, but at some distance to minimize 
disturbance. The approaches were made from 
varying directions to avoid chasing the salmon in 
a systematic way.

All times are given as local time (GMT — 1 
hour for the experiments 1976, 1978 and 1979, 
GMT — 2 hours in 1980).

Data analysis
The positions were plotted on navigational charts, 
using the largest available scale (in the Lule
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estuary 1 : 20,000, in the outer archipelago 
1 : 50,000 and in Lake Vänern 1 : 60,000). From 
these plots the hourly positions were interpolated 
and the hourly net ground speeds and directions 
measured. The total length of the trajectory was 
measured along the detailed path. A schematic 
diagram and explanations of the parameters which 
were measured on the trajectory are given in Fig. 3. 
The movement patterns shown by several position 
fixes, which means timescales of the order of one 
hour or longer, have been classified into four 
main categories: passivity, intermittent movements, 
milling movements and directional movements. 
In most cases there is a distinct transition between 
periods of behaviour of the different categories, 
but the division is empirical and sometimes obser
ved movements are intermediate and the categori
zation subjective.

A precise description of what is meant by the 
movement patterns is as follows:
1) Passivity: Holding position at the bottom or 

drifting passively in midwater over an extended 
period, arbitrarily chosen as one longer than 
30 minutes.

2) Intermittent movements: Short intervals of ac
tive swimming, alternating with drift or posi
tion holding. Typically the active intervals last 
10—30 minutes (displacement 100—500 m) and 
the passivity similar lengths of time. The tracks 
during swimming seem relatively straight, but 
direction changes between active periods can 
be large.

3) Milling movements: Swimming is nearly con
tinuous. Frequent considerable (> 90°) direc
tion changes or circling.

4) Directional movements: Swimming is conti
nuous for periods of longer than 1 hour. 
Swimming direction varying slowly (< 45° 
from one hour to the next in open water, can 
be greater if the movement is along a shoreline).

Without a model of the orientation process there 
is no statistical method that can be used to 
determine whether a single trajectory is the result 
of active orientation or not. A tentative categori
zation into apparently orientated and random 
tracks has been made with three simple nonpara- 
metric tests, presented in Fig. 3. A detailed descrip
tion of the tests is given in Batschelet 1972. The

c) Rao
N

Fig. 3. Definition sketch for the analysis of the 
trajectories. Successive positions with a constant time 
interval of 1 hour were interpolated. The vectors con
nect these points. The hourly mean speeds and direc
tions are given by these vectors. The total length of the 
trajectory, D, was measured along the actual track, 
and the shortest water route, D0, was estimated as 
shown in the figure.
The circular distribution of the hourly directions were 
constructed and used for the statistical tests a—c. In a) 
the test statistic, P, is the minimum number of points 
on one side of a diameter 1. The test statistic in b) is 
the smallest angle that contains all the sample points. 
The test c) is one which is powerful even in situations 
where the theoretical distribution is multimodal. The 
definition of the test statistic is shown in the figure.

null hypothesis is that the salmon at intervals 
chooses new swimming directions at random, and 
that these directions have a uniform circular 
distribution. With the assumptions that the choices 
are made at time intervals shorter than one hour, 
and that advection and constraints from the shores 
can be neglected, the observed hourly directions 
will be random if the null hypothesis holds.

Experimental artifacts
As discussed above the fish were approached from 
various directions during the tracking, but no
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Fig. 4. The ensemble average and standard deviation 
of the hourly mean swimming speeds as a function of 
time after release. The average is for all experiments 
in 1976 and 1978, excluding D, F, J76 and D78.

evident changes of swimming direction were 
associated with the maneouvres of the tracking 
boat. Occasionally the boat was deliberately 
steered over a salmon equipped with a depth 
sensitive tag. When the boat was directly above 
the fish, and it could be seen on the echograph, it 
dived to approximately 10 m. Within a few min
utes the salmon had resumed the earlier swimming 
depth, and continued on the same heading as 
before.

The salmon seemed to tolerate the transmitter 
well. In 1976 five of the fish were caught at the 
salmon hatchery in Boden, where they were kept 
in basins together with other adult salmon until 
they were stripped, 3—4 months after the tagging. 
Two of them died during this period due to UDN, 
which was in proportion to the total loss from this 
disease in 1976. No anomalous behaviour was 
observed, all fish retained the transmitter and no 
internal damages were detected on dissection after 
stripping. The only comparison which can be done 
to assess prolonged effects of tracking on migra
tory behaviour is with the results of tagging 
experiments. In 1978 tagging of salmon was done 
in the Lule archipelago simultaneous to the telem
etry experiments. The recaptures show no large 
differences in distribution pattern and migration 
speed, compared to that found in salmon with

ultrasonic transmitters. The conclusion is that the 
transmitter per se does not seem to disturb the 
salmon, but the capture and handling is common 
to both techniques and effects of these can not be 
excluded. A transitory effect of the handling can 
be seen when the net hourly speeds are ordered 
as a function of time since release. Fig. 4 shows 
the mean of experiments in 1976 and 1978. There 
is a clear decrease during the first three hours, 
which is probably a reaction to the tagging or 
sedation. When possible the discussion of results is 
based on observations made later than 3 hours 
after the release.

IV. RESULTS

The different tracking experiments are referred to 
by consecutive letters, followed by the year of the 
experiment. In Table 2 data on the salmon and 
trackings are summarized. In all 28 trackings were 
undertaken, and the trajectories are shown in 
Figs. 5—6. The tracks in the inner Lule archipe
lago were in many cases highly irregular and a 
smoothing has been done to fit the scale of the 
figures. In Fig. 7 time series of the four movement 
patterns, defined in section III, are given for all 
experiments except F and J 76, where contact was 
lost almost immediately, and D 78 and A 79 where 
the salmon did not move from the point of release. 
The relative proportions of time spent on the 
different behaviours are summarized in Table 3.

Experiments B and C 80 deviate from the other 
trackings in that the salmon were manipulated to 
examine possible orientation cues. Salmon B 80 
was deprived of the sense of smell by cutting the 
olfactory tracts, and C 80 was equipped with an 
external electromagnet. Data from these experi
ments are included in tables and diagrams of 
results, but they are excluded from the general 
discussion of the trackings. The observations in 
experiment B 80 will be discussed in B and the 
findings of C 80 are given as an appendix.

Tagging returns
All salmon which were tracked in the Lule area 
were tagged externally, and a total of 16 (76 %>) 
have been captured and reported. The recapture 
data are given in Table 4.
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Table 2. Individual statistics of the salmon trackings.

Exp

Salmon Release tracking Type
of
trans
mitter

Length
(cm)

Weight
(kg)

Sex Date Time T
Duration
(hours)

S
Length
(km)

A 76 7 $ 760707 11.00 34.0 23.2 p
B 65 1 4.5/4.0 2 10 12.10 40.8 42.2 p
C 6/6.4 1 12 17.30 6.7 16.6 p
D 7 (5 13 18.50 13.1 13.7 p
E

INKr\ $ 14 17.45 16.9 28.5 p
F 4.5 (5 17 16.45 0.6 0.4 p
G 5 <3 19 10.10 10.6 10.6 p
H 6 (3 20 16.30 16.3 21.0 p
I 75 4.5 5 22 09.00 27.2 25.1 p
J 60 5.5 <3 27 09.05 1.0 2.4 T
K 115 17.0 c3 27 17.45 13.3 20.3 T
L 65 3/3.2 <3 29 18.15 4.8 8.6 T

A 78 90 7 i3 780705 14.50 6.2 10.7 P
B 92 7 9 08 18.15 11.3 19.8 P
C n 8 1 6/5.8 1 9 11 09.40 15.8 29.6 P
D 98/90 1 10/9.5 1 (3 16 18.25 5.6 0 D
E 85 6 9 19 17.00 34.5 58.0 D
F 75/78 1 5 9 22 17.00 30.5 32.6 3 D
G 83 6 <3 25 10.50 3.7 5.3 P
H 70/68 1 3.5/3.7 1 <3 26 16.00 3.9 3.9 P
I 75 5 3 27 20.25 16.5 28.6 D

A 79 95 7 3 790822 09.30 34.0 0 D
B 65 5 9 23 11.10 7.8 14.3 D
C 3 $ 30 08.30 20.0 36.1 D + T

A 80 4 9 800731 07.30 10.5 8.0 D
B 3.5 9 0801 07.40 31.3 15.3 D
C 2.5 9 03 16.05 12.9 18.4 P
D 6 3 04 17.35 23.9 31.2 D

1 measured after recapture.
2 measured after recapture, gutted weight.
3 trajectory not complete.

Simultaneous with the telemetry experiments in 
1978, 208 adult salmon were tagged and released 
in the archipelago of Lule. Preliminary results of 
the recaptures are as follows (Mats Larsson pers. 
comm.). Of the total number released 63 % have 
been recaptured and reported. 78 % of the recap
tures were in the Lule river or archipelago. The 
remaining 22 °/o were caught off rivers to the 
south of the city of Luleå (11 %>) and to the north 
or on the eastern side of the Bothnian Gulf (11 °/o). 
This compares well with the corresponding results 
of the salmon tagged in connection with the 
telemetry experiments: 75 % of the recaptures in 
the Lule river and archipelago, 19 °/o to the south 
and 6 °/o to the north of Luleå.

The small samples and large individual varia
tions make comparisons of travel times difficult. 
The largest groups with a common destination are 
the salmon caught in the Lule river. Among the 
telemetry salmon 8 were recorded in the river, all 
in 1976 and all released in the estuary. Travel 
times were in the range of 3—14 days, mean 
8 days. In the 1978 tagging experiment, 12 were 
caught in the Lule river after 3—47 days, mean 
travel time 21 days. These were released in the 
archipelago and the larger mean travel time could 
be due to the greater distance. In a smaller group 
caught in the Pite archipelago the mean travel 
time is somewhat longer for the telemetry salmon 
(6, 10 and 30 days) than for the 8 recaptures in the
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Fig. 5 d.

'RÖDKALLEN

Fig. 5 e.

Fig. 5 a—e. Observed trajectories of salmon in the Lule estuary and archipelago. The point of release is marked 
with a filled circle. Local time is indicated at 3 hour intervals and the experiments are identified by their 
name at the end of the track. In a—c the positions of salmon traps are marked with a triangle and a line 
which shows the direction of the lead.

tagging experiment. The latter ranged between 3 
and 14 days with a mean of 7 days. In neither 
case are the differences statistically significant.

Swimming speed
Different measures of the observed ground speed 
are summarized in Table 5. No current measure
ments were taken during tracking, so the advective 
part cannot be separated from the active move
ment of the fish. The currents, both in the Lule 
archipelago and in Lake Vänern, are weak, of the 
order 10 cm/s or less, and variable with depth. 
Therefore, if the salmon showed some period with 
directional, continuous swimming, the maximum 
hourly mean speed could be used as an estimate 
of sustained swimming speed. C, G, L 76 and G, 
H 78 did not have any directional period, and 
in these cases the hourly net displacement will

underestimate the swimming speed. If we exclude 
these experiments it can be seen that the swimming 
speeds vary between 32—136 cm/s, with 80 % 
falling in the range 40—80 cm/s, corresponding to 
approximately 0.5—1 body length/s. The average 
speed along the whole trajectory (U), is somewhat 
lower than the sustained swimming speed, and 
determined essentially by the proportion of passiv
ity or intermittent movements. The mean velocity 
based on the shortest water distance for the whole 
track (Uo) is in general low, and comparable to the 
current velocities or the speed calculated from the 
time and distance between release and recapture.

Diel rythm
In Fig. 7 the period between sunset and sunrise is 
indicated for each experiment. At the latitude of 
Luleå during July there is no real darkness. The
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Fig. 6 a—b. Trajectories for the tracking in Lake Vänern. Notation as in Fig. 5.

minimum daylight irradiance at the surface is 
approximately 100 lux in the beginning of the 
month, decreasing to 10 lux at the end.

In a number of cases a period of passivity or 
intermittent movement starts just after sunset 
(A, B, D, I 76, E, F 78, B 80) or changes to milling 
or directional movement just before sunrise (B, E, 
H, I 76, E, F, I 78). A calculation was made of 
the average relative proportion of time when the 
salmon were classified as passive for all experi
ments with a total tracking time of more than 10 
hours. For the period between sunset and sunrise 
this gave 32 °/o compared to 15 °/o for the tracking 
time while the sun was up. This increase of 
passivity can also be seen in Fig. 8, which shows 
the distribution of movement patterns as a func
tion of local time for the trackings in Luleå. The 
sun is at its lowest point approximately 20 minutes 
before midnight local time in Luleå. There were

several individuals which deviated from this acti
vity pattern, for example E 76 and C 79 which 
swam actively and directionally during most of 
the night.

Orientation
The geographic direction from the point of release 
to the position where tracking was terminated is 
given in Table 6. A measure of the straightness of 
the observed path is the straightness index, SI, 
introduced by Stasko et al. 1973 and defined as 
the ratio of the shortest water distance, start to 
end of track, to the length of the fish’s path. 
In Table 6, SI is compared with the results of the 
nonparametric tests for a deviation from random
ness in choice of direction. It is seen that for the 
present trackings SI = 0.5 can be used as a critical 
value. If SI > 0,5 then the trajectory deviates 
significantly from randomness.
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Fig. 7. Time-series of the activity 
patterns of the individual salmon. 
1 — passivity, 2 — intermittent 
movement, 3 — milling movement, 
4 —• directional movement. The 
start and end of tracking is indi
cated with a circle above and be
low the baseline. The period be
tween sunset and sunrise is shown 
by a streaked band. Periods when 
the behaviour of the salmon was 
influenced by the presence of fish
ing gears are indicated by an un
dulating line above the baseline.

Key l
Movement pattern 1 2 3 4
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Table 3. Percentage of total observation time (exclu
ding first 3 hours of each experiment), when the 
salmon’s behaviour was classified as; 1 — passive, 
2 —• intermittent movement, 3 — milling movement, 
4 — directional movement. N is the percentage of time 
when the behaviour was influenced by the presence of 
fishing gear.

Exp
Behaviour, %> of total time 
12 3 4 N Hours

A 76 30 47 13 10 37 31.3
B 32 14 15 38 19 38.2
D 83 0 0 17 0 10.3
E 4 4 56 37 0 14.2
G 16 47 38 0 57 7.7
H 0 34 27 40 26 13.4
I 15 78 0 7 66 24.4
K 0 80 0 20 84 9.8

B 78 0 0 33 67 0 8.3
C 7 0 31 62 5 12.8
E 10 41 0 48 0 32.0
F 22 25 42 11 8 28.0
I 0 15 0 85 0 13.7

A 79 100 0 0 0 0 30.7
C 10 7 0 83 0 17.7

A 80 33 0 22 44 9 8.1
B 67 14 1 18 6 28.8
C 20 56 0 24 0 9.9
D 21 17 0 63 0 21.1

Table 4. Recaptures of salmon released in the telemetry 
experiments 1976 and 1978.

Exp Region of 
capture

Days since 
release

Distance
(km)

A 76 LR 13 53
B P 10 60
C LR 14 47
D LR 5 33
E LO 79 10
F LR 9 52
G LR 8 51
H LR 6 48
I LR 3 32
J LE 2 3
L LR 8 38

C 78 LO 7 14
D P 30 47
E P 6 52
F K 9 55
H LO 10 19

LR — Lule River 
LE — Lule estuary 
LO — Lule outer archipelago 
P — Pite archipelago 
K — Kalix archipelago

Table 5. Observed ground speeds in the individual 
trackings. U — mean speed along observed trajectory, 
U0 — mean speed along shortest water route, Umax •— 
maximum speed observed over a 1 hour interval. All 
speeds in cmis.

Exp U U0 Umax
Release — 
recapture

A 76 19 5 32 5
B 29 15 69 7
C 69 19 51 4
D 29 4 67 8
E 47 12 57 0.1
F — — — 7
G 28 9 21 7
H 36 18 40 9
I 26 1 46 12
J
K 42 17 83
L 50 15 53 6

A 78 48 27 66 ___

B 49 35 111 —
C 52 18 71 2
D — — — 2
E 47 23 76 10
F 32 8 76 7
G 40 18 39 —
H 28 11 31 2
I 48 35 57 —

A 79 — — —

B 51 36 60
C 50 47 136

A 80 21 8 49
B 14 8 46
C 40 7 66
D 36 11 54

In an archipelago with straits and bays there 
are many restraints on the possible migration 
directions. Disregarding these complications a 
hypothetical ‘appropriate direction’ was determi
ned for each point of release. In the Lule experi
ments the direction towards the sound at Berg
näset (marked with an asterix in Fig. 1) was chosen. 
In Lake Vänern the direction to the strait at Mår- 
holmen (marked similarly in Fig. 2) was taken as 
the expected direction. In Fig. 9 the deviations of 
the observed directions from the ‘appropriate’ 
ones are given as vectors, with SI as the length.

Response to nets
On more than 100 occasions the salmon were in 
close contact with salmon fyke or trap nets, and
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in Lake Vänern set nets. None of these approaches 
led to the capture of the salmon. Three typical 
behaviour sequences could be seen on the approach 
to the lead of a salmon fyke or trap net.

a) The salmon turned immediately towards deep 
water, rounded the heart and trap and contin
ued along the shoreline, moving back into more 
shallow water. This avoidance manoeuvre was 
completed within a few minutes, and details 
could not be observed.

b) The salmon began by swimming back and forth 
along the leader, occasionally stopping for 
periods of 5—10 minutes. In cases when the 
distance from the leader could be estimated it 
was typically 5—15 m. This pacing along the

100

Local time

Fig. 8. Relative frequency distribution of observed 
movement patterns; 1 — passivity, 2 — intermittent 
movement, 3 — milling movement, 4 — directional 
movement. Average of all experiments 1978 and 1979, 
the first 3 h of tracking are excluded.

Table 6. Net movement direction, (A), and straightness index (SI — 
defined as the ratio Do/D, se Fig. 3). Results of the non-parametric 
tests for randomness of the trajectory.

Exp A
(deg) SI

Significance level, test according to:
Rao Laubscher 

and Rudolph
Hodges and 
Anje

A 76 227 0.24
B 146 0.52 + + + + + +
C 132 0.27 — —
D 315 0.14 — —
E 97 0.26 — — —
G 345 0.33 _ _ —
H 306 0.51 + + + + + + + +
I 350 0.04 — — —
J 0.39
K 251 0.41 — — —
L 136 0.30

A 78 143 0.57 + + _
B 176 0.72 + + + + + + +
C 273 0.35 — — —
E 235 0.50 + + + + + +
F 249 0.26 — — —
G 146 0.45 — —
H 130 0.41 — —
I 136 0.73 + + + + + + + + +

B 79 192 0.72 + + + + +
C 172 0.94 + + + + + + + + +

A 80 242 0.37 — ___

B 230 0.60 + + + + —
C 245 0.17 — —
D 125 0.29 _ + + —

— no significant deviation from random track.
+ deviation significant at 10 %> level.
+ + deviation significant at 5 °/o level.
+ + + deviation significant at 1 °/o level.
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Fig. 9. Polar diagram of the observed directions, start 
to end of track, relative to the expected migration di
rection from the position of release. The magnitude of 
the straightness index SI is shown by the length of the 
solid line.

leader ended with the salmon rounding the 
heart as in a), 10 to 60 minutes after arrival at 
the net.

c) The salmon stopped and began drifting back 
from the net. This drift was sometimes interrup
ted by the leader of a trap downstream, or a 
constriction such as the Klubbnäs channel, 
which induced active upstream movement back 
to the net. This sequence could be repeated 
several times. Alternatively the salmon stopped 
and stayed holding position for a relatively 
long time, up to several hours, before starting 
out on some direction away from the net, 
milling in a large area downstream from the 
trap.

The same individual could alternate between the 
different types of avoidance on the approach of 
different nets, and the same net was avoided in 
different ways by different salmon.

In Fig. 7, periods when the behaviour was 
influenced by the presence of fishing gear are 
indicated. These periods correspond to avoidances 
of type b or c. Several examples of net avoidance 
can be seen in Fig. 5 a—c.

Response to dredging
In 1976 intense dredging work was in progress. 
The channel at Klubbnäset was widened and 
dredged sand was dumped on the southeast tip of 
Svartö.

A, I and J 76 were all tracked during approaches 
to dredgers in operation. The salmon came to 
within 150—100 m distance without any avoid
ance reaction. At closer range contact with the 
transmitter was lost in the intense noise from the 
dredger, but the salmon passed without any 
appreciable delay, and seemed essentially unaffec
ted by the dredging at even closer range.

DISCUSSION

Migration speed and direction
Based on the straightness index the tracking can 
be divided into two groups; one with predomi
nantly erratic movements and slow net progress 
and one where the trajectory deviates signifi
cantly from random walk. The former group is 
the larger one and is chosen as those with SI 0,5. 
If we exclude trackings lasting less than 5 hours, 
and D 78 and A 79 where the salmon remained 
passive at the release position, they constitute 11 
out of 19 trackings (A, C, D, E, G, I, K 76, C, F 
78 and A, D 80). In this wandering and erratic 
group all trackings both started and ended in the 
inner archipelago, where the river influence is 
strong.

The net ground speed was slow (Uo in the range 
1—19 cm/s) and the overall progress could be 
both up- and downstream in the estuary. A similar 
slow or retrograde movement of Atlantic salmon 
in a river estuary has been reported in telemetry 
studies by Elson et al. 1972 and Stasko 1975, and 
for sockeye salmon by Groot et al. 1975. Stasko 
and Groot interpreted the slow progress as a 
general response of anadromous fish to a change 
from salt to fresh water, whereas Elson described 
the behaviour as a response to pollution.

In the Lule estuary the seawater is hyposmotic 
and in Lake Vänern there is no change in salinity 
from lake to river water. A migration delay due to 
physiological adjustment seems unlikely in both 
cases. Pollution may well be a contributing factor 
to the slow progress observed in the Lule estuary. 
In the innermost Hertsöfjärd the effluents from a 
steelworks and a coke-oven plant are discharged 
into the surface water. During 1976 there were 
also large quantities of silt from dredging, which 
increased the turbidity in the Flertsöfjärd in
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particular. It was noted that all salmon caught 
and released in the Hertsöfjärd moved downstream 
and out of the bight. In the Sandöfjärden, a 
branch of the estuary which is less polluted, most 
trackings showed an upstream, although slow, 
progress.

Retrograde movement in the Hertsöfjärd was 
observed in the first three experiments in 1976, 
and was the reason for the solitary release into 
the river, D 76. The purpose was to check whether 
the experimental situation caused a reversal of 
migration direction, and the assumption was that 
all movements in the river would be upstream. 
Initially the salmon did move upstream, but at 
the end of the tracking it alternated between 
passive drift and active movement, with no net 
progress. In later telemetry studies of salmon 
riverine movements (Power and McCleave 1980, 
Westerberg 1977) much wandering both up- and 
downstream has been observed. The net speeds 
found in these studies were generally quite low, 
of the order of magnitude 1 cm/s. It seems that a 
decrease in the progress in the estuary is the start 
of an equally slow riverine migration. Whether 
this slow progress is limited to hatchery reared 
stocks, with an unclear history of imprinting and 
a genome not adapted to the river, cannot be 
decided.

One obvious contribution to the delay was that 
the salmon were impeded by nets in the estuary. 
This is particularly clear in some of the trackings 
in the Sandöfjärd, like G, I and K 76, when the 
salmon spent more than half the total time milling 
or waiting adjacent to salmon trap nets.

8 salmon (B, H 76, A, B, E, I 78, B and C 79) 
have straightness index > 0.5. In this group B, 
H 76 and E 78 have been recaptured. H 76, which 
was the only salmon tracked while entering the 
Lule river, was also captured in the river. B 76 and 
E 78 were both recaptured in the Pite river estuary. 
E 78 was tracked out to open water and then back 
into the archipelago off the Pite river and tracking 
of B 76 was abandoned when the salmon headed 
out to open water.

If the recaptures give an indication of the origin 
of the salmon then the migration directions of 
these three were towards the home stream. The 
relatively high proportion of strayers from other 
river stocks in the Lule archipelago could mean

that the direction away from the estuary was 
adequate for A, B and I 78 also. This explanation 
its, however, unlikely for the trackings in 1979. 
There are two salmon stocks in Lake Vänern, but 
the morphological differences are large and the 
salmon used in the experiments were typical of 
the Klarälven stock.

The most probable conclusion is that several of 
the salmon moved actively away from the home 
river. Tracking salmon in a Norwegian fjord 
Waatevik (1980) found that all the six salmon 
tracked had an initial phase of retrograde move
ment, lasting for up to 24 hours after release. 
Active retrograde movements were also observed 
in some of the trackings of sockeye salmon repor
ted by Stasko et al. (1976). This behaviour may 
be part of the normal migration of salmon, akin 
to the temporal reversal migration in birds (Evans 
1972), or it may be an artifact caused by the 
experimental situation. In the latter case the 
retrograde movement could be a reorientation to 
an orientation cue which was lost during the 
handling prior to release. This is supported by the 
observation that reversals were more frequent 
when the salmon were caught and released in the 
outer archipelago, where the temporal variations 
of the hydrography are large, compared to releases 
in the estuary where the river influence is more 
permanent. In Waatevik’s experiments, where all 
salmon showed reversal, the salmon were caught 
in the river and displaced approximately 10 km 
out in the fjord.

The average net ground speed in the group with 
SI > 0.5 was 30 cm/s, and the movement was 
classified as directed and continuous during ap
proximately 60 °/o of the tracking time. This net 
speed, (26 km/day), is high compared to most 
speeds found in the tagging-recapture experiment 
of 1978. Captures in the Lule archipelago showed 
net speeds of less than 5 km/day and those recap
tured off neighbouring rivers to the north and to 
the south ranged between 5 and 10 km/day. The 
two salmon with the greatest travel distance, 
caught on the Finnish side of the Bothnian Gulf, 
had a comparable net speed of approximately 
30 km/day. In laboratory experiments maximum 
sustained swimming speeds of 2—3 body lengths/s 
have been attained for salmonids (Webb 1975). 
The observed maximum swimming speeds in the



96 Håkan Westerberg

telemetry trackings are in general well below this, 
ranging between 40-—80 cm/s or approximately 
0.5—1.0 body length/s. A good agreement is, how
ever, found with a theoretical optimal swimming 
speed. This is defined as the speed which uses the 
minimum energy cost to cover a given distance 
through water. With the body lengths of the 
salmon used in the trackings Ware’s (1978) extra
polations of data for sockeye salmon have been 
used to calculate 45—55 cm/s as the optimal 
cruising speed. The increase in energy cost per 
unit distance is small for a moderate increase of 
the speed above the optimum. Hence the observed 
40—80 cm/s range of cruising speed results in an 
energy expenditure within 10 °/o of the theoretical 
minimum.

Orientation cues
Goal orientation to the home river requires some 
environmental stimuli for the directional control. 
Several possible cues have been suggested for 
salmon migration; visual information in the form 
of celestial cues or landmarks, geomagnetic, electric 
and gravitational fields, acoustic signatures of 
shorelines or some of a large number of charac
teristics of the water itself (Stasko et al. 1973). 
As has been found for the navigation of migrating 
birds it seems probable that salmon may use a 
hierarchy of cues, which are redundant or comple
mentary to each other.

That olfaction plays an essential role in salmon 
homing is well documented. A recent review is 
given by Hasler and Scholz 1978 and experi
mental work on Baltic salmon is reported by 
Bertmar and Toft 1969. Olfactive orientation 
either demands that the salmon can sense the 
horizontal gradients of the olfactant, or that the 
olfactant is a release stimulus used in combination 
with an additional directional information. In B 
the observations of swimming depth and vertical 
stratification is used to develop a model of olfac
tive orientation, where the vertical gradients of 
the olfactant and the water current is combined 
to give an orientation cue for the salmon. This, or 
some other olfactive orientation mode, is probably 
the primary orientation mechanism for salmon 
migration in coastal water.

The increased frequency of passivity between 
sunset and sunrise indicates that some visual

orientation, or motivation to orient, was also in
volved. In most trackings the fish moved in deep 
water, and when the swimming depth was mea
sured the salmon was well above the bottom. In 
the Lule estuary, however, the salmon sometimes 
followed the shoreline at a distance of less than 
100 m, approximately along the 3 m isobath. 
Examples are B, D and H 76. In these cases a 
simple rheotaxis with visual contact with the 
bottom seems likely.

Hasler (1966) argues that a suncompass mecha
nism could account for the ocean phase of salmon 
migration. In the coastal zone the sun may still be 
an aid for orientation and course keeping. Stasko 
et al. (1976) reports responses to the appearance 
and disappearance of the sun in several sockeye 
salmon tracked in an archipelago. In the present 
trackings such changes of behaviour related to 
the sun were looked for, but seldom found. In 
one case (B 76) a change from passive drift to 
directed active swimming coincided with the 
appearance of the sun from behind the clouds. 
The reversed sequence was noted in two other 
instances, but in those cases the timing was more 
difficult to assess. On most occasions no change 
of swimming activity or direction was noted and 
the cases mentioned may be coincidental. Celestial 
cues are not obligatory for directed active move
ments over extended periods of time, which is seen 
for example in A 78, when the tracking was done 
in thick fog, and C 79 where the salmon swam on 
an essentially constant course during the whole of 
an overcast night.

During the tracking periods in 1976 and 1978 
the rate of flow in the Lule river was constant, to 
within 10 °/o of 500 m3/s. This means that a 
possible influence of the river discharge on migra
tion behaviour could not be studied. No strong 
correlation could be found between wind strength 
or direction and salmon behaviour. The range 
of meteorological conditions encountered during 
tracking is limited and the material too small to 
allow generalizations about effects of weather.

Geoelectric fields, generated by water moving 
through the geomagnetic field, has been suggested 
as a possible cue in salmon migration (Rommel and 
McCleave 1973). The geomagnetic field itself 
may also be detectable, as has been shown in an 
increasing number of animals. Experiment C 80
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was an attempt to study the importance of geo
magnetism for orientation. The salmon was fitted 
with a coil, which was turned on and off in a 
2 hour cycle, producing a magnetic field in the 
vicinity of the head of the salmon, with a strength 
of the same order of magnitude as that of the 
geomagnetic field. A statistical analysis of the 
movements shows that there was a significant 
correlation between the behaviour of the fish and 
the switching on and off of the weak magnetic 
field. Whether the reaction was through magneto- 
or electroreception could not be determined. The 
value of this solitary experiment lies mainly in 
the demonstration of a new technique of field 
experimentation with fish orientation. More 
trackings of a similar kind must be undertaken 
in order to make any generalizations about 
whether magnetic or electric fields are used in 
salmon migration. Technical details and a discus
sion of the experiment is given as an appendix.

Avoidance of fishing gear
Tagging returns and the net speed seen in the 
telemetry experiments, indicate that salmon spend 
roughly 10 days in the archipelago and the estuary. 
In the River Lule essentially all salmon entering 
the river are eventually caught, and during the 
period 1976—78 the river catch was roughly 1/3 
of the total catch in the archipelogo, estuary and 
river. In view of this it is not inconsistent that 
none of the salmon were caught during the 450 
hours of tracking.

The salmon’s means of detection of the net is 
unclear. On those occasions when the distance to 
the leader could be estimated it was of the order 
of 10 m when the salmon stopped or veered. 
The turbidity in the estuaries is high, with Secchi 
disc readings in the range 1—2 m, and visual 
detection seems improbable at this distance. Detec
tion was effective both from the up- and the 
downstream side, which would exclude olfactive 
clues. One possible stimulus is the sounds generated 
by the stationary net in flowing water.

In many cases the avoidance of one net led to 
the encounter of another one, which the salmon 
would have passed clear of otherwise. This effect 
means that if the probability of catch is constant 
for a single encounter, then there is a non-linear 
relation between the number of traps in the area

and the accumulated risk of capture during the 
passage. When the density of traps increases, the 
number of direct encounters will increase in pro
portion and in addition to this, the number of 
secondary encounters will rise rapidly. This physi
cal cooperation between different traps means that 
the proportion of the total salmon run which 
reaches the river can be very sensitive to the 
fishing pressure in the archipelago.
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APPENDIX:

Reactions to a Weak 
Magnetic Field

Material and Methods
A coil was wound from 60 pm diameter copper 
wire, 300 turns with 18 mm diameter. With a 
5 mA DC current the magnetic field strength in 
the centre of the coil was approximately 1 - IQ-4 
Tesla. The electronics to switch the coil are shown 
in Fig. Al. A quartz clock crystal gave a stable 
oscillator frequency of 32.768 kHz, which was 
reduced in two 214 dividers (CD 4049). The 
result was a square-wave with 8192 s period, 
±0.16 s, with equal on and off intervals (1 h 
8 min 16 s). A hexinverter (CD 4049) was used 
as booster to supply current to the coil. The operat
ing life was at least 2 days, with a silver oxide 
battery (UCAR 544) as the power source.

The electronics and the battery were potted in 
urethane rubber, resulting in a 15 mm diameter
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Fig. A 1. Circuit diagram of the magnetic field gen
erator.

cylinder, approximately 60 mm long and weighing 
10 g in water. Thin insulated wires connected the 
electronics to the coil, which was also potted in 
urethane rubber.

In experiment C and D 80 positions of the 
tracking boat were obtained by radar from another 
vessel drifting in the area. Position fixes were 
made when the tracking boat was close to the 
salmon, and the time between fixes was approxi
mately 5 min during experiment C 80 and varying 
between 5 and 15 min in experiment D 80. The 
uncertainty of the radar fixes is less than 50 m, 
and the total maximum error in position of the 
fish was estimated as 100 m.

Results
A time scale was constructed from the period of 
the electromagnet. The full period of 8,192 s was 
divided by 8, giving 1,024 s, or 17 min 4 s, as a 
basic time interval. Starting at the onset of one 
magnet cycle successive points in time with this 
interval were calculated. The positions of the 
salmon at these times were interpolated from the 
original radar fixes. Fig. A 2 shows the trajectory 
of the salmon C 80 presented in this way. The 
times when the magnetic field change state are 
given in the figure. The trajectory of D 80 was 
treated in the same way, using the same points in 
time 24 hours later.

From these trajectories the mean ground speed 
and direction was measured for each time interval. 
The relative frequency distribution of the ground 
speed is shown in Fig. A3. The distribution is 
clearly bimodal, with maxima at approximately 
10 and 50 cm/s. The 10 cm/s maximum can be 
interpreted as time intervals when the fish was 
essentially immobile. The observed small displace
ments are due to a combination of advection by 
the weak currents and the uncertainty of the 
positions. Based on this distribution the salmon 
was defined as actively swimming when the 
measured ground speed was larger than 22.5 cm/s.

Excluding time intervals when the fish was 
inactive the change in observed swimming direc-

Fig. A 2. Trajectory of the salmon with electromagnet. Dotted lines shows portions of the track when the magnetic 
field was on. Positions with equal (1,024 s) time intervals. The location of the area shown is marked in Fig. 2.
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rel freq

Fig. A 3. Frequency distribution of the observed ground 
speeds. Sum of experiments C80 and D80.

tion between successive intervals were computed. 
The frequency of turns of different magnitude is 
shown in Fig. A4. The 100 m uncertainty of the 
positions, and the short mean displacement, ap
proximately 500 m during an active interval, leads 
to considerable uncertainty in determining the 
turning angle. An error of up to 50 deg is possible 
on this ground.

Statistical analysis
The movements of an “undisturbed” salmon are 
neither straight nor steady. Any disturbance due 
to the electromagnet therefore must be detected 
superimposed on a background level of sponta
neous changes in swimming speed and direction.

0°

Fig. A 4. Polar diagram of the frequency distribution 
of observed turns sum of experiments C80 and D80.

To facilitate this the data was analysed in the 
following way:

For a point in time separating two observation 
intervals two different behaviours were defined.
I A change of activity, defined as a change in 

ground speed from less than 22.5 cm/s to higher 
or vice versa.

II A significant turn, defined as a change in active 
swimming direction, compared to the direction 
during the preceeding active interval, larger 
than 50 deg.

The total of observations of occurrences and non
occurrences of one behaviour can be regarded as 
a finite population with a known frequency of
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the behaviour. We wished to test the null hypothesis 
that the behaviour is independent of the switching 
on and off of the magnetic field. If this hypo
thesis is true, the observations which are simul
taneous with changes of the magnetic field consti
tute a random sample, taken without replacement 
from this population. In this case the hypergeomet
ric probability distribution is appropriate. The 
observed number of occurrences of behaviour I in 
the sample from experiment C 80 is 8, and the 
probability of finding 8 or more events in a sample 
of 11 is 0.0061. Behaviour II was observed 4 times 
in a sample of 7, and the probability of finding 
4 or more events in this case becomes 0.068. If 
we look at the corresponding sample, taken at the 
same time 24 hours later in experiment D 80, we 
can calculate the probabilities 0.5 and 0.3 for the 
observed number of events of type I and II 
respectively.

If we exclude those points in time when there 
was a change of the field the relative frequencies 
of behaviours I and II become 24 °/o and 17 °/o 
respectively, for experiment C 80. This compares 
well with that seen in D 80, where the correspond
ing frequencies are 25 % and 14 °/o.

Discussion
The calculations above show that in the experiment 
with the coil there is a correlation between the 
changes of activity and the changes of the magnetic 
field, which is significant at the 1 °/o level. The 
correlation with observable turns is less pronoun
ced, but still significant at the 10 °/o level.

In addition to these measurements on the 
recorded trajectory, more subjective observations 
were made during the tracking. In several instances 
the change from motionless drift to swimming 
could be heard as a slight Doppler-shift of the

transmitter frequency, and these changes occurred 
just when the electromagnet switched on. The 
timing of some of the turns could also be deter
mined to coincide closely with changes of the 
magnetic field.

The conclusion that can be drawn from this 
experiment is that the salmon was able to sense 
the state of the electro-magnet. The physiological 
mechanism for this could be direct magnetorecep
tion, but electroreception can not be ruled out. 
If the fish is moving the magnetic field will induce 
an electric field in the water close to the coil, 
which is of the same order of magnitude as those 
which Rommel and McCleave (1973) have shown 
that a salmon can sense. The changing field when 
the magnet is switched on or off will also induce 
a transient current field in the water, which could 
be detected by the fish even if it is motionless.

Detection by other means seems improbable. 
All electric leads were well insulated, and there 
were no acoustic or mechanic changes associated 
with the switching.

There is no clear interpretation of this experi
ment with regard to the way geomagnetic or 
geoelectric fields are used by the salmon as naviga
tion aids. It seems probable that these orientation 
mechanisms would be of chief value during the 
long distance, open water phase of the migration. 
During the estuarine part olfactory cues probably 
dominate the orientation. The fish which were 
used for this experiment were caught in the archi
pelago and must have been orientating for some 
time in such a hypothetical estuarine mode. They 
were moved into relatively open water to trigger 
the long-distance migratory behaviour, but the 
translocation may well have disturbed the salmon 
so much that what is seen in the short period of 
tracking has little resemblance to the normal 
behaviour.
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ABSTRACT

The swimming depth of 8 adult salmon was monitored continuously during tracking in the
coastal zone at the time of spawning migration. A new depth-sensitive transmitter was used
and is described. A technique for continuous recording and automatic decoding of the swimming 
depth data is presented.
A behaviour common to all individuals were occasional rapid excursions down to the main 
thermocline, or, if the initial swimming depth was in the stratification, upwards to the mixed 
layer. The amplitude of the dives was 5 to 15 m, and seemed related to the distance to the
thermocline. The vertical velocities of the dives was of the order of magnitude 0.1 m/s.
The detailed vertical temperature distribution along the trajectory was recorded. A comparison 
of the temperature field and the swimming depth indicated that the salmon tended to follow 
finestructure gradient layers in the quasi-mixed surface layer or in the thermocline.
These observations are interpreted using a model for olfactive orientation, where the salmon 
uses information found in the vertical to choose horizontal direction. The dives are seen as 
exploratory searches of the vertical distribution of a home stream odour. By choosing the 
finestructure gradient layer with the maximum concentration difference and then orientating 
against the direction of the local shear, the salmon has a strategy which would lead towards 
the origin of the olfactant.
Measurements which indicate a slightly elevated body temperature in salmon, and some faculty 
of thermoregulation, are discussed.
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I. INTRODUCTION

A number of ultrasonic tracking experiments on 
migrating adult salmon were described in an 
accompanying article (“Ultrasonic tracking of 
Atlantic salmon (Salmo salar) ■— I. Movements 
in coastal regions” subsequently referred to as A). 
Initially trackings were undertaken in the estuary 
of the Lule river, and in some of these pressure- 
sensitive transmitters were used to measure the 
swimming depth of the salmon. To further investi

gate the vertical movements in relation to the 
hydrography a series of experiments was done in 
Lake Vänern. A lake was chosen because in fresh
water the stratification can be entirely determined 
by the measurement of temperature alone. The 
vertical temperature stratification was recorded 
along the tracks, and the swimming depth was 
monitored continuously. This article will present 
the observations and discuss a possible interpreta
tion of them.

The concept of vertical temperature finestructure 
is central to this investigation and an elementary 
account of the properties of the finestructure 
features in the thermocline is given in section III.

The experiment shows that the salmon tended to 
move at isothermal surfaces rather than at fixed 
depths and that the movements took place 
preferentially along thin layers with strong verti
cal gradients. A characteristic behaviour was an 
occasional vertical excursion through most of the 
thermocline.
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Fig. 1. Circuit diagram of the pressure-sensitive transmitter.

This is the first time that fish behaviour has 
been studied in relation to the details of the 
stratification, and the observations suggest that 
the small-scale structures of the temperature 
distribution are indeed detected and probably 
utilized by the salmon. A hypothesis is forwarded 
that the salmon uses information found in the 
vertical finestructure as cues for horizontal orien
tation.

II. MATERIAL AND METHODS

The tracking procedure and the handling of the 
salmon used in the experiments are described in A.

The pressure transmitter
The pressure-sensitive transmitter used in these 
experiments was designed to give a high resolution 
of depth variations, a stable calibration and a 
linear relation between pressure and the signal 
pulse period. The best choice of pressure transducer 
with respect to temperature stability, linearity and 
hysteresis is a strain-gauge type. As this kind of 
transducer has a low resistance and a high current 
drain it was necessary to limit the power consump
tion by activating the transducer intermittently 
with a short-duty cycle. This was done using an

E-cell, a mineature coulometer which acts as a 
current integrator. The circuit diagram of the 
transmitter is shown in Fig. 1. During the duty 
cycle, determined by R7 and Cl, the transistor 
T2 conducts and the transducer is activated via 
T3. The amplified output from the transducer is 
integrated in the E-cell. When Tl becomes con
ductive T3 is cut off and the transducer, amplifier 
and the transmitter oscillator (TX) are inactivated. 
During a time which is strictly proportional to the 
earlier output voltage of the transducer a current 
will flow through the E-cell via Tl and R8, and 
the sequence is then repeated.

The component values were chosen to give a 
30 ms pulse length and a pulse repetition period 
varying from 0.5 to 1.5 s over the full pressure 
range. The strain gauge transducer (Kyowa Elec
tronic Instruments) had a diameter of 6 mm and a 
thickness of approximately 1 mm. The E-cell is 
manufactured by Plessey Electro-Products. Size 
and other specifications of the transmitter are 
given in A, Table 1. Expressed as percentage 
change of the full scale range the linearity of the 
pressure signal was 0.025 %>, the temperature 
coefficient was ±0.15 %/deg and the drift due 
to battery voltage change was approximately 
0.4 °/o/day. The hysteresis depended on the magni-
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Table 1. Data for the experiments with pressure-sensitive transmitter.

Exp

Salmon

Weight Sex

(kg)

Tracking

Length Time

(km) (h)

Trans
mitter
range

(m)

Observed 
swimming depth 
range (m)

min median max

D 78 9.5 6 0 12 20
E 6 9 58.0 34.5 20 0 4 18
F 5 9 32.6 30.5 20 1 5 13
G 6 (3 5.3 3.6 20 1 2 3
I 5 <3 28.6 16.5 20 4 7 11

A 79 7 S 0 60 20
B 5 9 14.3 7.8 50 7 10 17
C 3 9 36.1 20.0 20 1 4 14

A 80 4 9 8.0 10.5 20 1 9 11
B 3.5 9 15.3 31.3 20 3 13 24
C 6 6 31.2 23.9 100 0 10 16

tude of the pressure cycle which is experienced, 
and was ± 0.6—0.7 % of this. The time constants 
for a change in pressure or temperature were 10 
and 60 s respectively.

The transmitters were calibrated in the sea 
immediately before tracking, so that the tempera
ture conditions at calibration were similar to 
those during the experiment. In this way the 
temperature effects were proportional to the 
anomaly of the in situ temperatures during the 
tracking, rather than to the full temperature 
range. Calibration was determined by attaching 
the transmitter to the T—D sond used for the 
temperature measurements. A small hydrophone in 
the sond picked up the signal and the pulse period 
was measured with a timer-counter to within 
1 ms. As the pressure transducer in the tempera
ture sond was used in the calibration any absolute 
errors in the depth measurements are eliminated 
when the swimming depth is compared to the 
measurements of the temperature distribution.

Temperature measurements
To measure the vertical temperature profile a 
temperature-depth sond with a strain-gauge pres
sure transducer and a fast-response thermistor was 
used. To resolve fine details of the stratification 
avoiding disturbance from the movements of the 
boat the instrument was made essentially free- 
falling. The thermistor, together with the pressure

gauge and the hydrophone, was mounted in a 
protecting cage below a buoyant cone with the 
apex pointing downwards. A thin cable was paid 
out in excess during the descent of the instrument 
and was used for recovery when the profile was 
completed. The buoyancy and drag of the cone 
was adjusted to regulate the rate of descent to 
approximately 0.5 m/s.

The vertical resolution of the thermistor was of 
the order 10 cm with this velocity. The tempera
ture measuring circuit is described in Petrén 1972 
and the linearity and accuracy were better than 
0.1 degree. Recording was done on a X—Y plotter. 
The analog recordings were digitized and used 
in this form for the data plotting.

Data processing
During tracking close to the city of Luleå in 1978 
the swimming depth was monitored manually, 
by measuring the duration of 10 pulse periods 
with a stop-watch. With a 20 m transmitter, 
having typically a 50 ms/m calibration factor, 
this gave a ± 0.2 m uncertainty due to the timing 
error alone.

During 1979 and 1980 the signal was recorded 
on a Sony TCD5 cassette tape recorder. The 
tapes were analysed using the decoding system 
shown as a block diagram in Fig. 2. The amplified 
audio signal was fed to a comparator with an 
adjustable reference level. The audio pulse was.
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Fig. 2. Block diagram of the decoding system for swimming-depth data.
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thereafter represented by a train of 10—15 pulses, 
depending on the tone frequency. This train of 
pulses clocked a decade counter. The first pulse 
which arrived triggered a monostable multivibrator 
(MMV), which after a predetermined time of 
4—50 ms reset the counter. A selectable number 
of from 2 to 9 pulses had to arrive during this 
time to trigger the next MMV and inhibit the 
counter. This counter configuration acted as an 
ideal high pass filter, with the cut-off frequency 
determined by the number of pulses and the pre-set 
time interval. At the same time it was practically 
immune to spurious transients of any frequency. 
The time between subsequent pulses coming from 
the decoder was measured with a universal counter 
connected to a Hewlett-Packard 85 computer. 
The computer accumulated all the pulse period 
measurements from one cassette track and then 
processed them to eliminate all obvious errors. 
The pulse periods were converted to swimming 
depth and an average was made from all available 
pulses during consecutive 10 s intervals. The data 
was stored on a digital cassette.

The errors in the pulse period measurements 
were caused by wow and flutter of the tape 
recorder and by the uncertainty in discrimination 
of the leading edge of the audio pulses. The 
former was approximately 1 °/oo, which corre
sponds to 2 cm for a 20 m transmitter. The latter 
error could be as large as 10 ms, or 20 cm, for a 
single pulse period, when the signal strength 
varied considerably. In the averaging procedure 
this contribution is cancelled and is reduced by

the number of pulses present. An additional 
uncertainty in the conversion to swimming depth 
was introduced by the Doppler shift of the 
ultrasonic pulses when the tracking boat and the 
fish moved relative to each other. A 1.5 m/s rela
tive velocity gives an error of approximately 1 ms, 
or again 2 cm. These errors combined to give a 
typical noise level of the decoded and averaged 
swimming depth which was ± 5 cm for the 20 m 
range transmitter.

Neurotomy of anosmie salmon

The salmon (B 80) deprived of the sense of smell 
was anaesthetized in approximately 100 ppm 
MS 222 until no response was registered on 
pinching the anal fin. Incisions were made anterior 
to the nostrils, cutting the olfactory nerves. The 
incisions were closed with Histacryl (Braun 
GmbH). As an additional precaution the entrances 
to the nasal pits were sealed with Histacryl to 
prevent water flow through the olfactory organ.

The ultrasonic tag was inserted and the fish 
allowed to recover for 12 hours before release.

III. FINESTRUCTURE IN THE 
THERMOCLINE

The introduction of modern sounding instruments 
in oceanography has led to the discovery of ever 
finer scales in the vertical distribution of hydro- 
graphic parameters. Based on what can be 
resolved with a standard conductivity-tempera-

8
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ture-depth recorder (CTD) and what must be 
studied with free-falling instruments the terms 
finestructure (vertical scale 100—1 m) and micro
structure (less than 1 m vertical scale) are used. 
In this section I will give an elementary account 
of vertical finestructure (including scales down to 
0.1 m in the term) as found in the near-shore 
regions in strongly stratified waters. Comprehen
sive and recent reviews of the subject in general 
can be found in Munk 1981, Gregg and Briscoe 
1979 and in the monograph by Federov 1978.

A temperature profile made with a high verti
cal resolution will always show irregular, often 
step-like structures. Almost homogeneous layers 
alternate with layers where the temperature 
changes rapidly. The thickness of both kinds of 
layers varies from a few metres to less than 0.1 m. 
The vertical distributions of all other hydrographic 
parameters, such as current, salinity or concentra
tion of chemical substances, parallels that of the 
temperature. Although the sign and magnitude of 
the gradients of the other parameters can be quite 
different the rapid changes occur at the same 
depths as that of the temperature.

Characteristic of many of these structures is a 
strong anisotropy, the horizontal scales are much 
larger than the vertical. Typically a homogeneous 
layer of 1 m thickness can be traced for 100 to 
1,000 m horizontally. Other structures are the 
result of the straining of the stratification by 
internal waves, and for these the coherence is less 
in the horizontal.

The vertical rate of change of temperature in 
a layer with a strong gradient can be up to two 
orders of magnitude larger than the mean gradient 
in the thermocline (10 deg/m). Dye injected into a 
gradient layer will spread out horizontally to a 
thin sheet of kilometre dimensions and can be 
followed for several hours, which shows both 
the essentially laminar conditions in the layer 
and the concentration of the current shear to the 
temperature gradient layer (Kullenberg et al. 
1973).

The processes that generate the finestructure 
are not fully unravelled, and several generation 
mechanisms can be present at the same time. In 
coastal waters the generation of locally well- 
mixed water masses and the subsequent interleav
ing of these seems to be an important process.

Temperature fluctuations caused by heating and 
cooling at the surface, combined with evaporation 
and precipitation which change the salinity, will 
cause slightly different densities in different bays 
and sounds upon wind mixing. When the wind 
decreases, gravity will spread the water masses at 
their approximate density levels in the upper 
thermocline or at the surface. This mode of 
finestructure production is discussed for the 
oceanic case in Stommel and Federov 1966. 
Typically the lifetime of the interleaving layers 
will be several days and the horizontal extent 
large.

Cross-frontal mixing and overturning of internal 
waves will also create well-mixed water volumes 
which spread at their density levels. The volumes 
involved are less than in the interleaving case, 
and the horizontal extent of these intrusions will 
become smaller. The ratio of the horizontal to the 
vertical scale will, however, become of the order 
100 to 1,000 before the structure disappears.

IV. RESULTS

In all 11 salmon were tracked using depth sensi
tive transmitters. Some general data about these 
salmon and experiments are collected in Table 1. 
Details about the horizontal movements and ac
tivity patterns as well as charts with the trajec
tories are found in A. Survey maps showing the 
location of places mentioned in the description 
of the experiments are also found in A.

In two of the experiments the salmon remained 
immobile at the bottom after release (D 78 and 
A 79), and in one (G 78) the duration of the 
tracking was too short to furnish adequate data. 
The other experiments will be presented below in 
the form of a time/depth diagram of the swimming 
depth and the gross thermal structure. As an aid 
to comparison of the experiments all diagrams are 
drawn with either one of two constant ratios of 
time- and depth scale. When the salmon is 
moving the diagrams can be interpreted as vertical 
sections along the trajectory. Assuming a mean 
swimming speed of 0.5 m/s the ratios which were 
used correspond to horizontal scales that are 
contracted 800 and 2,500 times the depth scale.
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EXPERIMENT E78 DATE 780719 - 780721 
Tim«

EXPERIMENT F78 DATE 780722 - 780723 
Tim«
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Fig. 3 a—c. Time series of the swimming-depth and the gross temperature stratification for trackings in Luleå 1978. 
The dotted line connects discrete points of manually recorded data. The shading shows the approximate bottom 
contour along the trajectory. The equivalent length to depth ratio is 2,500 with a swimming speed of 50 cm/s.

Comments to individual tracks 
E78 — this salmon was released in the outer 
archipelago off the city of Luleå and was recap
tured 6 days later in the estuary of the Pite river, 
south of Luleå. The time/depth diagram is shown 
in Fig. 3 a. In this experiment, as in all during 
1978, the pulse period measurements were made 
manually. The brief deep dives that are seen

could be heard very clearly when they occurred 
and the maximum depth was checked as accurately 
as possible. Some dives might, however, have been 
undetected during periods when the noise from the 
moving boat masked the signal.

At 2100 the salmon passed a sill and moved 
out on an open strech of water, where she moved 
WSW for 20 hours, from the Lule archipelago to
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Fig. 4 a—b. Swimming depths recorded during tracking in Lake Vänern 1979. The swimming depth is averaged 
in 10 s intervals. The equivalent length to depth ratio is 800 for a) and 2,500 for b). The spacing of the iso
therms is 1 deg.

the outskirts of the Pite archipelago. The open 
water distance was approximately 30 km. The 
salmon passed two shallow banks during this time, 
at 0100 and 1300 on the second day. At these times 
the dives may have reached the bottom, but 
otherwise the dives were down to the level of the 
main thermocline. From 1800 on the second day to 
O400 on the third, when tracking was abandoned, 
the salmon milled around between the outer 
islands. An expanded plot of a short period of 
continuous recording of the swimming depth is 
given in Fig. 6. The turning points of the dive 
coincide with the layers of strong gradient at 2 
and 9 m depth.

F 78 ■— this salmon was recaptured 9 days 
after release in the estuary of the Kalix river north 
of Luleå, indicating that she was a strayer in the 
Lule river estuary.

Immediately after release the salmon moved

into a bay between Sandö and Junkö. During the 
following 26 hours it moved in a complicated path 
over most of the bay, alternating between passive 
periods of mid-water drift and milling or erratic 
movements. At 2100 on the second day it passed 
through a sound to the Germandöfjärd, turned 
south and headed out to sea when the tracking 
was terminated.

As in the case of E 78 numerous short dives 
were observed and measured. Periods with con
tinuous recording of the swimming depth are 
included in Fig. 3 b at 2 140, 2 320 and 0480 of the 
second day, but details cannot be seen at this 
scale. An expanded plot of one of these con
tinuous swimming depth records is shown in Fig. 7. 
This recording shows a succession of dives, with 
turning points at the temperature inversion layer 
at 2 m and at some finescale steps at 11—12 m.

178 •— During that part of the track shown in
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Fig. 5 a—c. Swimming depths recorded during trackings in Lake Vänern 1980. The equivalent length to depth 
ratio is 800 for a) and b) and 2,500 for c). The spacing of the isotherms is 2.5 deg.

Fig. 3 c the salmon moved steadily on a SE 
course, from the Brändöfjärd out to open sea. 
This salmon moved in the main thermocline, 
making dives both up- and downwards from the 
mean swimming level. The dives were not clearly 
audible during the tracking as in F and E78, so 
the manual measurements give a smoothed depth 
curve. Short recordings at 0 600 , 0 9 00 and 1200 show

dives with the same vertical velocities as were 
observed in the other experiments, and amplitudes 
up to 5 m.

B 79 — During tracking in Lake Vänern 1979, 
the autumn cooling of the surface layer had begun. 
In the Säterholmsfjärd, where the trackings were 
started, the surface layer contained several gradient 
layers with approximately 0.1 deg temperature
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Fig. 6. Expanded portion of swimming depth record, compared to simultaneous temperature profile. Swimming 
depths are successive 10 s averages.

differences. Frequently the swimming depths ob
served at the time of a temperature recording 
could be associated with some of these gradient 
layers. The time and distance between the tempera
ture drops were, however, generally too large to 
trace the thermal finestructure horizontally.

Fig. 4 a shows the swimming depth recordings 
of B 79. After release the salmon crossed the 
Säterholmsfjärden and arrived at 1330 in a shallow 
area with several salmon nets. It stayed among 
the nets making intermittent movements until 1500, 
when it crossed over the sound at Söökojan turned 
back and then moved south out of the sound 
towards Värmlandssjön. Around 1715 it cut obli
quely across a front that was visible at the sur
face. Fig. 8 shows an expanded plot of this part 
of the tracking.

C 79 ■— This salmon crossed the Säterholms- 
fjärd and passed through the sound at Söökojan 
at 1200—13°°. In the Värmlandssjön it headed 
nearly due south for 17 hours, moving at the 
highest speeds seen in any of the trackings 
(1.3 m/s).

Swimming depths are shown in Fig. 4 b. The 
observations in relation to temperature structure 
were similar to those of B 79 in the Säterholms- 
fjärd. In the Värmlandssjön the salmon moved at 
depths where the temperature was constant to 
within less than 0.05 deg. Dives down to the 
thermocline were seen. There were large gaps in 
the recordings and the tracking had to be termina
ted due to a technical fault.

A 80 — The trackings in 1980 were made 
earlier in the year than those in 1979. The tempera-

STN 76 TIME 2150 EXPERIMENT F78 DATE 780722

2140 2150

O 10 O 10

Fig. 7. Example of rapid succession of deep dives. Intervals where data are missing for periods of from 20 to 
60 s are interpolated with a dotted line.
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Fig. 8. Swimming depth during passage of a thermal front. The isotherms are drawn with a spacing of 0.1 deg.

ture of the surface layer was higher and the 
stratification stronger. The salmon A 80 was 
handled at the 20°C surface water temperature 
during tagging, the other fish were kept and 
handled in water with a temperature of less than 
15°C, as described in A. The stress during hand
ling may be the reason for the salmon staying on 
the bottom at 23 m depth for 5 hours after 
release. From 1300 the salmon moved within the 
Säterholmsfjärd. As is seen in Fig. 5 a the swim
ming depth was below a sharp temperature 
gradient, in stratified water and with dives 
directed upwards, into the surface layer. During 
the first 2 hours the movements were in 20—15 m 
deep water. From this period an expanded plot is 
shown in Fig. 9. The salmon moved in a quasi- 
homogeneous layer with a temperature 14.5 — 
15.5°C, turning at the layers of strong tempera
ture gradient above and below.

At 1500 the salmon entered a narrow channel 
between an island and a shallow bank. From then 
on the salmon was in contact with the bottom 
most of the time, making short dives up through 
the thermocline. Contact was lost due to the 
difficult tracking conditions with a strong refrac
tion of the sound in the sharp thermal gradients.

B 80 — This salmon was made anosmie by 
neurotomy. During the first 10 hours of tracking 
the horizontal movements (A Fig. 6 b) did not 
obviously deviate from that seen in untreated 
salmon. The salmon moved out into the Värm
landssjön, veered west and moved at speeds 
comparable to those seen in other trackings along 
the arch of islands. Around 2 000 the salmon 
reached a small bay and stayed there with few 
and short movements for the next 20 hours.

As seen in the vertical, however, the behaviour 
was quite different from that seen in the other

STN 10a TIME 1420 EXPERIMENT A80 DATE 800731
T*mp«ratur-« Cd«q C> Tim®

1400 1430 1500

Fig. 9. Expanded portion of the record in Fig. 5 a showing movements along a quasi-homogeneous layer. Spac
ing of the isotherms; 1 deg.
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Fig. 10. The dives made immediately upon release of anosmie salmon.

salmon. Fig. 5 b shows the first 10 hours, and 
it can be seen that the movement was along the 
bottom for most of the time. There were numerous 
dives up through the thermocline. There was no 
specific depth or temperature level at which the 
salmon tended to stay. Immediately after release 
there was a series of dramatic dives up and down

through most of the water column. This part of 
the track is shown expanded in Fig. 10.

D 80 — In this experiment the salmon was 
relocated and released in open water in the 
Värmlandssjön (the reason is explained in the 
Appendix of A).

During the first part of the tracking the salmon

EXPERIMENT D80 DATE B00805 
Tim.

1100 1200 1300 1400

Fig. 11. Part of the swimming depth record of salmon D80. The thermal field is drawn with 0.25 deg spacing. 
The trajectory of the salmon during the same time period is shown with 30 min time marks and the uncertainty 
of the positioning indicated by the shading.
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Fig. 12. Relative frequency of time spent at different 
0.25 deg temperature intervals. The heavy line shows 
the extreme temperature range in which the salmon 
was observed, the thin line shows the temperature range 
which was available along the track.
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Fig. 13. Same as Fig. 12. The frequency scale is 
increased by a factor of 2.

the swimming depth was at the level of a gradient 
layer between 14.5 and 15°C. From 1200 to 12lä 
there was a succession of two or three dives down 
and up through the main part of the thermocline. 
The strong stratification caused a sudden shift in 
the signal strength when the salmon dived and 
the first dive is not recorded. From 1220 the 
salmon changed swimming depth and seemed to 
follow the 12—13°C gradient layer.

moved irregularly and was passive in mid-water 
for several periods. From 0 600 on the second day 
it started a continuous movement which was 
steadily towards east. The depth-time diagram is 
shown in Fig. 5 c.

The temperature profiling was undertaken from 
a second boat in this experiment. In this way the 
temperature measurements could be done without 
interference to the tracking and the spacing of the 
profiles was reasonably close even when the 
salmon was moving continuously. Fig. 11 shows 
an expanded plot of a portion of the track. In 
this example some of the finestructure layers in 
the thermocline can be traced between several 
profiles. As for example a layer with strong 
vertical gradient at 12—13°C. From 1000 to 1200

Temperature selection
Using time — depth diagrams of the swimming 
depth and the temperature stratification the total 
residence time in different temperature intervals 
has been measured. Fig. 12 shows the relative 
frequency of time spent in 0.25 deg intervals for 
the whole duration of the trackings of 1978 and 
1979. During 1980 the salmon moved in a stronger 
stratification. Because of this the result of the 
calculation is more sensitive to errors in interpola
tion of the isotherms between stations. For these 
experiments the frequency distribution has been 
calculated for periods of the tracking where the 
salmon was active and at the same time the 
coverage of swimming depth and temperature was 
reasonably complete. The following periods were 
used:
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Exp Time interval Date

A 80 1310—1600 July 31, 1980
B 80 10°°—16°° August 1, 1980
D 80 0 o o 1 O

O o August 5, 1980

The result is shown in Fig. 13. The total range 
of temperatures that were available to the salmon, 
and the extreme range which the salmon encounte
red at any time are also indicated in Figs. 12—13.

It is seen that the salmon spend a large propor
tion of time in a temperature interval which is 
narrow compared to the available range. In some 
experiments, I 78, C 79 and D 80, the distribution 
is multimodal. The anosmie salmon, B 80, shows 
a strongly deviating distribution, which is almost 
flat and extends over the whole available tempera
ture range.

The median temperatures selected were:

Exp °C

E 78 13.0
F 14.1
I 13.0
B 79 16.0
C 13.6
A 80 14.8
B 10.5
D 12.9

Brief dives

A behaviour which is conspicuous and displayed 
by all the salmon was the occasional brief dive. 
Characteristically the amplitude of the excursion 
was 5—10 m, and the salmon normally returned 
to the previous swimming depth within 3 to 10 
minutes. An analysis of the vertical velocities 
shows that they rarely exceeded 0.2 m/s. Commonly 
the rate of descent was 0.1 m/s and the ascent 
slightly faster; 15—0.2 m/s. This means that with 
the observed horizontal velocities, which were in 
the range 0.4—0.5 m/s, the salmon dived with an 
inclination of approximately 10 deg to the hori
zontal plane and could swim at an angle of up to 
25 deg during the upward phase. The frequency 
of the dives was of the order of one per hour.

V. DISCUSSION

Relation to the temperature field 
The temperature preferences of salmon have been 
studied in laboratory experiments, for example a 
final preferendum of approximately 17°C was 
found for juvenile Atlantic salmon (Javaid and 
Anderson 1967).

In the present experiments there was no indica
tion that the absolute value of the temperature 
was primarily responsible for the salmon’s choice 
of temperature level. During periods with the 
same available temperature range different salmon 
choose different temperatures, and one individual 
could alternate between two or more levels of 
temperature as seen in I 78 and D 80.

The results in 1980 can be interpreted as a 
preference for temperatures less than the 19—22 °C 
temperature in the surface layer. An alternative 
explanation is that during this period with intense 
heating of the surface layer the temperature of 
the river water was somewhat less than the surface 
lake water, and that the plume of river water 
intruded in the top of the thermocline, rather than 
spread at the surface.

Even if the preference of an absolute tempera
ture is unclear there are numerous observations 
which show a relation between the swimming 
depth of the salmon and the vertical temperature 
stratification. Figs. 6 and 7 show examples where 
the turning points of dives and the levels of short 
periods of horizontal swimming coincided with 
gradient layers. This type of correlation of swim
ming depth and some finestructure feature at a 
single point in time is seen in a large number of 
cases. The considerable interval in time and space 
between the temperature profiles makes it difficult 
to identify individual gradient layers from one 
profile to the next. In some cases, as in Figs. 9, 8 
and 11, this is possible to some degree, and there 
is a strong indication that the salmon follows a 
particular finestructure layer for long periods.

Dives
The brief dives are seen in all the trackings. When 
the salmon moved in the weakly stratified upper 
layer the direction of the dives was downwards, 
but in cases when the movement was in the main
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thermocline, as in A 80 and D 80, the direction 
was upwards or both ways.

Dives with the same characteristics are reported 
by Waatevik (1980) from a single tracking of 
salmon in a Norwegian fjord. He noted a marked 
increase in frequency of dives during times when 
the salmon changed swimming direction and at 
narrow passages in the fjord, where the horizontal 
movement of the salmon became erratic. A similar 
tendency of increased diving activity is seen during 
periods of intermittent or milling movements in 
the present trackings. The diving behaviour and 
the movements along finestructure gradients can 
be explained as an orientation mechanism, and an 
attempt is made in the following formulation of a 
hypothesis.

Olfactive orientation
The importance of olfaction for salmon orienta
tion and homing is well established (Hasler 1966, 
Hasler and Scholtz 1978, Bertmar and Toft 
1969). The role of olfaction in orientation is, 
however, not clear. The concentration of a chemi
cal substance is a scalar quantity, without direc
tional properties. The orientation mechanism can 
be of two types: response to a gradient of the 
concentration or a response to some other direc
tional clue which is released by an olfactory 
stimulus. The different possibilities are discussed 
by Harden Jones (1968). He concludes that the 
gentle gradients found in natural waters are too 
weak to be detected by simultaneous comparison 
of concentration at the nares. A temporal com
parison and detection of the gradient is possible, 
but in that case the fish must be able to orient to 
some other cue so that it can maintain or alter its 
direction after the period needed to make the 
comparison. The most likely types of orientation 
is the latter, where olfaction is a sign stimulus for 
orientation to something else, probably water 
currents.

A fundamental difficulty in rheotropism as an 
orientation mechanism is that the fish has to be 
in visual or tactile contact with a fixed reference 
to be able to determine the current direction. I 
would like to propose a model for salmon olfac
tive orientation which avoids this problem and 
fits the observations of the behaviour in relation 
to the thermal finestructure.

The essential idea is that orientation is based 
on information found in the vertical distributions 
of the olfactant and the local current, rather than 
in the horizontal concentration distribution or 
the absolute current directions. In the succession 
of finestructure layers at a given place and time 
there will be one gradient layer which contains 
the largest vertical concentration difference of 
that olfactive substance which is used by the 
salmon to recognize the home stream. This gradient 
layer is found by the salmon by swimming up 
and down through the water column. Across this 
gradient layer there will be a current shear, the 
direction of which is determined by the relative 
motion of the layer containing a large concentra
tion of the home stream substance with respect 
to the layer with lower concentration above or 
below. In an estuarine situation the relative 
motion of the layer with the higher concentra
tion will on average be away from the source of 
the substance. In any particular case the direction 
given by the shear can deviate considerably from 
the true direction to the river mouth, but statisti
cally a choice of swimming direction against the 
relative motion of the high concentration layer 
will be appropriate. By occasional excursions 
through the stratification the salmon can check 
that the layer which it is following is still the 
one with the largest concentration contrast, and 
if not, switch to the new one. A strategy like 
this will lead the salmon towards the river mouth 
along a path which may be complex and contain 
detours, but which in the main is in the right 
direction.

The temporal comparison of concentration 
differences during a dive lasting a few minutes 
seems feasible. The possibility of detection of 
the local current shear is more uncertain. Typi
cally the velocity difference can be 0.01—0.1 m/s 
across a layer of 10—100 cm thickness. Visual 
detection would be possible at least for the 
stronger shears. Other possibilities are the detec
tion of the acceleration which is felt on crossing 
the layer, or the direct detection of the velocity 
difference across the body when the salmon is 
within the layer.

There are variations on the hypothesis, with 
other criteria for choosing the layer. One is to 
choose the quasi-homogeneous layer with the
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highest concentration of the home stream sub
stance, and to move against the relative motion of 
this layer with respect to the surrounding water, 
switching to the one which locally has the maxi
mum concentration when the earlier one ends. 
Another is to choose the gradient layer with the 
largest shear, moving opposite to the relative 
direction of the water having a higher concentra
tion of the olfactant. The statistical properties of 
these strategies are less clear, and no attempt has 
been made to estimate and compare the theoretical 
effectiveness of the different choices.

One set of observations which contains all the 
components in the hypothesis is the time-series 
presented in Fig. 11. The salmon follows a 
gradient layer, makes a number of dives, switches 
to a new gradient layer and continues, but on a 
different course. Support for the interpretation of 
the behaviour as an orientation based on olfac
tory cues is offered by the experiment with an 
anosmie salmon.

Anosmie salmon
It can be realized that the behaviour of the 
anosmie salmon differed dramatically from that 
of untreated salmon. The movement was along 
the bottom, a behaviour which was never seen for 
any extended period in the other trackings. The 
swimming depth of the anosmie salmon was 
completely unrelated to the temperature field, as 
is clearly seen in the frequency distribution in 
Fig. 13.

The salmon made dives through the thermocline 
which were of the same appearance as those seen 
in the other experiments but the frequency of 
large amplitude dives was somewhat higher, 
approximately 3 dives per hour during the first 
10 hours.

The series of dives immediately after release 
was striking (Fig. 10), and it is tempting to 
interprète these, and the increased frequency of 
dives later in the experiment, as unsuccessful 
attempts to make olfactive searches in the 
vertical.

Conclusions
The swimming depth measurements gave several 
indications that salmon detected the small-scale

gradient layers in the thermocline and the surface 
layer. There were also several cases where the 
movement seemed to be along a particular gradient 
layer rather than at a constant depth.

The occasional dive was a behaviour, manifested 
by all the salmon, and it seems probable that this 
was an exploratory search of the vertical distribu
tion of some parameter, as the direction of the 
dives was towards the thermocline, and the 
amplitude determined by the distance to the main 
thermocline.

The hypothesis that these behaviours are com
ponents of an orientation strategy based on olfac
tory cues is supported by the observation of the 
anomalous behaviour of one anosmie salmon.

The observation that fish are able to sense, and 
possibly to extract information from, the finestruc- 
ture scales of the vertical temperature distribution 
may be of general significance to studies of the 
relation between fish behaviour and hydrography. 
Apart from the olfactive orientation mechanism 
discussed above other properties of the finestruc- 
ture may be used by the fish. There are signatures 
in the microstructure that propagate far down
stream from islands and other topographic fea
tures in the ocean (Hogg et al. 1978) and it is 
tempting to speculate that these could be utilized 
to localize say an offshore bank.
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APPENDIX:

A Note on Body Temperature

In 1976 attempts were made to study the tempera
ture preferences and indirectly the swimming 
depth of the salmon with the help of temperature
telemetering tags placed in the stomach. It soon 
became apparent that the temperatures which 
were telemetred were higher than the recorded 
water temperature at any depth. The conclusion 
made at the time was that some error had been 
made in the calibration of the tag, and data was 
collected very sparingly.

Some time later one of the temperature tags 
was returned after recapture. This tag was fitted 
with a new battery and calibrated again. The 
new calibration deviated from the old one by 
only 0.1 deg maximum, significantly less than 
the 0.5—1 deg differences seen during the trackings 
in Luleå. In view of this, and the fact that elevated 
body temperatures are observed in tuna and some 
other fish (Carey et al. 1971), one salmon was 
fitted with a temperature transmitter in the 
stomach, together with a depth-transmitter placed 
externally, during the trackings in 1979.

This experiment confirmed the results from 
1976, showing a stomach temperature approxi
mately 0.5 deg above that of the surrounding 
water. On one occasion the salmon moved below 
the thermocline, and an analysis of the changes 
of the stomach temperature during this time indi
cate that salmon may have some mechanism for 
active thermoregulation of the viscera.

Material and Methods
The temperature sensitive transmitter is described 
in Björk 1977. It was calibrated in the labora
tory prior to the experiment and was accurate 
to 0.1 deg. The time constant of the transmitter 
was approximately 30 sec.

The carrier frequencies of the two transmitters 
used in 1979 were separated by 15 kHz. The 
hydrophone signal was fed to two receivers in 
parallel, each tuned to one of the transmitters. 
The audio signals were recorded on separate 
channels of the tape recorder and the pulse 
periods on the recordings were measured and 
processed as described in section II.
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°C

Body temperature

••••

Water temperature

Fig. A 1. The variation of the body temperature, measured in the stomach, during an episode where the salmon 
moved below the thermocline. The water temperature is inferred from the observed swimming depth and the 
stratification, the bars indicate the uncertainty of the estimates. All points show a 60 s time average of the tem
perature.

The sensitivity of the temperature tag to a 
change in temperature was high compared to the 
absolute accuracy. The RMS noise level of the 
signal after decoding and averaging in 10 s time 
intervals was 1—2 • 10~2 deg. Changes which 
occurred on a timescale of minutes were resolved 
to better than 10 mdeg.

The temperature of the ambient water was 
estimated from the measured temperature stratifi
cation and the swimming depth. Between the 
temperature stations a linear interpolation was 
made for the depth of the isotherms.

Results
In 1976 the observed temperature excess was

Exp max min

K 76 1.5 0.4
L 76 0.7 0.4

Since the difference involves the maximum water 
temperature the values represent lower limits to 
the true excess temperature. In experiment C 79 
the minimum value of the excess was 0.4 deg 
and for the periods when the salmon stayed 
continuously in the surface water they ranged 
up to 0.7 deg.

In Fig. A 1 the temperature measurements are 
shown for a period when the salmon dived 
below the thermocline and stayed there for almost 
10 minutes. The water temperature data are 
interpolated between profiles made at the times 
1220, 1240 and 130S. As the swimming depth was 
in the vicinity of a strong thermocline small 
deviations from linearity can give a large error 
in the estimate of water temperatures. The 
uncertainty is estimated to be 1 —1.5 deg in the 
range 12.5—14.5°C, and approximately 0.5 deg
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for the temperatures 12.5. In the surface layer 
the uncertainty is 0.05 deg.

Discussion
The expected body temperature of a fish should 
be very close to that of the ambient water 
temperature in the absence of a heat-exchange 
system. This is because the heating process, 
metabolism, is locked to the cooling that occurs 
when the blood passes through the gills; therefore 
the fish is unable to accumulate heat to raise its 
body-temperature (Carey et al. 1971).

A simple model of the thermal balance of a 
fish can be used to analyse the data in Fig. A 1. 
The model fish is shown in Fig. A 2. The main 
assumption is that all heat exchange is through 
the gills. In that case the change in total heat 
content of the fish is the sum of the heat flux 
through the gills and the internal production of 
heat by metabolism.

dH
dt

qC (Tin—Tout) + Q

C is the heat capacity of tissue and blood, H is 
the heat content and all other symbols are 
defined in the figure. As

H = MTbC
we can write an expression for the rate of change 
of the body temperature.

dTß q „ „
-r=-(TlN-T0DT) + Q

MC

If a fish is without any mechanism to regulate 
the body temperature then Tout—Tb and Tin = Ta. 

In that case the equilibrium body temperature 
excess will be

To estimate a numeric value for the present case 
we can use data for the metabolic rate of adult 
sockeye salmon, which is approximately 100 mg 
Os/kg/h (Brett 1965). The cardiac output is 
estimated to be 40 ml/kg/min (Wood and Shelton 
1980), which gives an expected temperature 
excess of 0.1 deg, or less if the heat flow through 
the skin is included in the model.

The same input data can be used to estimate 
the rate of change of the body temperature in

Q- Metabolic
heat production Cardiac

output

M - Mass

Tg- Body temperature

Insulated body wal

Ta- Water temperature

Fig. A 2. Simplified model of the thermal balance of 
a live fish.

two limiting cases of the model. First let us 
suppose that the ambient temperature changes 
suddenly by A T, and that this temperature change 
is large compared to the steady-state temperature 
excess before the change. Then, if the fish is 
without a heat-exchange system, we can write

dTB
dt

The other limiting case would be that the fish 
has a perfect heat exchanger at the gills, this 
means that Tin = Tout and we have

dTB _ Q
"dT^c

In the first case the initial rate of change will be 
4-10'2 deg/min times the magnitude of the 
temperature drop. In the second case there is a 
steady rise in body temperature which is approxi
mately 6 mdeg/min.

If we compare the predictions from the model 
with the observations in Fig. A 1 it is seen that:

1) The steady-state temperature excess prior to 
the dive is 0.4 deg, which is significantly 
higher than that expected.

2) The initial rate of change after the 2.5 deg 
drop in ambient temperature is 0.07—0.08 deg/ 
min, which is close to the expected 0.10 deg/min. 
But the temperature levels off abruptly after 
2—3 minutes and remains constant at a level 
which is 0.2 deg below the initial temperature 
and approximately 3 deg higher than the 
surrounding water.
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3) When the salmon re-enters the surface water 
the temperature starts rising towards the earlier 
steady-state level. This rise is slow and essen
tially linear, with a magnitude of 5.6 mdeg/min, 
which compares well with the estimated rate if 
the salmon can preserve all the metabolic heat.

Observations 1) and 3) give an indication that 
the salmon has a system for thermoregulation. 
2) is more enigmatic. The regulating system may 
have a slow response, or there is the possibility 
that the viscera are protected against a transient 
temperature change in the body by a change in 
the blood circulation.
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