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1 INTRODUCTION 

Between 1960 and 1967 the Swedish Salmon Research Insti

tute performed investigations concerning the salmon popula

tion in the Rickleå River, a woodland river in northern 

Sweden. A fish trap was built near the river mouth so that 

fish migrations could be controlled. Besides migration 

studies the general biology of riverine fishes was also 

investigated. Because of its strategic position, the fit

ness of the river, and the fact that much biological in

formation had already been collected here, the Section of 

Ecological Zoology at the University of Umeå set up a bio

logical field station on this site. The station was to 

serve as a base mainly for lotie water biology. 

In 1966 and 1967 a drastic reduction of the parr and smolt 

populations of salmon was noted: the population has not 

yet recovered. Later, it was also evident that certain in

sects important as salmon food were strongly reduced in 

numbers. As no oxygen reduction could be suspected, the 

most plausible explanation was some kind of toxic pollu

tion. For the biologists it became an urgent task to study 

and follow the symptoms and development of the surmised 

poisoning in order to reveal its causes. 

In the community of Robertsfors, 16 km upstream, a factory 

producing synthetic diamonds began operating in 196 3, and 

an electroplating plant was in operation between 1964 and 

1969. In both factories heavy metals were used, and, as 

an effective purification plant was missing, wastes con

taining heavy metals were discharged directly into the 

river. An effective purification plant was not installed 

and in operation at the diamond factory until 19 73. The 

recovery of the fauna after the start of the purification 

operations will be investigated in the years to come. 

The present paper begins with a general description of the 

river and a description of the salmon population before 

any discharge of heavy metals into the river. The pollution 
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Situation is dealt with. The situation has become more 

pronounced in the later years when cobalt was the active 

pöllutant. The development of the juvenile salmon popula

tion and the deterioration of some important riverine in

sects are discussed in relation to the pollution. An ex

perimental investigation to test the possibilities of 

cobalt in very low concentrations as the cause of the 

destruction of parts of the river fauna, is described. 

Finally, the general discussion deals with the toxicity of 

cobalt to algae, invertebrates and fish, and the possible 

effects of cobalt on organic production. 

This case study is an account of the investigations up to 

the year 1973 inclusive. 

2 THE RIVER RICKLEÂ 

The Rickleå River is one of the smallest salmon rivers in 
2 northern Sweden. The total watershed, 1673 km , lies en

tirely within the coniferous belt, whereas big salmon rivers 

receive water from the mountain region as well. The river 

orginates in Lake Bygdeträsket, 47.7 km from the mouth, 

and discharges into the Gulf of Bothnia at 64° 05~N (Fig 1). 

In the river there are alternating rapids, fast streams 

and slow streams (Fig 2). The water level of Lake Bygde

träsket is about 131 m above sea level. The community 

Robertsfors is situated 15.1 km from the river mouth. This 

point is 35 m above- sea level. Below Robertsfors there are 

no tributaries of importance. Typical views of a slow stream 

and a rapid are given in fig 3 and fig 4. 

The bedrocks of the drainage area are mostly veined gneisses 

and the quarternary deposits are moraines. The vegetation 

of the area is dominated by coniferous forest. In the river 

valley, however, there are many farms. About 50 per cent 

of the river borders on agricultural land. Some of the cul

tivated areas have, however, become forest-cultures during 

the last decades. 

Partly due to the stony bottom the higher vegetation in the 
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river itself is rather scarce. Mosses dwell in the rapids, 

chiefly Fontinalis dalecarlica and F. antipyretica. In 

the slow streams it is possible to find Ranunculus pelta-

tus on sandy or muddy bottom. In some places of the litoral 

zone there is a dense vegetation dominated by Nuphar lu

teum, Potamogeton natans, Equisetum fluviatile and Comarum 

palustre. 

From the turn of the century the river has been exploited 

for hydro-electric power production. Dams have been built 

in Robertsfors (Hammarforsen, Sågforsen and Fredriksfors), 

at the outlet from Lake Bygdeträsket and in some tribu

taries to this lake. These impoundments have, however, a 

comparatively small influence on the natural flow of wa

ter in the river. 

3 The mean water discharge is 16 m /s, but varies from about 
3 ^ 3 m /s during low water conditions to 160-180 mJ/s during 

maximum spring flood (Karlström 1973). There are no con

tinuous recordings of the discharge during the year. At one 

of the power stations in Robertsfors, however, the flow 

through the turbines is measured once a week (f^Lg 5 and 

6). This gives a rather good picture of the water discharge 

in the river during three quarters of the year. During 

floods, however, much water goes over the dam and is not 

measured. 

Water level measurements at the Rickleå field station (si

tuated at the rapidsNetingforsen near the river mouth) show 

that spring flooding normally peaks in the latter half of 

May or the beginning of June. Low water exists from July 

to October (Fig 5, 6). The maximum water-level amplitude 

is about 1.5 m. Floods in summer and autumn caused by 

heavy rainfall rarely occur. 

The river is covered by ice for five to six months. In the 

slow streams the ice cover can become thick, about 1.5 m. 

In the rapids, however, some midstream areas are always 

open. The break-up of the ice occurs during the end of 
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April or the beginning of May. The water temperature 

rises rather slowly in May under high water conditions 

(Fig 5, 6). In June the water becomes warmer as the water 

level goes down. The highest water temperatures are reached 

in July. Beginning in August, the temperature falls in a 

rather uniform pattern until the ice starts to cover the 

river in October or November. Anchor ice often exists in 

large amounts in November. 

Since 1970/ water samples have been taken in the middle of 

each month at the Rickleå field station and sent for ana

lysis to the Limnological Survey of the National Swedish 

Environmental Protection Board in Uppsala. The results 

for the year 1971 are summarized in table 1. 

The mean pH in these 1971 samples was 6.7. These pH deter

minations had been done, however, in samples that were 

not quite fresh. It is not probable that these values 

were the same in the river. Measurements are also performed 

at one of the power stations in Robertsfors (Table 2). 

From those recordings it is certain that the river water 

is acid throughout the year. 

The water is brownish in colour due to a high humic con

tent typical of rivers and brooks in the forest belt of 

Sweden. The silicate content is rather high and the sul

fate value is higher than the bicarbonate value. The nutrient 

content is rather low and the variations during the year 

small. The nitrate level fluctuates, however, with lower 

values during the summer and higher values during the rest 

of the year. 

During the period March-September 1972, water samples were 

taken and analyzed for iron. The results showed the Rickleå 

water to be fairly rich in' iron, between 0.34 and 2.00 ppm. 

The lowest values were recorded during the ice-melting 

period in the latter part of April. 

The Rickleå River has been, and is still, influenced by 

human activities in several ways. The exploitation for hydro
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electric power has already been mentioned. Timber floating 

was performed in the section between the Lake Bygdeträsket 

and Robertsfors until 1961. For that purpose the rapids 

in the upper sections have been cleared, but the rapids 

in the lower sections still have their natural appearance. 

Farms contribute nutrients from fertilizers and livestock 

manure. The community of Robertsfors, with about 1800 in

habitants, had no purification plant before 1972. Small 

communities still release untreated sewage into the river. 

Due to the high turbulence, however, the water is always 

well oxygenated. 

Robertsfors is the chief industrial center of the area. 

Here a paper pulp factory was operating from 1904 until 

1948. When this activity ceased, other industrial activi

ties took place in the same buildings; manufacture of 

bakelite, fiber glass and rubber insulation. Industries 

using heavy metals began operation in 1963 and 1964. 

3 THE SALMON AND ITS FOOD 

3.1 Introduction 

The Rickleå River is, of course, not a pure salmon river. 

As is shown in Tab. 3 seventeen fish species are known from 

the river. The species of economical importance are:salmon, 

trout, grayling, whitefish, pike and burbot. 

In autumn the lower parts of the river are invaded by adult 

river lampreys, Lampetra fluviatilis L. Fishing for lampreys 

is of economical importance for the inhabitants of Rickleå. 

Brook lamprey, Lampetra planeri L., is also present. 

The most valuable fish, however, is the salmon. Salmo salar L. 

The Rickleå River was documented as a rich salmon river as 

early as the 15th century. The industrial development has 

narrowed the living space of the species considerably. In 
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the period between 1899 and 1937, three hydroelectric dams 

ware built in Robertsfors. Since no fishways were built, 

the dams have excluded the salmon and other anadromous 

fishes from the larger part of their original spawning 

area. The part now accessible to the salmon is 15.1 km 

long and has an area of about 0.65 km . According to Öster

dahl (1964 a), the area can be classified as follows: 
2 Rapids with rocky bottoms 0.21 krru 

Fast streams with rocks and gravel 0.12 km 
Slow streams t 0.32 km^ 

Between 1904 and 1948, when the sulphite mill was working 

in Robertsfors, floating dead fish were often observed. 

Live fish caught often had a bad taste and smell. Since 

1948 the salmon and other fish species have reestablished. 

The lower parts of the Rickleå River were again regarded 

as highly productive for salmon and trout. 

3.2 The salmon migration 

Between 1960 and 1967 the Swedish Salmon Research Institute 

performed investigations concerning the salmon population 

in the river. In 1960 a fish trap was built in Neting-

forsen, a short distance from the mouth of the river. The 

smolt or 'downstream' trap, Wolf-type (Wolf 1950), con

sisted of five 5 X 5 m horizontal grids capable of hand

ling the whole volume of water except during maximum high 

water. The spacing of the grids was about 12 mm and permit

ted the smaller fishes to go through. Tests showed that 50 

per cent of the salmon smolts in the length class 130-145 

mm were caught? for smolts above that size the figure was 

90 per cent. Salmon, sea trout, and other fish species 

coming up the river were caught in a special 'upstream 

trap' in connection with the smolt trap (Österdahl 1964a). 

The Rickleå fish trap was built primarily to catch wild 

salmon smolts for tagging in order to make comparisons with 

hatchery smolts. The tagged wild smolts were released to

gether with 1000 tagged hatchery smolts each year. The 

research plan also included general studies on the fresh

water biology of salmon and trout. Data concerning other 

fish species were also collected (Österdahl 1964 a). 
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Most of the adult salmon were sold on the fish market, but 

tagged spawners were released in sufficient number to in

sure reproduction in the river. The upstream trap was re

moved in late autumn, making it possible for late migrants 

to go upstream to spawn. The fact that non-tagged kelts 

were caught in the 'downstream trap' indicates that some 

salmon used that possibility. 

The catch of salmon in the two traps is shown in Table 4. 

During the investigation period there was a considerable 

variation in the number of salmon caught in the 'upstream 

trap'. The catch was very big in 1961, but much smaller in 

the following years. The reasons for this are not known, 

but it is a well-known fact that the success in fishing for 

salmon in northern Swedish rivers varies from year to year. 

In 1961 the catch was also extremely high in other rivers. 

SoJeven if the numbers are astonishingly different, there 

is no reason to believe that the variation was unnatural. 

According to Österdahl (1969), the time for the salmon 

smolt migration was influenced by water temperature and 

water level in the river. The smolt run started in the 

latter half of May and lasted until the beginning of July. 

Most salmon smolts were caught in June. 

Between 1961 and 1966 the smolt trap was used during 

the whole period of salmon smolt migration. The numbers 

given for salmon smolts are, therefore, very accurate. The-

annual production of salmon smolts has been estimated to 

be between 4 000-5 000. The estimates are based on the 

catches from 1961 to 1965 and tests of the escape of 

small-sized smolts through the trap (Österdahl 1969). The 

smolt catches in those years were similar and indicate 

that the production of salmon smolts was nearly constant 

from year to year. 

The number of sea trout smolts was more variable during the 

same years, ranging between 4 6 and 102. Based on taggings, 

the production of trout smolts has been calculated to be 

between 300 and 400. The escape of trout smolts was high, 

probably due to the fact that many trout smolts migrate be

fore the smolt trap was set up in the spring. 
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Knowing the stability in numbers of salmon smolts from 

previous years, the very low catch in 1966 was astonishing. 

Only 585 specimens were caught, about one fifth of the 

expected number. There seemed to be no natural explanation 

for this. In the autumn of the same year it was known that 

industries in Robertsfors polluted the river with wastes 

containing heavy metals. 

The Swedish Salmon Research Institute finished its research 

program in the river Rickleå in 1966. To determine if the 

result from 1966 was a solitary event, the smolt trap was 

used during a shorter period in 1967. Beginning the 14th 

of June, the smolt trap was deployed until the end of the 

smolt run. During that period only 97 salmon smolts were 

caught, showing that the total catch would not be much 

more than 200 if the trap had been used as it had in pre

vious years. The 1966 finding was, evidently not a soli

tary event. 

3.3 Age and size of salmon parr 

The age and size of salmon parr from the river Rickleå have 

been studied by Karlström (1966). The data were collected 

by electrofishing in the rapids Laxbacksforsen in the autumns 

of 1963 and 1964. The length, distribution and age (deter

mined by scale readings) are shown in fig 7. 

From the figure it is clear that among parr caught in the 

autumn, one summer old parr can easily be differentiated 

from the older fish by their shorter length. Among the larger 

fishes, however, scale readings must be used to confirm 

the age. In this sampling three age classes were present. 

The 2+ aged parr are supposed to migrate as 3-year old smolt 

the following spring. It is interesting to note that many 

of these fishes already had attained smolt size in the 

beginning of September (compare in next chapter).Some growth 

must have occurred in autumn because the 0 + fishes were 

larger at the later fishing occassion. Karlström considered 

the growth of the salmon parr in the river Rickleå to be 

very rapid in comparison with parr in other northern rivers. 
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3.4 Age and size of salmon smolt 

The age and size of salmon smolt from this river have 

been studied by Österdahl (1964 a). During the smolt run 

in 1962, all smolts caught during each of four days were 

preserved for age, sex and food determinations. In Table 5 

the age composition of the preserved fishes can be compared 

with the mean and median length of the smolts released. 

Apparently, most salmon smolts in the Rickleå River are 

3 years old. About 25 per cent were 2 years old, and very 

few 4 years old. There was a tendency for old smolt to 

migrate earlier than younger smolt. The latter phenomenon 

also occurred in the years 1963, 1964 and 1965 (Österdahl 

1969), and must, therefore, be considered the rule. In 

spite of this, there was no decrease in the size of the 

smolt during the smolt run. This indicates that salmon 

parr which has not attained smolt size in the autumn had 

a very rapid growth before smoltification in spring. Many 

salmon smolts also showed wide plus zones on the scales 

(Österdahl 1969). 

3.5 Density of salmon and trout parr 

The fish populations in the rapids was first studied by 

Karlström (1966 and 1972). In 1963 he started electro-

fishings in order to investigate the densities of salmon 

and trout parr. Some data from his investigations in 1963-

1965 are given in table 6. 

The dominant fish species numerically was the sculpin 

(Cottus gobio L.). The density of the species was high in 

comparison with other northern rivers in Sweden. Salmon 

parr were much more abundant than trout parr. Karlström 

claimed that the density of salmon and trout parr was 2-3 

times greater here than in other northern rivers studied. 

The group, 'other fish', was dominated by small graylings 

and minnows. 
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Table 6 also shows that fish density varied between dif

ferent rapids and even within different parts of the same 

rapid. This is to be expected from the heterogeneity of 

the river bed. 

The reduced catches of salmon smolts in the fish trap in 

1966 and 1967 caused Karlström to repeat his investiga

tions in 1966 and 1969. In table 7 density values over 

five years are given. The decrease in density during the 

period 1963-1969 is drastic. In the rapidaLaxbacksforsen, 

reduced densities were already recorded in 1965, which 

agrees with the fact that the number of smolts trapped in 

1966 was small. 

The decrease of the parr population and its connection with 

the pollution problem will be accounted for in further de

tail later on in this paper. 

3.6 Food of salmon parr 

The feeding behaviour of salmon and trout parr is well 

known. The fact that parr are drift feeders was already 

recorded by Norbäck (1884). Perhaps the best observations 

of the feeding behaviour of these fishes have been conduc

ted by Kalleberg (1958). It seems justified to quote from 

his study: 

"The territories of juvenile salmon and trout are feeding 
territories. Their small size and long duration lead, 
however, to the inevitable conclusion that the fish can 
not possibly subsist on the bottom fauna of the terri
tory. As far as trout is concerned, Müller (1954) and 
Nilsson (1957) have also clearly shown that in running 
water it feeds essentially on the "organic drift" (Müller 
1954) carried along with the current. ...In the stream 
tank no differences have, on the whole, been observed 
between the feeding behaviour and the choice of food of 
salmon and trout parr respectively. Both species were 
almost exclusively intent on prey animals from the drift, 
irrespective of their origin (benthos, plankton, air 
fauna)." 

To give a picture of the variations in feeding during the 

year, Carpenter (1940) may be cited: 

"Hatchery workers tell us that young salmon feed well 
through their first summer, intermittently and very 
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sparesly in the winter, steadily and vigorously again 
when spring returns, and in the second year the feeding 
will cease on warm days...With the advent of the second 
winter, a distinct lessening of the desire for food 
again manifests itself, although the appetite revives 
in spring. Calderwood also quotes Hutton to the effect 
that young wild salmon in the Wye practically cease to 
feed between October of their first year and the fol
lowing April, and Allen, in a preliminary report on 
investigations in the River Eden and its tributaries, 
refers to seasonal fluctuations in the feeding which 
closely follow the rate of growth, which is most rapid 
about June, and then gradually falls off until it ceases 
in October. From then no growth takes place until about 
April...This seasonal cycle seems to be direcly depen
dent upon the life histories of the various food orga
nisms, which determine their availability to the fishes. 
In the opinion of the writer there is no evidence of 
loss of appetite at any season, but merely of varia
tions in opportunity." 

It is reasonable to believe that the population in the Rickleå 

River behaves in the same manner as some salmon smolts 

showed rapid growth in spring (Österdahl 1969). 

In the literature there is much information given concer

ning the qualitative composition of the diet of salmon parr. 

Aim claimed (Aim 1919) that Ephemeroptera were the most 

important food of the parr. Later investigators agree with 

his results. For the actual investigation, however, it was 

important to gather information of the diet of parr from 

the Rickleå River. 

Fortunately, I have recieved data on salmon parr from Dr 

östen Karlström. He performed electro-fishings in Laxbacks-

forsen on two occasions in April 1964. On the first occasion 

17 April the ice in the rapids had just begun to break, 

giving the first chance for fishing. On the second occasion, 

25 April much of the ice in the slow streams was gone. 

In sum,41 parr were collected and preserved in formaldehyde. 

When I recieved the specimens, the lengths and weights were 

determined. A comparison with figure 7 shows that fishes 

of 67 to 90 mm in length must be one year old parr, 104-

129 mm two years old and 134-172 mm three years or possibly 

older. 
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In determining the stomach contents,all food above the 

pylorus was considered.There were no difficulties to 

determine the kinds of animals.Eight of the 41 fishes had 

eaten the worm Eiseniella tetraedra. The worms were not 

enough intact to calculate their number. These kinds of 

fragments are not considered in the following, even if the 

worm must be of some value to the parr. The mean number 

of food objects in fishes of different sizes is given in 

Table 8. 

The number of food objects from parr caught on the earliest 

occasion was very low. The number of empty or almost empty 

stomachs was high. It was also noticed that many of those 

stomachs appeared atrophied and had a narrow lumen. Fishes 

sampled one week later had eaten great numbers of insects 

and their stomach lumens were dilated. The increase in 

number of food objects was more than tenfold, and the num

ber of empty stomachs was very low. This indicates that 

the feeding of salmon parr rapidly increases when the ice 

disappears, in spite of the fact that the rise in water 

temperature must be slight, as ice was still left in the 

slow flowing parts of the river. Probably, the ice lowers 

the availability of the insects. 

In Table 9 the number of food objects in "old parr" (three 

years or older) is compared with like figures for salmon 

smolts in 1962. The conclusion drawn from the comparison 

is that the parr eat vigorously within one week after the 

start of ice break. Some arguments can be made against 

the method of comparing only the numbers of food objects 

but the numbers indicate that early spring really is a 

period of intense feeding. 

The qualitative stomach content composition in fishes caught 

on 25 April, 1964, is shown in Fig 8. Among small parr, 

chironomid larvae dominate numerically; in older parr, 

ephemeropteran nymphs dominate. During the evaluation of 

the data, it was noted that there was considerable varia

tion in size among different kinds of food organisms. To 



13 

get a better idea of the relative importance of different 

food species the following procedure was performed. Un

damaged individuals of the different species were sorted 

out, dried in a desiccator over silica-gel for 48 hours, 

and their dry weights determined. Knowing the mean weight 

of undamaged individuals and the total number of indivi

duals, it was possible to calculate the percentage of each 

food kind based on dry weight. The results are shown in 

Fig 9. 

Based on weight, the chief food organisms are Ephemeroptera, 

Plecoptera and Trichoptera. The Diptera are less important. 

At this time of the year Ephemerella mucronata, E.aurivillii 

and Isoperla grammatica are large nymphs. This explains 

their large share of the total weight, although there are 

few in the stomachs. Baetis nymphs, however, occur in all 

sizes in the river at the same time. To determine if the 

parr prefer larger individuals, the body length of undamaged 

baetid nymphs and chironomid larvae in the stomachs was 

determined. The length frequencies are shown in Fig 10. 

The Baetis nymphs eaten were longer than the chironomid 

larvae. It is interesting to note that specimens less than 

2 mm were not found in the stomachs, even though they must 

have been present in the river. Apparently, the parr se

lects the larger individuals. 

3.7 Food of salmon smolt 

According to Mills (1964), the food of salmon smolts does 

not differ much from the food of salmon parr. The stomach 

contents of the smolts preserved in 1962 have been studied 

(Södergen & Österdahl 1965). The results accounted for 

smolts, therefore, also give some information as to the 

feeding of parr during the time of the smolt run. 

The salmon smolts eat during the migration; only 2 % of the 

417 stomachs analyzed were empty. During the migration period, 

the volumes of the stomach content decreased, probably indi-
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eating that there was more food available during the be

ginning of the migration. 

The qualitative composition of the food is shown in Fig 11. 

Lotie insect larvae dominated numerically. Terrestrial 

insects, chiefly ants, were few; their numbers increased 

during the smolt run. Emerging trichopteran adults and 

ephemeropteran imagines (top of figure) followed the same 

pattern. Ephemeropteran nymphs (white bars) were the do

minant insect group. Two important species, Ephemere11a 

mucronata and Heptagenla darlecarlica, decrease in number 

during the month. This is a reflection of the fact that 

the nymphs of these species become mature in the early 

summer and emerge as subimagines in June. Baetis nymphs, 

however, occur in constant or increasing numbers. The river 

is not depleted of Baetis nymphs by emergence in that time 

of the year because new generations are growing all the 

time. 

Calculations of the volume of the food items showed that 

mayfly nymphs formed about 64, 62, 40 and 39 per cent res

pectively of the stomach content on the different sampling 

days. 

Plecopteran nymphs (vertically striped bars) were also abun

dant. The most important species were Isoperla grammatica  

and Amphinemura borealis. Of those, Isoperla grammatica  

must be of the largest value to the fish because of its 

greater abundance and larger size. 

Larvae of the Trichoptera (obliquely striped bars) varied 

in size. Some, belonging to the species Rhyacophila nubila 

and Hydropsvche sp, were very large. The small larvae of 

Lepidostoma hirtum were found chiefly toward the end of 

the migration period. 

Simuliid larvae were verv few in comparison to chironomid 

larvae. Among the latter, the later instars seemed to be 

preferred to the earlier ones. 
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A snail, Ancylus fluviatilus, was eaten chiefly in the 

first half of the smolt run. The group, "other aquatic 

animals," became important towards the end of the migra

tion period. 

If the parr is as opportunistic in feeding as proposed by 

Carpenter (1940), the time for smolt transformation is well fitted 

to the natural fluctuations in the abundance of food orga

nisms. In winter there is no emergence of food insects; 

mature larvae and nymphs are very numerous in the spring 

and early summer. The juvenile salmon utilizes this food 

resource. Smoltification comes at a time when the abundance 

of large food items is decreasing due to the emergence of 

lotie insects. Besides airborne insects, only small lotie 

nymphs are present later in summer; small animals are suit

able only for smaller parr. 

The food of salmon smolts. caught in the fish trap in 1967 

has also been studied. There were no significant differences 

in stomach content of those fishes and those trapped at the 

same time in 1962 (Södergren 1972). 

4 THE HEAVY METALS IN THE RIVER 

4.1 Introduction 

In Robertsfors there are two known sources of heavy metal 

pollution: "Factory A", a diamond factory, and "Factory B" 

an electroplating plant. 

At "Factory A" synthetic diamonds are manufactured. The 

process can briefly be described as follows: 

1) 'Reaction-elements' are made from graphite, aluminium 

silicate and metals. In the beginning (1963), nickel 

and iron were used; since 1967 cobalt and iron have 

been used. 

2) These 'reaction-elements' are pressed in high-pressure 

machines, whereby graphite is transformed into diamonds. 
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3) The diamonds are separated from the rest of the 

material in the elements. For this separation, sul

phuric acid, nitric acid, hydrofluoric acid and sodium 

nitrate are used. 

4) The diamonds are sifted and sorted. 

The liquid wastes from "Factory A" were led to a tank where 

slaked lime was added to adjust the pH to about 8,5. Then 

the wastes were pumped out into the river at a point below 

the power station at Sågforsen (Fig 2). Separation of the 

metals was not made before the discharge into the river. 

In 1973 a purification plant was built at the factory, and 

the purification was started in November of the same year. 

Now the metal-ions are precipitated with the aid of sodium 

hydroxide. Hydroxides, other precipitates and solid particles 

are now separated by a centrifugal process before the waste 

water is allowed to enter the river. As will be shown later, 

however, this metal was present in the river water in detect

able amounts as late as April, 1974. Even if the concentra

tions were lower than before, this fact proves that the 

purification was not effective before June 1974. 

The other source of heavy metals was the electroplating 

plant at "Factory B", which was operating between 1964 and 

1969. In 1968 about 20 000 kg of brass was steeped and coated 

with zinc or nickel. Steel was also treated with cadmium. 

In the process cyanides were used, but it was declared that 

the cyanides were rendered innocous by oxidation to cyai^ate 

before discharge into the river. The wastes from this plant 

were treated in the same place and in the same way as the 

wastes from "Factory A." 

4.2 Kinds and amounts of metals discharged 

Unfortunately, it has been very difficult to get information 

concerning the consumption and discharge of chemicals from 

the factories. The companies have been very restrictive, and 

so have other authorities. 
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Known values of consumption at the factories are given in 

Table 10. From the table it is evident that "Factory A" 

was a greater consumer than was "Factory B". The activity 

of "Factory A" was also of a longer duration, from 1963 

on. The chemical activities at "Factory B" were terminated 

in April, 1969. The diamond factory's consumption has been 

increasing during the ten year period at about ten per 

cent per year. 

It is not known exactly how much of the consumed chemicals 

actually were pumped out into the river. It is possible 

that in "Factory B" most of the metals from the salts were 

kept as coatings on the metal elements treated. It is im

possible to say how much actually leaked out into the river. 

At "Factory A", on the other hand, most of the chemicals 

used have been transmitted to the river. There must have 

been some losses of elementary cobalt, nickel and iron, 

probably about 20 per cent, in preparing the reaction 

elements. So about 80 per cent of the metals must have 

gone out into the river. 

Large amounts of sulphuric acid, nitric acid, calcium hydro

xide and sodium nitrate were used at the diamond factory. 

These chemicals must have been transmitted to the river 

mostly as sulphates, nitrates and calcium and sodium ions. 

To find out whether the discharge increased the content of 

these ions in the river water, data from the Limnological 

Survey have been used in an upstream-downstream comparison. 

The values are given in Table 11. The p-values show that 

there are no statistically significant differences between 

the samples taken above and below the factory. The best 

P-value is recorded for magnesium, an element that is not 

used at the diamond factory. The chief explanation of the 

fact that the concentrations of the ions concerned were not 

increased must be that the ipns have comparatively high 

natural concentrations in the river water. 

The problems of fluorine and fluorine-compounds have not 

been considered in this study. 
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Among the chemicals discharged from the factories, nickel 

and cobalt must be regarded to be dangerous to the eco

system as: 

1 Nickel and cobalt have been pumped out from the dia

mond factory continously, in comparatively large 

amounts and over several years. 

2 The content of nickel and cobalt is very low in natural 

waters. Iron on the other hand occurs in comparatively 

high natural concentrations in the Rickleå water. 

3 Nickèl and cobalt are known to be very toxic to some 

aquatic organisms. 

4.3 Reactions of iron, nickel and cobalt ions to different 

pH. 

In the diamond factory the acids containing the metal ions 

were treated with slaked lime, adjusting the pH of the 

wastes to about 8»5 befqre discharge. It is to be supposed 

that the metals in this process precipitated as hydroxides 

or oxides. As has been demonstrated in biotests, however, 

cobalt hydroxide, but not cobalt oxide, are toxic to cul

tures of Chlorella (Södergen and Sandström 1972), when cul

tured in slightly acidic media. A natural explanation of 

this might be that cobalt hydroxides are not stable. The 

water in the Rickleå River is acidic. It is important to 

know if the precipitates may have dissociated when mixed 

with the river water. In order to get information about the 

reactions of the metals concerned to pH, a small laboratory 

investigation was conducted. 

Water solutions of ferrous chloride, nickel (II) nitrate 

and cobalt (II) nitrate were prepared in concentrations 

corresponding to 1 g metal per liter. Of these solutions, 

100 ml was acidified with 25 ml 0.1 N HCl and titrated with 

0.1 N NaOH. During the titration the liquid was stirred 

and the pH value for each ml of NaOH solution added was 

determined. When the pH had reached about 11 the liquid 

was left for precipitation for about one hour. Then the 

liquid was stirred again and back-titrated with 0.1 N HCl. 

The pH-alternations were followed as before. For comparison, 

100 ml of distilled water was treated in the same way as 

the metal solutions. 



19 

The pH-curves obtained are shown in Fig 12. 

Iron precipitated at pH 6-7 as is shown by the upright part 

of the curve. When titrated back with HCl, the curve is 

very similar to the one for distilled water, indicating 

that very little or no iron was dissociated. The dark brown 

precipitate remained during the whole back-titration. Two 

days later the precipitate had sunk to the bottom in the 

acidic solution that was only slightly yellow. 

Nickel precipitated at a pH of about 8. When later treated 

with HCl, the hydroxide dissolved between 8 and 7. No pre

cipitate was left at pH values lower than 7. The solution 

was almost as green as the original one. 

The cobalt behaved similar to nickel, but at the end of the 

back-titration some brown precipitate remained at the bottom 

of the beaker after sedimentation. The precipitate had not 

dissolved in the acidic solution after two days. The solu

tion v/as, however, almost as pink as the original cobalt 

solution and according to the curve most of the cobalt was 

dissociated when pH 7 was reached. 

Even if there are some differences, the laboratory investiga

tion can be regarded as a model of the process of treatment 

of wastes in Robertsfors. It is unlikely that the metals 

should have behaved in another way when mixed with the 

river water. All of the nickel, most of the cobalt and very 

little of the iron must have dissociated. Only a minor part 

of the cobalt was discharged in a form difficult to dissolve. 

4.4 Concentrations of cobalt in the river water 

The fact that nickel and cobalt must have dissolved in the 

river water implies that the ions should be easy to detect 

by water analysis. Unfortunately, no nickel analyses have 

been conducted during the time nickel was being used in 

"Factory A". Cobalt values exist since September, 1972. 

The discharge of wastes from the factory was continuous; this 

permits calculations of theoretical concentrations of cobalt 
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in the water. This has been performed for the years 1972 

and 1973 (Fig 13). In the calculations it has been assumed 

that all cobalt consumed, 5 000 kg and 5 500 kg in the res

pective years, was discharged into the river. The chemical 

treatment of the reaction elements occurs from Monday to 

Friday, and so the discharge was supposed to have existed 

five days per week. It was also assumed that the discharge 

was the same all 232 working days in the two years, except 

in November and December, 1973, when the new purification 

plant was running. Under these assumptions, the discharge 

was calculated to be 21.55 in 1972 and 23.71 in 1973, ex

pressed as kg cobalt per working day. 

To calculate the theoretical concentrations in the river 

water, the discharge values from the hydroelectrical power 

plants in Robertsfors have been used (compare Fig 5 and 6). 

The water flow here is estimated only once a week. The con

centrations have been calculated as if the water flow was 

the same every day of the week, which is certainly not quite 

correct. During floods all the water flowing is not measured 

at the power stations and, therefore, the water flow during 

spring flood had to be estimated with the aid of water 

level readings from the Rickleå field station. 

The weekly calculated cobalt concentrations are shown as 

bars in Fig 13. The highest values occurred in autumn when 

the water flow was low both years. During winter the theore

tical cobalt content was also high but in spring, during 

flood, the concentrations fall. A small peak is shown when 

the water went down in the end of June before zero values 

were achieved during summer holidays. 

Since September, 1972, water samples for cobalt analysis 

have been collected at the Rickleå Field Station almost 

every working day. Some of the samples, 107, have been ana

lyzed for cobalt by the Research Laboratory of the National 

Swedish Environment Protection Board. The method used was 

atomic absorption, permitting determinations down to 1 ppb. 

The accuracy of the method is i 1 ppb. In concentrations 

more than 35 ppb, the accuracy is ± 2 ppb. The analytical 

data have been plotted in Fig 13. 
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The general pattern of the yearly fluctuations in cobalt 

concentration is in agreement with the calculations. During 

summer holidays the concentrations soon sink to less than 

1 ppb. Low values are also present during spring flood. The 

highest values are noted in the middle of October, 1973, 

when the water flow was extremely low. The rapid respond 

must depend upon the short turnover time of the river water. 

In May and the beginning of June, 1973, the measured values 

are higher than the calculated values. I believe that this 

is due to overrating of the water flow at a time when no 

good flow values were given. Mostly, however, the measured 

concentrations were lower than the calculated. There seem 

to be four possible explanations for this: 

1. Loss of about 20 per cent elemental' cobalt in pre

paring the reaction elements. 

2. Some of the cobalt discharged into the river was not 

dissociated. 

3. The sampling point lies about 16 km downstream from 

the outlet and some of the cobalt may have accumulated 

in sediments and vegetation. 

4. The water flow measurements are not too accurate. 

Two water samples taken above the factory showed that the 

cobalt concentration here was less than 1 ppb (November, 

1973). 

The years 1972 and 1973 can be regarded as typical as far 

as water flow is concerned. It is probable that the heavy 

metal concentration has followed the kind of curve shown in 

most of the later years, even if the total discharge has 

increased. 

To get information of natural cobalt concentrations in in

land waters, a literature survey has been made (Tab 12). 

Natural concentrations are very low and advanced analytical 

methods must be used to get accurate values. From the data 

in Table 12, it appears that about 0.2 ppb cobalt would be 

a maximum value for normal lakes. It is possible that brooks 

and rivers may have slightly higher concentrations than 

lakes. The difference, however, is slight. The values re

corded from the Rickleå River(however, are about 100 times 

higher than in natural waters because of the discharge. 
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4.5 Heavy metals in the sediments 

In order to get data about the concentration of heavy metals 

in the sediments, sampling was done with a sediment core 

sampler. At the first sampling in November, 1972, there 

were difficulties in reaching the slower flowing parts of 

the river where soft sediments were well developed. The 

core samples, therefore, were shallow. In February, 1973, 

the ice offered better working conditions and the sampling 

was repeated. Samples were now taken at 9 localities, num

bers 1-3 above the factories and numbers 4-9 below. The 

distances from the factories are given in the figures. Samp

ling station 2 was at the dam above the power station at 

Fredriksfors, number 3 was at the middle hydroelectrical 

dam, and 4 and 5 at the lower dam. The samples were sent to 

the Research Laboratory of the National Swedish Environment 

Protection Board at Drottningholm for analysis. 

The results are given in fig 14-17 and table 13. Cobalt, 

nickel, mercury, zinc, copper and iron have been found in 

all samples analyzed. Above the "Factory A" the cobalt con

centrations varied between 2.5 and 7.4 mg/kg dry weight, 

below the factory between 2,7 and 24 label (Fig 14). Charac

teristic of the downstream samples is the high cobalt con

centration in the uppermost 3 cm of the cores. It is believed 

that most of the heavy metals are associated with the organic 

component of the sediments. To get a correction for the 

varying organic content in the samples, the concentration 

values have been divided by the corresponding values for 

loss on ignition (%). The results are given in the upper 

part of the diagram. The general picture of the cobalt dis

tribution is not altered by this operation. 

Nickel was used in the diamond factory instead of cobalt 

until 1967. According to fig 15, the nickel concentrations 

now are not higher below the factory. 

As is shown in table 13 it is not reasonable to believe that 

the electroplating plant of "Factory B" has caused any 

lasting large accumulations of zinc and copper. 
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For comparison the data for mercury are also given (fig 

16, 17). The concentrations of mercury are lower than the 

concentrations of cobalt and nickel. The mercury seems to 

be more unevenly distributed. Relatively high values are 

present in the samples from the upper and lower dam in 

Robertsfors (localities 2 and 4). The reason for the high 

concentrations at station 2 is not known. Station 4, how

ever, is situated about a hundred meters below the former 

hospital of the community. 

Summing up the analytical data from sediments in the Rickleå 

River it can be said that only cobalt has been shown to be 

accumulated in the sediments below the factory. High values 

have been noted in the superficial layers at all downstream 

stations. In comparison with other waters, (see Table 14) 

the concentrations are not terribly high. An explanation 

of this is that the superficial parts of the sediments do 

not remain long in one place as most are washed out in each 

flood. It is also possible that cobalt does not have a very 

high affinity to the sediments. 

4.6 Heavy metals in the Fontinalis community 

Plants have the ability to accumulate different heavy metals. 

Leaf mosses, for instance, have been shown to be good in

dicators of air transported metals (Riihling and Tyler 1971) . 

For that reason tufts of Fontinalis sp. were sampled at 

five places in the Rickleå. The mosses were collected and 

excess water was permitted to run off through a sieve. After 

drying in the laboratory, samples from Isakfäbodforsen and 

Laxbacksforsen were sent to the Research Laboratory for 

analysis. 

The results are shown in table 15 A. Concerning zinc and 

copper, there are no differences in concentrations between 

samples from the two stations. The concentration of cobalt, 

however, was about 19 times higher below the factory. 

For comparison, the concentrations of these metals in macro-
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phytes from Lake Maggiore are given (Merlini et al 1971). 

For these plants the concentrations were given in mg/kg 

ash weight. To make the comparison relevant, the values 

in table 15 A for Fontinalis (mg/kg dry weight) have been 

multiplied by a factor 5-99, which is the approximate 

ratio between dry weight and ash weight. 

It is interesting to note that the submerged plants Elodea  

and Myriophyllum, having a similar way of growth to Fon

tinalis , show the highest concentrations of the metals. 

Zinc and copper in the Fontinalis occurred in concentrations 

not very different from the recorded concentrations in the 

plants from Lake Maggiore. The cobalt concentrations, on 

the other hand, were much higher in all Fontinalis samples. 

The Fontinalis tufts were not cleaned of periphyton before 

drying and analysis. So it is not known how much of the 

cobalt accumulated belongs to the Fontinalis itself. To 

be cautious, the metal concentrations must refer to the 

whole Fontinalis community. It is probable, however, that 

most of the cobalt has been accumulated by the Fontinalis. 

When compared with the sediments, the tendency to accumu

late cobalt is much higher in Fontinalis. 

5. ECOLOGICAL EFFECTS 

5.1 Introduction 

As has been shown in the previous chapter, the lower sections 

have been polluted with heavy metals in toxic form since 

1963. Some characteristic features of the pollution in the 

river during the latest years are described. The conditions 

during the first years of pollution are impossible to describe, 

due to lack of information concerning the amounts of heavy 

metals released in different years and the lack of analyses. 

It is reasonable, however, to assume that some characteris

tics of the later pollution were also typical of the pollu

tion in earlier stages. For instance, higher metal concentra-
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tions in the river water during autumn and winter than 

during summer and spring and relatively high metal content 

in the Fontinalis in comparison with the sediments must 

have been characteristic in the early stages as well. 

When considering the ecological effects of the pollution, 

it must first be said that the concentrations of cobalt 

in the water were not high enough to suspect any acute 

lethal effects. Acute toxicity levels of cobalt and nickel 

to fish are pretty high, the lowest values recorded are 

0.8 ppm for nickel and 10 ppm for cobalt (Schweiger 1957, 

Jones 1964, Pickering and Hendersen 1966, Show and Lawrance 

1956, Murdoch 1953). The findings of dead fish in the river 

were also few. In most of these cases, the death of the 

fishes had a natural explanation. In spring 1967, however, 

a dead female salmon was found in Garnströmmen on the ice. 

There were no signs of injury on the fish. Analysis, however, 

showed that the concentration of zinc in the gills was 

220 mg/kg fresh weight. 

• In the later years, the concentrations of cobalt have been 

of a magnitude permitting only so called sub-lethal effects 

to be suspected. 

As there are no other known sources of harmful pollutants, 

the recorded impairment have been regarded as effects of the 

heavy metal pollution described in the following text. 

Strictly speaking, it is not fair to assume that, without 

having proved it istrue. It has been neccessarv, however, to 

have a working hypothesis. This one was the best I could 

find. I have not yet found evidence enough to reject this 

hypothesis. 

It is, of course, impossible to cover many topics in an in

vestigation of this kind. A limitation was neccessary. The 

description of the ecological effects has been restricted 

to the juvenile salmon and trout, the organic drift and the 

fauna in the Fontinalis mosses. 
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5.2 The discharge in relation to the, juvenile salmon 

population. 

The salmon population and the pollution situation have 

already been described. An attempt will be made here to 

determine whether the impairment of the ,salmonid fauna is 

correlated to the heavy metal pollution. 

Knowledge of the amount of metals discharged is scarce, 

to proceed further some assumptions must be made. In Fig 

18 the known values of yearly consumption of cobalt and 

nickel at "Factory A" are plotted as crosses. The crosses 

are distributed as if they were lying on a straight line. 

The first assumption is that the consumption of metals 

at the factory has increased approximately as is indicated 

by the line. The second is that the discharges increased 

in the same way. Nickel was used in the first years and 

from autumn 1967 cobalt was used. 

The working time of the electroplating plant at "Factory B" 

is given in top of the figure. As described earlier, it is 

impossible to give any quantitative data concerning the 

discharge from this factory. 

In the figure the catches of salmon smolts in the fish trap 

is indicated by dots. The big drop in catches occurred in 

1966. At that time the consumption of nickel in the diamond 

factory exceeded 1 000 kg/year and the electroplating plant 

was in operation. In 1967 the catch of smolts was still 

smaller. Since 1967 the smolt migra£ion has not been 

controlled . 

The densities of salmon and trout parr in different rapids 

is also given in Fig 18 (data from Karlström 1972). In 

Laxbacksforsen,a decrease in numbers appears in 1965 and 

this result is confirmed by the reduced catch of smolts in 

1966. It is interesting to note that the density values 

here are lower in 1964 in comparison with the previous year. 

This might be an indication that the impairment had started 

in 1964. In 1965 the smallest densities are recorded in 

Kryddgårdsforsen, the rapids nearest to the factories, and 
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the largest densities in Netingforsen the rapid«most far 

away from the outlet. In 1969,however,the number of parr 

in Netingforsen had become small even here. 

The deterioration of the juvenile salmon and trout popula

tion is well synchronized with the onset of the heavy metal 

pollution and it is, therefore, not possible to exclude 

the theory of a true connection. The insufficiency of data, 

however, makes it impossible to prove the connection and 

to discriminate between the effects of the different dis

charges from the two factories. 

In 1969 the density of parr was less than in 1966. The switch 

from nickel to cobalt in the diamond factory had apparently 

not changed the situation. In spring 1969 the electroplating 

plant was stopped, and if this heavy metal source was the 

only or the chief cause of the impairment, some improvements 

should be expected in the years to come. 

Unfortunately, there is no longer any monitoring of the 

smolt run. Karlström has not had the opportunity to closely 

follow the parr population since 1969. There is, however, 

information from other sources. Helped by colleagues at the 

field station, I have tried to estimate the parr population 

on two occasions. The first sampling was in October 1971 

in the same areas of Laxbacksforsen previously investigated 

by Karlström. During two days of electro fishing with a 
2 total of seven hours, effective time, over an area of 2700 m , 

not a single salmon or trout parr was captured; sculpin, 

grayling, minnow, burbot, and pike, were, however, caught. 

The conclusion was that the population of salmon and trout 

parr had decreased to an extent that it was not possible 

any longer to work out reliable numbers of density. 

The next sampling was made in October 1973 in Laxbacksforsen. 
2 After fishing an area of 1960 m one under yearling of salmon parr 

2 was caught. This corresponds to a catch of 0.05 parr/100 m 

in the first fishing. If it is assumed that about 1/4 of 

the parr population can be caught in the first fishing, a 
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rough estimate of the parr density in Laxbacksforsen will 

be 0,2 parr/100 m^. Electrofishing was also conducted in 

Netingforsen in October 1973. Some trout were caught here 

but no salmon parr (Tab 16). 

The results from the investigations in 1971 and 1973 show 

that no recovery of the parr population has occurred. On 

the contrary, the juvenile salmon population has continued 

to decline and seems to have gone to complete extinction. 

The situation in later years seems to be worse than ever. 

This is in agreement with the fact that the discharge of 

cobalt has continued to increase. 

Several zoologists have performed electrofishings in the 

lower part of the river in the years 1970-1973. The purposes 

of their sampling have been different, but as a rule all 

fish caught have been noted even if the investigator has 

not been interested in all species caught. This gives an 

opportunity to illustrate the fish-fauna in the rapids 

during these years. A summary of these data is given in 

Table 16 

The proportion of different species (%) of the total catch 

during the period has been calculated, and the results can 

be compared with the corresponding values for 1963 (Tab 17). 

Some reservations must be made. The sampling conditions 

are not quite the same. In 1963 the investigations were 

conducted by the same man using one kind of fishing gear. 

In the later period several investigators were involved, 

and different machines have been used. It is, therefore, 

not possible to draw any definite conclusions based on 

small differences. Two features are, however, clear: the 

decreasing of the salmon and the relative increasing of the 

sculpin. 

It is interesting to note that parr did not decrease in re

lative abundance in the way that did salmon parr. Besides 

a possible less sensitivity to the pollution, which will 

be discussed later, the comparison between the two species 

is biased for the following reasons: 
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1. In the areas above Robertsfors there is a natural 

population of trout. Some trout may have been swept 

down or migrated downstream to colonize the polluted 

area. 

2. In the later half of October 1971 about 2500 reared 

0 + sea trout parr were released in the area. The 

yearlings were not marked and some of the later 

catches may have been influenced by this stocking. 

In November 1971, for instance, one trout parr of the 

same age was caught in Laxbacksforsen in spite of the 

fact that no parr were caught in the rapids by the 

big fishing effort in the middle of October the same 

year. 

3. In Netingforsen reared sea trout smolts have been 

released in 1972 and 1973 in order to improve the 

fishing for sea trout. These smolts were marked by 

finclipping before the stocking and some have been 

recaptured by electrofishing in the same area. So, in 

October 1972 two out of seven trout caught were marked 

and in October 1973 seven out of thirteen. 

It is, of course, of interest to know if spawning of salmon 

is still a regular event in the river. In Table 19 the salmon 

parr caught during the last years have been sorted into 

length classes, where the limits of the classes is given 

in Fig 7. As is shown in the table, yearlings are known from 

1970, 1971 and 197 3. This proves that salmon must have spaw

ned in 1969, 1970 and 1972. The spawning in 1971 is not 

documented because 0 + parr have not been found in 1972 and 

1 + parr were not found in 1973. In investigations performed 

in September 1974 0 + and 1 + salmon parr have also been 

found in Laxbacksforsen, which confirms that spawning occured 

in 1972 and also in 1973. So, in four out of five years 

spawning of salmon is documented, and occurs more as a rule 

than an exception. The number of surviving offspring is, 

however, low in spite of the huge reproductive potential 

of the species. 

The fact that the salmon population has been more harmed since 

1969 is an indication that the cobalt discharge is the cause 
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of the present situation. The deterioration of the parr 

population is well correlated to the heavy metal dis

charge from the diamond factory, no matter if nickel or 

cobalt was released. The salmon is more influenced than 

other fish species and this in connection with the fact 

that at least some eggs survive indicate that the pollu

tion is more severe to the parr than to the eggs. 

5.3 The discharge in relation to the salmon food 

5.3.1 The organic drift 

As has been explained, salmon parr are mainly drift-feeders. 

So the best method to investigate the amounts of food 

available to the parr, must be to measure the amounts of 

drifting insects. In the rapids Garnströmmen drift studies 

have been conducted in June 1963 (Södergren 1963) and 

1964-65 (Södergren 1971). With these investigations it 

was shown that Ephemeroptera nymphs constituted a major 

part of the drift, which is in accordance with the feeding 

habits of the parr. 

In order to make a detailed study of the diel drift of 

mayfly nymphs and subimagines a driftsampler was set up 

in Laxbacksforsen in spring 1969. The apparatus was of 

the kind described by Müller (1965). The catch of insects 

in the sampler was low and remained low for several months. 

The number of mayflies was so small that it was not possible 

to do the investigation, although much time and money had 

already been invested. Additional information concerning 

the nature of the pollution was(however, gained. 

A clear decrease in the amount of drifting insects in 

1969 was noted in comparison with 196 3-1965. To know if 

the conditions were different above the industries in 

Robeirtsforsj a similar, but not automatic driftsampler was 

set up in the rapids Isakfäbodforsen. At both places 

the water was taken through siphon tubes placed on similar 

locations in the rapids. The water coming out of the 
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lower end of the tubes had to pass sieves (mesh-size 

0«7 mm) where the animals were collected. The flow of 

water through the tubes was calculated on the time for 

filling a 15 1 bucket. The sampling was started at 18®^ 

the 11th of June and ended at 06^® the following day. 

The number of insects was later determined in the labora

tory. Chironomid larvae were numerous at both places but 

na*t counted. The results are shown in Table 19. 

This small investigation gave a clear picture of the 

differences between the two stations. The total catch was 

almost ten times higher at Isakfähodforsen. The domina

ting group at Isakfäboda, mayfly nymphs, was totally 

lacking in the samples from Laxbacksforsen. The difference 

in amounts of blackfly larvae was tremendous. Concerning 

other insect groups the numbers were rather similar. The 

most discouraging result was that mayfly nymphs, the most 

important food for salmon parr, was missing in the samples 

from the polluted area. 

The first drift investigations in the River Rickleå were 

performed in Garnströmmen in the middle of June 196 3 

(Södergren 1963). At that time the drift was sampled in 

drift nets put out in the stream. The nets had a square 

aperture measuring 200 x 200 mm and were about 500 mm 

long. The mesh size was 0.7 mm. The sampling time was 

usually 10 minutes and the nets were set out just below 

the water surface. The method will here be referred to 

as method 1. As is shown in Fig 19,there was a considerable 

diel variation in the drift of mayfly nymphs. In daytime 

the catch was about 10 nymphs, during the darkest period 

of the night,however, the drift increased about ten times. 

In order to get information concerning the drift in 

Garnströmmen when the pollution was present, the sampling 

was repeated in the same way, on the same spot, and at 

the same time of the year in 1972. As shown in Fig 19 

the result was that no drift of nymphs could be detected 

during daytime and in the night the drift was about fifty 

times smaller than nine years before. 
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There are also values concerning the drift in Garnström

men from the years 1964 and 1965. In these years, however, 

the sampling was made in a little different way (Söder

gren 1971). The same kind of drift-nets as before were 

put in a steel cylinder with a device for measuring the 

water flow through the nets. The number of animals caught 

were related to the amount of water filtered. The method 

will be referred to as method 2. The sampling time with 

the apparatus was usually 55 minutes. The catches by 

using the apparatus can, of course, be related to the 

sampling time, and the catch per 10 minute samples can 

be calculated. 

As has been shown earlier (Södergren 1971) there are big 

qualitative and quantitative differences in the drift 

of mayfly nymphs at different times of the year. In June, 

for instance, the winter generations of mayfly nymphs are 

dominant in the drift before their emergence. In the be

ginning of July and later, summer generations dominate. 

In comparing the drift of different years one must, 

therefore, be careful that the samples are taken at the 

same time. In Fig 20 the results from sampling in the 

middle of June is given to the left and samples from the 

beginning of July is given to the right. 

Regardless of the methods the drift of mayflies was much 

lower in 1971 and 1972 than before. This concerns both 

the drift in June and the drift in the beginning of July. 

A deterioration since 1965 is certain. Higher maximum 

values during the night have been obtained at the earlier 

sampling occassions than those later in June. This may be 

because the winter generation is emerging and that the 

nights are lighter on the later occassion. In June, as a 

whole, lower drift-values were achieved in 1965 than in 

1963. It is probable that this is an indication that the 

pollution had already influenced the mayfly fauna in 

1965. It is interesting to note that the drift of mayfly 

nymphs probably started to decrease at the same time 

as the parr population was reduced. The results given by 

Karlström (1972) showed that the decrease in density of 
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parr started earlier in the upper part of the polluted 

area. The parts nearest to the factory may, therefore,have 

been harmed first. The decrease in drift between 1963 and 

1965 is small, but it must be remembered that the drift 

investigations were made in Garnströmmen where the in

fluence of the pollution may have been comparatively 

small in 1965. 

It is regrettable that drift investigations were not made 

in the years 1966-1968. The rate of the impairment of the 

drift is now not known. Since 1969, however, it is cer

tain that low drift of mayfly nymphs is a very caracteris-

tic feature of the pollution. It is also highly probable 

that this fact in turn is a main cause of the low pro

duction of juvenile salmon. 

5.3.2 The Fontinaiis fauna 1964-1973 

Unfortunately, no quantitative bottom-fauna sampling was 

conducted in the years when salmon parr were still abun

dant in the river. At the time of drift sampling in Garn

strömmen in 1964 and 1965 Fontinalis tufts were often 

collected and analysed for dominant species. The tufts 

were studied in the field and some specimens of each 

species were sorted out and preserved. This material has 

now been reevaluated to get information about the presence 

or non-presence of important salmon food insects. These 

samples were not quantitative in the way the moss samples 

taken in 1969 and later were. The methods for quantita

tive moss sampling is described below. In the qualitative 

sampling the total number of the different species was 

not determined and the weight of the moss samples was 

not measured. 

As the tufts collected were about the same size, there are 

some possibilities to perform a rough frequency analysis. 

The qualitative samples were sorted in the field, but the 

quantitative were treated in another way in the labora

tory. Small individuals easily detected with the aid of 

a stereomicroscope in the quantitative samples could have 
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been lost in sorting of qualitative samples in the field. 

If only samples taken at a time of the year when nymphs 

more than two millimeters long are taken into account 

a comparison is relevant. 

For five insects the proper time of sampling has been 

determined. The times are given in the Figures 21, 22 

and 23. The lifé-cycle of mayflies belonging to the genus 

Baetis is not completely known, but it is reasonable to 

believe that at least Baetis rhodani, the most common 

species, has two generations per year. Normally Baetis 

nymphs of different sizes occur at all times of the year, 

indicating that the generations to some extent are mixed. 

However, if only nymphs of the size class>2 mm are plotted 

in a frequency diagram it is probable that a "winter" 

and a "summer" generation will be seen graphically. 

For both qualitative and quantitative samples the presence 

or absence of the different species has been noted. Then 

the percent of positive samples has been calculated for 

each year. The values are given in the Figures 21, 22 

and 23. Only samples collected below Robertsfors have 

been taken into account and most of the samples were 

taken in Garnströmmen. The number of samples are given 

in the figures. 

As is shown in fig 21 the mayfly, Ephemerella mucronata, 

was a frequent species in Garnströmmen in 1964 and 1965. 

In June 1969 it was not found any more. The population 

seems to have dropped down to zero in a few years. It is 

unfortunate that samples were not taken in 1966, 1967 

and 1968. The species is, however, found in stomachs of 

salmon smolts in 196 7 (Södergren 1972). For growth studies 

nymphs were sampled in the neighbourhood of the Rickleå 

Field Station in 1967 and 1968 (Bengtsson 1968) but at 

that time the species was pretty hard to find. 

In contrast to E. mucronata the "summer species" E. ignita  

seems to be as frequent as before the start of the pollu

tion. The habits of this species are very similar to the 
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former and the only big ecological difference seems to be 

that it is growing in the summer. It is probable that 

the pollution strikes winter species harder than summer 

species. 

The same phenomenon is shown by the Baetis nymphs. The 

"winter generation" has become less frequent in later 

years in spite of the frequent occurrence of the "summer 

generation" (Fig 22). 

In Fig 23 the corresponding values for three common Plecop-

tera are given. A decrease in frequency is shown for Iso-

perla grammatica already in 1965. As will be discussed 

later this species seems to fluctuate in numbers from 

year to year and it is not certain that the lower fre

quency in 1965 is an effect of the pollution. The number 

of samples that year is also low. In later years the 

frequency is regularily so low that natural fluctuations 

can be excluded. Protonemura meyeri, which seems to be 

less important to the salmon, is still frequent even if 

some decline is recorded during the later years. The results 

concerning Amphinemura borealis is in contrast to the other 

species. This stonefly seems to have become more frequent 

with time. The number of relevant samples in 1963-64 

was, however, low, only 2. 

Frequency analyses of species important to the salmon in 

the Fontinalis samples show that drastic changes have 

occured in the fauna. The pollution seems to strike Ephe-

meroptera more than Plecopterafa phenomenon that was also 

illustrated by the drift investigations. Among the Plecop-

tera,Isoperla grammatica has been influenced more than 

the two nemourid species. An other interesting result is 

that mayflies with a winter generation are much more in

fluenced than the summer mayflies. This is in agreement 

with the fact that the discharge of heavy metals gives 

higher winter than summer.values. 
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5.3.3 Abundance of Fontinalis-species in polluted and 

non-polluted areas in June 

Introduction 

The discouraging results by the drift investigations in 

June 1969 stressed the need for faunistic investigations 

illustrating the extent of the deterioration of the fauna 

in the habitat of the salmon parr. For several reasons 

it was realized that it should be impossible to conduct 

a complete bottom fauna investigation of the rapids. The 

investigation was limited to the Fontinalis fauna because 

of the following Reasons: 

1. Fontinalis grows in the normal habitat of the salmon 

parr and contains several of the most important 

species taken by the salmon parr. 

2. The mosses are relatively simple to sample at all 

times of the year. 

3. Qualitative moss samples had been taken in the 

years 1964 and 1965. 

In an earlier chapter the intense feeding of salmon juveniles 

in spring and early summer has been documented. If important 

food species were lacking in polluted areas in June, this 

would indicate that the areas could have been harmed to 

an extent that a successful production of salmon smolts 

was no longer possible. 

Methods 

The Fontinalis sampling was started in June 1969. Five 

sampling stations were chosen (FSS in fig 2): 

Nr 1 Faranforsen, a long rapids 8 km above the in

dustrial outlet. 

Nr 2 Isakfäbodforsen, a rapid«3,6 km above the in

dustrial outlet. The samples were taken quite 

near the place where the drift sampling was con

ducted in 1969. 

Nr 3 Johannelundsforsen, a short rapids 5,4 km below 

the outlet. 
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Nr 4 Laxbacksforsen, a long rapid 9,2 km below the 

outlet. The sampling site is situated about 

300 m above the areas where most of the electro 

fishing has been conducted and about 150 m above 

the place for the drift sampler in 1969. 

Nr 5 Garnströmmen, a short rapids 15,2 km below the 

outlet. This sampling site is the same as the 

one used for the drift sampling in 1963, 1964, 

1965, 1971 and 1972. 

At each station three samples were taken. The first sample 

was taken as near the bank as possible, the second in 

deeper and faster water, and the third in as fast and deep 

water as possible. In the sampling process a drift net 

(mesh size 0.7 mm) was put behind a Frmt-inalis tuft and 

drawn forward so that the tuft was enclosed in the net. 

The tuft was then taken up within the net. Most of the 

water was allowed to run off through the net before pre

serving in 80% ethanol. 

In the laboratory the Font.inalis tufts were put in a big 

jar with water and shaken vigorously so that the animals 

became free. Then the tufts were put aside and the water 

with animals filtered through a gasoline funnel with net. 

The process was repeated until no animals came out or 

were visible in the tufts. The animal material on the 

filter was preserved again in 70% ethanol. The empty 

Fontinalis tufts were dried and weighed. 

The animals in the samples were then subsampled with the 

aid of a device described by Södergren (1974). As a rule 

three subsamples out of ten were counted using a stereo-

microscope. All animals in the subsamples have been counted. 

In this paper, however, only the species important to the 

salmon are considered. 

In this regard, the baetid mayfly nymphs have caused some 

taxonomic difficulties. In the Rickleå there are at least 
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9 species of that family. The most abundant species in 

the mosses is Baetis rhodani. Small nymphs of the genus 

Baetis are difficult to determine to species. The species, 

Procloeon pseudorufulum and Centroptilum luteolum, are 

easy to distingguish but are rare in the mosses. For 

these reasons it was not possible in all cases to classify 

the Baetidae. 

As has been shown above, small insects are of little im

portance for salmon parr. Therefore, nymphs and larvae 

with a body length less or more than 2 mm have been counted 

separately. However,the presence of small nymphs and 

larvae gives some information on the biology of the in

sects concerned and the extent of the pollution. 

The number of animals per 10 g dry weight has been cal

culated for each sample, and the mean number in three 

samples is given in the figures. Small animals are re-

presented by white bars in the diagrams and animals with 

a body length more than 2 mm are represented by black 

bars. In some cases the number of positive and negative 

samples is also given. The sign 3 + menas that all the 

three samples contained the species, 2 + 1 - means that 

the species was present in two out of three samples etc. 

Results 

Samples taken in the middle of June are present from four 

years:1969, 1970, 1972 and 1973. In June 1971 sampling 

was not made because of other duties. The results as 

regards five important insects are given in Fig 24 and 

Fig 25. 

Nymphs of the mayfly, Ephemerella mucronata, were always 

present at stations 1 and 2, which are above the industrial 

outlet. Below the outlet, on the contrary, this species 

was absent with one exception; the nymphs were present in 

Johannelundsforsen in June 1972. This finding was astonishing 

and led to examination of samples taken the same way in 

April and May the same year. As shown in tabel 20 this 

species was missing in all samples taken below the outlet 
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in spring but suddenly one sample was positive in the 

rapid nearest to the outlet in June. It is possible to 

find several explanations of the phenomenon. One is that 

the species occurs in very low densities below Roberts-

fors and positive samples occurs now and then at random. 

An other explanation is that the nymphs drift downwards 

from the unpolluted ; areas. This later explanation is 

supported by the fact that the species occurred only in 

the rapids nearest the unpolluted area and that it was 

found at the end of the spring flood. The drift theory 

seems to be the most probable. If this is true the polluted 

area is quite unsuitable for the species to live in, but 

some colonization occurs now and then without possibili

ties to establish a selfsupporting population. 

Mayfly nymphs of the family Baetidae show an interesting 

distribution pattern. Large nymphs were always much more 

abundant at station 1 and 2 than at the other stations. 

Small nymphs, not prefered by the juvenile salmon, are in 

some years much more abundant in samples taken below the 

outlet. In June 1972, for instance, there were very high 

densities of tiny nymphs, most of them less than 1 mm 

long, at station nr 5, Garnströmmen. As shown above the 

catches in the drift-nets were very small during 13-14 

june of that year. An explanation is that the nymphs were 

so small that they could readily pass through the meshes 

of the nets. 

In all the four years the abundance of big Baetidae nymphs 

was greater at station 3 than at station 4 and 5. This 

may indicate, as in the case of Ephemerella mucronata, 

that Baetidae nymphs can drift downstream from unpolluted 

areas to a considerable extent. In June 1972 nymphs of 

all sizes were present in the samples from station 1 and 2. 

In the samples from station 3, 4 and 5, however, only two 

categories were present:nymphs smaller than 2 mm as has 

been accounted for earlier and 8-9 mm long nymphs, ready 

to emerge. Medium sized nymphs were not found here. As 

shown in Table 21, big Baetidae nymphs are much more 
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frequent in the unpolluted areas in April and May 1972. 

These animals are very good swimmers and it may be 

possible that they have a greater capacity for coloniz

ing empty areas than Ephemerella mucronata. According to 

Waters (1965) the normal distance drifted each night by 

anyone individual of Baetis vagans is probably of the 

order 50-60 m. Colonization by drift from unpolluted 

areas is therefore very probable especially in spring 

and early summer when the water flow is large. The lack 

of medium sized nymphs, indicates that the conditions 

for the winter generation in the polluted section were 

very poor. The high abundance of tiny nymphs that may 

occur in some years in the polluted part may indicate that 

the conditions for the summer generations were better. 

The stonefly Isoperla grammatica was less numerous in 

the moss samples than were the mayflies. The nymphs are, 

however, rather big and,attractive to salmon parr and smolts. 

As shown in figure 24, it appears as if the species may 

fluctuate in numbers from year to year. The abundance was 

always much lower in the polluted area. 

Another stonefly, Amphinemura borealis, is less important 

to parr than the former. As is shown in Fig 25 this species 

has been much more abundant in the lower parts of the 

river during the last years. It appears, therefore, as if 

Amphinemura has the possibility to thrive in the polluted 

area. 

Larvae of the caddesfly Rhyacophila nubila are attractive 

to the salmon parr. In the mosses they are not very abundant 

as they.seem to prefer to live on the stones at the bottom. 

The species seems to be very rare in mosses at station 

3 in comparison with the other places. 

It can be concluded that the fauna is very much disturbed 

in the polluted areas. Winter-growing Ephemeroptera and 

the stonefly Isoperla grammatica are not able to live here. 

Some colonization of at least mayflys occurs in spring but 

it is not probable that they can establish a new generation. 
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The fact that colonization by drift seems to be important 

implies that some mild pollution may be hard to detect 

through bottomfauna investigations in running waters. 

Division of the animal material into size classes can, 

however, be of help. The absence of the animals mentioned 

in June, proves besides the very low drift of may -

flies, that a good production of salmon smolts in the 

polluted area is impossible because of shortage of food. 

Some animals like Amphinemura borealis may have become 

more abundant but this can not considerably improve the 

situation for the juvenile salmon. 

5.3.4 The annual cycle of some Fontinalis species in 

relation to the annual cobalt curve 

Introduction 

In the earlier chapter it has been shown that among may-

flys the winter generation of nymphs was completely or 

almost lacking' in the middle of June in the polluted 

part of the river. In some years, however, there was a 

high abundance of small nymphs belonging'to the summer 

generation. This led to the conclusion that it was neccessary 

to follow the development of important species during at 

least one year to see if the low concentrations of cobalt 

in summer might be cause of some improvements of the fauna 

at that time. 

Methods 

Samples from two stations taken in the period April 19 72 

to October 1973 were chosen for this study. The sampling 

was performed in the middle of each month. The stations 

chosen were Isakfäbodforsen, nr 2, and Garnströmmen, nr 5. 

The sampling procedure was mostly the same as described 

in the earlier chapter. At high water, in spring and at 

the time of bottom ice formation, in autumn, it was, how

ever, impossible to bring the samples up enclosed in a 

drift net. On these occasions a rake was used to grab the 

tufts and to pull them to the surface of the water. It 
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may be that this sampling procedure was less effective. 

The treatment of the samples was the same as before. 

Results and discussion 

The mean number of animals per 10 g moss is given for each 

month in Fig 26-29. In the diagrams the upstream and 

downstream samples can be compared and the sampling 

facilities were the same on the same occasions. In the 

figures the approximate flight periods of the insects 

concerned are indicated, results were obtained by earlier 

investigations by the author. The solid curve illustrates 

the concentration of cobalt in the river water according 

to the analyses and the broken line the calculated cobalt 

concentrations. 

In the Rickleå three species belonging to the genus 

Ephemerella are present. Two of these are normally very 

abundant in the Fontinalis: Ephemerella mucronata and 

E.- ignita. As shown in Fig 26 the development of the 

nymphs is well separated in time. The flight period of 

E. mucronata lies in June and beginning of July. After 

oviposition the eggs seem to develop directly with the 

first small nymphs appearing in August. 

The nymphs of E. mucronata then grow through the winter 

and will be fullgrown in June. It is shown in the figure 

that the species was lacking in Garnströmmen in 1972 and 

19 73 (A single specimen was found here in August 1973.) 

Ephemerella ignita is in contrast to the former species, 

a typical summer form. This species is known to overwinter 

as diapausing eggs (Macan 1970). Small nymphs become 

apparent in June and the density of nymphs increases 

rapidly to reach a maximum in July. The growth is rapid 

with the flight period starting in the later part of July. 

Due to emergence the nymphs are rare in September. The 

species is still found in Garnströmmen in abundance. 

The two Ephemerella species dwell in the same habitat and 

it is difficult to believe that their habits are much 

different. The summer species, E. ignita has its develop-
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ment during a time when the cobalt concentration is 

low, whereas the development of the winter species 

occurs at a time when the cobalt concentration is very 

high. The occurrence of Ephemerellidae and the cobalt 

concentrations seem to be negatively correlated. It is 

reasonable to believe that the winter concentrations of 

cobalt are high enough and the time long enough to kill 

the specimens of E. mucronata which hatched in or have 

drifted into the polluted area. 

The occurrence of Baetidae nymphs and Simuliidae larvae 

are rather similar. In summer these animals may be very 

abundant in Garnströmmen. During autumn their numbers, 

however, decrease and the populations are more or less 

eliminated during the winter. New populations are built 

up again in the next summer (fig 27). The elimination 

of the Baetis and simuliid populations is, however, not 

a rapid process and does not follow the cobalt curve very 

closely. Some delay is incorporated, which may indicate 

that dying might be a slow process or that new individuals 

are generated in the system as long as there is hatching 

of eggs. 

The development of Plecoptera, Isoperla grammatica and 

Amphinemura borealis, is shown in fig 28. Isoperla grammatica  

is very scarce in Garnströmmen in spite of the high abundance 

in Isakfäbodforsen. The smaller species, A. borealis, on 

the other hand is abundant at both localities. This in

dicates that there might be differences in sensitivity 

to this kind of poison among species belonging to the same 

order of insects. This is also illustrated by the fact that 

chironomid larvae are abundant in the polluted areas in 

winter in spite of the simuliid elimination. 

In fig 29 is shown the development of two big Plecoptera, 

Protonemura meyeri and Taeniopteryx nebulosa, which seem 

to be unaffected by the cobalt. 

The elimination of sensitive winter species and restoration 

of species regarded as sensitive in the summer cannot be 

t 
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explained in any other way than a poison is striking the 

fauna in autumn and winter year after year. It is possible 

that the effects noted here are the result of several 

years of pollution. Any continuous industrial discharge 

would give a curve similar to that for cobalt. There is, 

however, only one industry of importance with toxic wastes 

present in Robertsfors. Besides cobalt the wastes from 

"Factory A" contained other chemicals soch as iron, cal

cium, nitrate,etc. These elements must burden the river 

in the same way, but not to the same extent as cobalt 

which must be regarded as the most toxic component of the 

wastes. 

There are two possible ways to investigate if the cobalt 

discharge was the cause of the effects noted: 

1. Elimination of the cobalt from the discharge and 

noting if the fauna is restored. A purification 

plant has been built at the diamond factory and was 

started in November 1973. The development of the 

fauna will be followed in the years to come. This 

study will,however take,some time. 

2. Performing experiments and testing if cobalt in the 

observed stream concentrations can or can not cause 

similar effects on sensitive animals. This experi

ment was performed in July 1974. 

6. THE SENSITIVITY OF EPHEMERELLIDAE TO COBALT 

6.1 Introduction 

The Fontinalis studies have clearly shown that there was 

a close correlation between the disturbance of mayfly 

nymphs and blackfly larval development and the annual 

cobalt curve. The best illustration of this was offered 

by the mayflies Ephemerella mucronata and E. ignita. This 

correlation, does not prove that the cobalt discharge was 

capable of causing the elimination of winter growing may

flies and blackflies. 
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In static tests'^ it has been shown by Warnick and Bell 

(1969) that a mayfly, Ephemerella subvaria, was more 

sensitive to several heavy metals, including cobalt and 

nickel, than a stonefly and a trichopteran. Earlier, 

Schweiger (1957) showed that trichopterans and chironomids 

are less sensitive to cobalt is another indication that 

poisoning by heavy metals was the cause of the conditions 

in the river. 

2 ) 
Warnick and Bell (1969) determined the 96-hour LC50 for 

Ephemerella subvaria to 16 ppm for cobalt and 4 ppm for 

nickel. The corresponding values for Ephemerellidae in 

water from the Rickleå River had to be determined, but 

the cited values are so high in comparison with the known 

concentrations in the river that acute effects should not 

be expected. 

The effect of long term exposures to sublethal doses of 

cobalt has not been studied for riverine invertebrates. 

In the literature there are, however, indications that 

cobalt in very low concentrations is harmful to some 

aquatic organisms. The addition of 5 ppb cobalt as sul

phate in lake water has in one case inhibited phytoplankton 

photosynthesis (Goldman 1966). During a three week test 

with Daphnia magna harmful effects were recorded at con

centrations as low as 10-21 ppb cobalt (Biesinger and 

Christensen 1972). 

In recent years several investigators have found that heavy 

metals administered in sublethal doses in long term experi

ments can be very harmful to aquatic animals (Hubschman 

1967, Mount 1968, Mount and Stephans 1969, Arthur and 

1) Static test = a test where the experimental water is 
not changed and the toxic agent is administered only 
in the beginning of the experiment. 

2) 96-hour LC50.During an experimental time of 96 hours 
the LC50 for the organism is determined. LC50 (Median 
Lethal Concentration) = the concentration needed to 
kill fifty percent of the experimental population. 
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Leonard 1970, McKim and Benoit 1971, Pickering and Gast 

1972, Biesinger and Christensen 1972, Bengtsson 1974). 

It is, therefore, reasonable to believe that cobalt also 

can be harmful in sub-lethal concentrations. 

In order to get more information about the sensitivity 

of mayflies to cobalt it was decided to conduct two kinds 

of tests. For practical reasons a static test was made 

with Ephemerella mucronata and a running water test with 

E. ignita. 

6.2 Sensitivity in static water 

6.2.1 Methods 

The tests were made in 1 1 glass beakers containing 0.5 1 

liquid. The liquid consisted of water from the Rickleå 

with metal salts added. The water was taken at the upper 

dam in Robertsfors. Two salts were used, cobalt nitrate 

and nickel nitrate. The prepared concentrations were: 

Ni2+ ppm 0 1 2 10 20 50 100 200 

Co2+ ppm 0 1 2 10 20 50 100 200 

In each beaker a piece of nylon net allowed the nymphs 

to hold fast in the current created by the air bubbles 

from an aerator. 

The nymphs of Ephemerella mucronata were collected at 

Isakfäbodforsen the 23rd of May 1974 and 10 mature or 

almost mature nymphs were transfered to each beaker. The 

experiment was started at 19^0 the same day in a room in 

the basement of the institute in Umeå. The temperature 

was kept between 12,5 and 14,0°C. 

The beakers were inspected several times a day, dead 

animals were removed and the time was noted. No food was 

added but some cannibalism was observed. Very few indivi

duals emerged as sub imagines. 

6.2.2 Results 

The median survival time has been calculated for each con

centration and the values are plotted in Fia 30. Using 
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the method of "fitting by eye" two curves have been drawn, 

one for cobalt and one for nickel. 

By extrapolation it is shown that the 96-hour LC50 is 

about 15 ppm nickel and 33 ppm cobalt for Ephemerella 
$ 

mucronata under the given circumstances. The numbers 

are a little higher than those given by Warnick and Bell 

(1969). The results will be discussed later. 

6.3 Sensitivity in running water 

6.3.1 Methods 

The tests were conducted at Rickleå Field Station in July 

1974. The apparatus was set up in the laboratory as is 

shown in Fig 31. Five 10 liter acryl-plastic aquaria 

were placed on a low bench. Each aquarium was equipped 

with an outlet, maintaining a water volume of seven 

liters. The outlets were covered with nettings to prevent 

the nymphs from escaping. Over the aquaria there was a 

light fixture with two 40 W fluorescent lights giving a 

light of 1600 lux at the water surface. The lights were 

turned off at night with the aid of a timer. 

A stand for the dosing of river water and cobalt was set 

up behind the aquaria. Water was taken from the Station's 

river water system and pumped into a 15 1 bucket located 

on top of the stand for stabilizing the water pressure. 

In the bucket there was a 0.2 mm nylon net filter. The 

filter was rinsed at least two times a day. From the bucket 

the filtered water was equally distributed to five dosi

meters through polyethylene tubes. The dosimeters are de

scribed by Bengtsson (1972). Four of the dosimeters were 

connected to Mariotte-bottles containing CotNO^^ - solu

tions of different strengths ». One dosimeter, the control, 

was working without the addition of cobalt. After passing 

through the dosimeters the river water and cobalt solu

tions were mixed in jars before reaching the aquaria. 

The aquaria were filled through the dosing system on the 

afternoon of the 29th of June. The intention was to give 
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the following concentrations of cobalt: 0, 5, 50, 500 

and 5000 ppb, all concentrations should be well below 

the approximate 96 hour LC50-V of 33 000 ppb for Epheme

rella mucronata. During the experiment water samples were 

collected in the aquaria. The samples have been analysed 

for cobalt by the Research Laboratory. The results are 

shown in Table 22. 

As shown in the table the concentration of cobalt in the 

control was less than 2 ppb, that is below the detectable 

limit. In the aquarium where it was intended that the con

centration should be 5 ppb the mean value was 5-2 ppb and 

the variations were small. In the next aquarium the mean 

concentration was 32.6 ppb, or somewhat less than expected. 

The variations were however rather small. 

In the case of an intended concentration of 500 ppb the 

measured concentrations were lower in the first week of 

experiment, but later the concentrations stabilized at the 

right level, giving a mean value of 4 70 ppb for the whole 

period. In the aquarium with the highest dose the mea

sured concentrations were lower than expected, mean 3950 

ppb, during the first three weeks, and the variations 

pretty large. After three weeks (when no more live nymphs 

could be seen) the addition of cobalt to this aquarium was 

terminated and the cobalt concentrations in the water 

decreased to a level below 2 ppb within a week. 

The experimental water was taken from the polluted river. 

The experiment was however conducted in July when "Factory 

A" was closed. As is shown in Fig 13 ,the cobalt con

centration in the river is below detectable limits during 

summer holidays. The purification plant was in operation 

since November 1973. Water analyses showed, however, that 

cobalt in detectable amounts was present in the river water 

as late as in the end of May 1974 indicating that the plant 

was not working properly in the beginning. In the period 

beginning of June to the later part of August 22 samples 

of river water was collected and analysed for cobalt. In 

all those samples the concentration was less than 2 ppb, 

indicating that the purification was effective from the 

beginning of June and on. It is,therefore,not to be ex
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pected that the test was influenced by river water 

pollution. 

There was a considerable growth of periphyton in the 

tubes, somewhat altering the flow of water. So the tubes 

had to be rinsed now and then. The water flow was main

tained constant with the aid of tube clips. The flow was 

measured; it ranged from 0.21 to 0.29 liter/minute, 

which means that the water in the aquaria changed about 

two times per hour. The aquaria were aereated during the 

experiment. 

The mean water temperature in the river during the period 

was 16.5°C (range 14.3-18.3). The temperatur in the aquaria 

was about 1°C higher, occasionally 2°C. The pH values were 

almost the same as in the river, 5.6 to 6.5. 

Tufts of Fontinalis dalecarlica were collected at Isakfä-

bodforsen the 29th of June. The moss was shaken in clean 

water and all animals were removed. The moss was laid on 

blotting paper and allowed to dry for half an hour. Bundles 

of moss weighing about 36 g were knit together with cotton 

strings and put into the aquaria at 21^0. 

Nymphs of Ephemerella ignita were collected near the labora

tory on the afternoon of the 30th of June. Fontinalis tufts 

from the river were shaken carefully in jars with water. 

Free nymphs were transferred to the aquaria with the aid 

of a pipette. Each aquarium was stocked with 75 nymphs. 

There was some variation in size of animals in the river. 

Only individuals more than 2 mm in length were collected. 

The animals were sorted in such a way that the populations 

in the aquaria had the same size distribution. The stocking 

of E^. ignita was finished at 17^®. 

During the following four weeks the aquaria were inspected 

every day. The bundles of Fontinalis were lifted up two 

or three times to allow dead nymphs to fall off. Dead nymphs 

were collected and preserved in 70% ethanol and the time 

and aquarium noted. On the 13th of July the aquaria were 
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covered with mosquito netting to prevent emerging sub-

imagines from escaping. The subimagines could be collected 

from the underside of the netting and preserved. Upon 

finishing the experiment on the afternoon of the 28th of 

July, the Fontinalis bundles were removed and carefully 

examined for remaining nymphs. 

For practical reasons it was impossible to check the growth 

of the nymphs during the experiment. Later the wet weight 

of preserved subimagines and surviving nymphs has been 

determined with the aid of an analytical balance. 

6.3.2 Results 

6.3.2.1 Mortality 

The fate of the nymphs in the different aquaria is shown 

graphically in Fig 32 to 36. 

In the control aquarium, no cobalt added, the observed mor

tality was very low (Fig 32). Only one dead nymph was 

collected in the last week of the experiment. It was observed 

that the nymphs were growing rapidly and emergence of sub-

imagines started the 14th of July. Emerging specimens were 

then collected almost every day until the end of the ex

periment. Fifty per cent of the stocked population emerged 

within 22 days. After 28 days 64 per cent had emerged, and 

9 large nymphs were found alive in the aquarium. 

In sum 58 specimens were found again after four weeks which 

corresponds to a recapture of 77%. The number of lost indi

viduals was 17 (23%). As the animals could not escape this 

loss must be regarded as non-observed mortality. It is 

known that nymphs of the genus Ephemerella exhibit canni

balism which may explain the non-observed mortality. 

In the 5.2 ppb concentration the survival was almost as 

good as in the control, 71%. The emergence was a little 

retarded in comparison with the control, the time for 50% 

emergence coming 4 days later. The observed mortality was 
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low but higher than in the control. It is interesting 

to note that one of the subimagines was not able to fly. 

It was floating around on the water surface for more than 

one hour before it was picked up. As such specimens never 

reproduce the handicapped individual was classified as 

dead. The non-observed mortality was 24%. 

Some emergence was noted in the 32.6 ppb aquarium (Fig 34). 

It was, however, very much retarded. Only 15 nymphs were 

found at the end of the experiment and 50% of the stocked 

population did not survive the experimental period. Four 

subimagines not capable of flying were found. The number 

of observed dead nymphs was high, and the non-observed 

mortality was 34%. 

In the 470 ppb aquarium all animals died (Fig 35) and 50% 

mortality was reached within 20 days. It was observed 

that the nymphs grew very poorly before they died. Non-

observed mortality was 32%. 

In the highest concentration, 3950 ppb,all animals died. 

Dead animals occurred within a week but not within 96 hours. 

50% of the population was dead after nine days. Non-

observed mortality was 13% (Fig 36). 

In all aquaria with addition of cobalt the mortality was 

greater than in the control. 

6.3.2.2 Growth 

The wet weights of surviving nymphs at the end of the ex

periment are summarized in Table 23. As shown in the table 

the mean weight of nymphs from the 32.6 ppb concentration 

was considerably lower than in the smaller concentrations. 

Using Student's t-test it was seen that the difference was 

statistically significant (P<< 0.001). There was no signi

ficant difference in weight of nymphs in the control and 

in the 5.2 ppb aquarium (0.50> P> 0.30). 

The weight of preserved subimàgines is shown in Table 24. 

Analysis of variance showed that there was a significant 
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difference between sexes, females being heavier than males. 

As the sex ratios were not the same in the different 

aquaria, the sexes had to be separated in the further 

calculations. When student's t-test was used it was seen 

that the males in the control were heavier than the males 

in both the 32.6 and 5.2 ppb concentrations (P-<0.02). 

The females in the control were heavier than the females 

in the 32.6 ppb aquarium (P<0.001). Between the females 

in the control and in the 5.2 ppb concentration there was 

no statistical difference (0.70> P> 0.50) when the whole 

material was considered. As is shown in Fig 37, one of 

the females in the 5.2 ppb aquarium was extremely heavy, 

9.2 mg, that is out of the range of all other subimagines. 

The subimaginai material was weighed once more because 

of this individual, but the same result was obtained again. 

The reason for this one to be so heavy is not known. When 

this aberrant individual was excluded from the calculations 

a significant difference in weight between females in 

the control and in the 5.2 concentration was obtained 

(0.05 > P > 0.02). 

6.3.3 Discussion 

In the static water test it was seen that nickel was more 

toxic to nymphs of Ephemerella mucronata than was cobalt. 

This was in agreement with the results obtained by Warnick 

and Bell (1969) when testing E. subvaria. They reported 

96 hour LC50 values for nickel and cobalt to be 4 and 16 ppm 

respectively. The values of the author are somewhat higher. 

There can be several explanations for this difference. 

These differences are, however, small in comparison with 

the differences in sensitivity for cobalt obtained in the 

static water test and in the running water test. In the 

four week test with E. ignita increased mortality and 

reduced capability of growth obtained in very small con

centrations. In this experiment the animals lived under 

conditions similar to those in nature: the water was con

stantly changing, the nymphs livejon natural substrate, 
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they had sufficient food etc. It;therefore/is apparent 

that a running water test would be more powerful to test 

the sensitivity.of running water animals. 

Biesinger and Christensen (1972) have studied the effects 

of various metals on experimental populations of Daphnia 

magna. In acute tests they showed that the 48 hour LC50 

in Lake Superior water was 1110 ppb cobalt without food 

and 1620 ppb when a food suspension was added to the 

water. This crustacean is an ideal experimental animal 

chiefly because its reproductive behaviour and short life 

cycle. During a three week long experiment it was possible 

to study long term effects. The 3 week LC50 for cobalt 

was shown to be 21 ppb. This shows that cobalt in very 

low concentrations may have much more severe effects on 

sensitive animals that can be expected from acute tests. 

Reproductive impairment was noted even at 10 to 12 ppb. 

Knowing the results of Biesinger and Christensen the 

events recorded in the running water test with Ephemerella 

ignita are no longer astonishing. 

When animal toxicologists determine LC50 values and similar 

"critical limits" in acute and chronic tests they usually 

use clean aquaria for rearing the animals, and food is 

administerated from outside the system. Plants should not 

be used in the aquaria. In the case of the running water 

test with E. ignita the animals were living on their natu

ral substrate, Fontinalis and they have been eating Fon-

tinalis and periphyton. As the experiment was performed 

in an inorthodox way it is not possible to serve the results 

in established terms of toxicity like LC50 and others. 

The test must be taken for what it was: an attempt to 

evaluate the possibilities of cobalt in roted concentrations 

being the cause of the faunistical changes. 

In the running water test the control population was more 

successful in survival and growth than the others. The 

differences between the control and the 5.2 ppb popula

tion was small but it is probable that the differences may 
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have been more pronounced in an experiment of still longer 

duration. According to Biesinger and Cristensen (197 2) 

reproduction was the most sensive parameter in studying 

the effects of cobalt and other metals. It has for prac

tical reasons not been possible to study the effect of 

cobalt addition on the reproduction of E. ignita but the 

lower weights of subimagines from the 5.2 ppb population 

might indicate that the reproductive capacity was decreased 

by the addition of the metal. 

As has been shown above the Fontinalis accumulates cobalt 

very easily. In experiments with laboratory cultures it 

has also been shown that microalgae also do so. The con

centration factors of the algae increased with increasing 

concentrations of cobalt in the medium (Coleman et al. 

1971). It is possible that the concentration factors of 

Fontinalis and other macrophytes varys in the same way. 

Probably the sensitivity of E. ignita is due mostly to 

the fact that the nymphs were eating accumulated cobalt. 

As was shown in the static water test they can withstand 

rather high cobalt concentrations in the medium when they 

were prevented from eating. 

In accumulating processes the time must also be considered. 

In the experiment the substrate could be regarded as clean 

from the start, as the mosses were collected above the 

industry. With time however more and more cobalt must have 

been accumulated in the moss and periphyton. It is not 

known if any saturation limits have been reached during 

the experiment. Toxic levels to the nymphs must however 

have been achieved earlier in the aquaria with high con

centrations of cobalt in the flowing water. The final con

centrations of cobalt in the Fontinalis communities in 

the different aquaria is unfortunately not known. 

The aquaria can be considered as small models of the river 

environment even if the turnover of water is much greater 

in nature. It is ,therefore?probable that the results obtained 

give a fairly good simplified picture of the effects of 
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cobalt pollution in rivers in common. The duration of 

the test was only four weeks and the effects on an animal 

with rapid growth was studied. Severe effects were noted 

at a concentration of about 3 3 ppb cobalt in the water. 

In 5 ppb the effects were less pronounced but still possible 

to notice. For a species with a slower rate of larval 

development the time of exposere is much longer. E.mucronata  

spends more than 40 weeks growing in the river. As the 

behaviour and sensitivity to heavy metals of this species 

must be supposed to be very similar to E. ignita the 

possibilities to survive are very small for nymphs of 

E* mucronata at concentrations greater than 10 ppb pre

vailing during autumn and winter in the river. 

In the opinion of the author the running water test proves 

that the cobalt discharge from "Factory A" has been the 

cause of the ecological effects noted in the polluted 

section of the river in later years. 

7 GENERAL DISCUSSION 

7.1 Primary production 

As many ecologist believe that periphytic algae are very 

important as contributors to the primary production in 

running waters, the knowledge of cobalt to freshwater 

algae must first be considered. 

In culture tests it has been shown that cobalt hydroxides 

but not cobalt oxide was toxic to cultures of Chlorella  

when administerated to the culture medium (Södergren and 

Sandström 19 72). This seems to be a reflection of the fact 

that cobalt hydroxides are not stable in acidic media. 

In conventional culture tests with Chlorella it was 

not possible to detect harmful effects on the algal growth 

in concentrations below 1.5 ppm cobalt, no matter if the 

cobalt was given as hydroxide or nitrate. 
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When thè rearing conditions were developed somewhat to 

be more similar to conditions in running waters it was 

possible to note deleterious effects of cobalt ions in 

lower concentrations (Sandström and Södergren 1974). The 

Chlorella cultures were reared in dialysis tubes and put 

into jars where the medium and cobalt ions were continously 

renewed by a dosing apparatus. It was shown that the res

piration of the cultures was considerably lower at 0.35 

and 0.20 ppm than at 0.01 ppm. 

In culture tests the conditions are unfortunately not simi

lar to the true conditions in nature. The culture media 

contain salts in concentrations not found in the real 

world. In studying the effects of copper on the photosyn

thesis and growth of algae, Steeman-Nielsen and Wium-

Andersen (1970) have also shown that EDTA, citric acid and 

colloidal Fe(OH)2 present in most culture media reduce 

the toxic effects of the metal. When for instance high 

concentrations of colloidal Fe(OH)2 was present about 

50 /a. g Cu/1- was neccessary to depress growth to the same 

degree as l^g Cu/1 in a growth medium which contained 

very little iron. Addition of EDTA and citric acid was 

further sufficient to prevent any influence of Cu at con

centrations found in nature. The examples given indicate 

that it must be almost impossible to predict from culture 

experiments what concentrations of heavy metals might be 

dangerous in nature. 

Experiments performed in situ must be of a much higher pre

dictive value. This author is not aware of any works dealing 

with the influence of cobalt on periphytic running water 

algae. There is some information on the effect of cobalt 

on lake phytoplankton. Cobalt is an essential element for 

life and is suspected to be a micro-nutrient limiting 

factor for production in lakes in areas where the cobalt 

content in rocks and soils is very low. In such lakes addi

tion of small amounts of cobalt to the water may stimulate 

the primary production (Goldman 1964). In a lake with a 
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higher natural concentration of cobalt Goldman has found 

that the addition of 5 ppb cobalt as CoSo4 was inhibiting. 

The same observation was made by Wetzel (1966): 

"In some instances the effect of an addition is not 
apparent immèdiately in that the element must first 
be modified by bacterial action into an organic com
pound required by the organism. Cobalt is an example in 
this relation to cobolamin. In Crooked Lake, where 
epilimnetic concentrations are less than 2 microgram/liter, 
small concentrations exert increasingly inhibitory 
effects...In Little Crooked Lake where natural condi
tions are similar, inhibitory (responses were not evident, 
possibly due to some complexing mechanism with greater 
concentrations of organic matter. Vitamin B-^ on the 
other hand, consistently resulted in rapid and marked 
growth responses in Crooked Lake and only slightly or 
negligible stimulation in the simultaneous cultures in 
Little Crooked Lake." 

The conditions in running water are not quite the same as 

in a lake, and it is, therefore, not possible "to translate" 

the results from in situ experiments in lakes. In the Rickleå 

River the concentrations of cobalt in the water has been 

much higher than the lowest values known for inhibition of 

photosynthesis. The metal was also administerated more or 

less continously. So it is not improbable that the primary 

production of the ecosystem might have been disturbed due 

to the cobalt discharge. 

7.2 Secondary production 

That secondary production was disturbed by the cobalt dis

charge was clearly shown in the drift and Fontinalis investiga

tions. The results obtained in the running water test may 

also be expressed in terms of production: 

Cobalt ppb mg subimago/aquarium and 28 days 

< 2 229.5 

5.2 172.4 

32.6 70.0 

470 0 

3950 0 

All aquaria with added cobalt gave lower values of produc

tion than the control. Production is a function of two main 

processes: survival and growth. In the running water test 

both were influenced, but growth seemed to be the most sensi

tive. The harmful effect of cobalt ions on secondary production 
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of sensitive species seems to be a well documented fact. 

At first it was realized that the decreased production of 

salmon smolt could be a manifestation of a lessened production 

capacity of the whole ecosystem. The reading of a paper 

written by Dimond (1967) made connections more evident. Dimond 

studied the abundance of bottom fauna and drifting fauna in 

streams treated with DDT at various times in the past. 

Recovery of the bottom fauna was rapid, but that of drift 

was delayed. The relationship of quantity of drift to the 

increasing bottom standing crop during recovery from spray 

effects was found to be curvilinear and Dimond proposed that 

drift is a density related process. 

In order to make the discussion easier the results of Dimond 

are shown in Fig 38. In the recovery after the DDT spraying, 

the drift densities increased considerably in the second 

and later years after the spraying although the bottom fauna 

abundance was not changed. A similar development is to be 

expected in the Rickleå River in the years to come if the 

cobalt purification plant will function properly. In the 

past, however, the effects of a pollution that was slight 

from the beginning, but increasing year after year has been 

studied, i.e. a process opposite the situation shown in 

Fig 38 and possible to predict by reading the numbers in 

Fig 38 in the opposite order. In such a situation a decrease 

in number of drifting insects would occur much earlier than 

could be documented from a decrease in number of bottom 

insects. Among riverine fishes salmon parr are the fishes 

most dependent upon drift so it is quite natural that the 

salmon population has been affected much more than typical 

bottom feeders like sculpins and burbot. 

The idea that drift is dependent upon production has been 

proposed by Müller (1954) and Waters (1961, 1962, 1965, 

and 1966). It appears that drift is a mechanism of removing 
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excess production, operating to control population density 

as do other density dependent processes such as prédation 

or disease. Drift seems to some part be a function of 

production rate. The ideas of Waters are in accordance with 

Dimond (1967). 

In the example of the DDT sprayed streams, high production 

expressed as drift could not be reached before the time 

when optimal abundance of animals in the bottom was surpassed. 

The fact that the drift has decreased in the Rickleå not 

only indicates that it is impossible for salmon parr to get 

enough food, it can also be regarded as a manifestation of 

a deterioration of the secondary production of the ecosystem. 

7.3 Fish life 

As far as cobalt is concerned the concentrations present were 

probably not toxic to fish. In the polluted parts of the river 

sculpins were present in large numbers. Fish such as trout, 

grayling and sculpins have been kept at the Rickleå Field 

Station in river water for several months without detectable 

effects. Shabalina (1964) has shown that the growth of 

underyearlings, yearlings and two year old rainbow trout 

(Salmo irideus Gibbon) is stimulated if cobalt salts are 

given with the food. 

Fishes, apparently, have some mechanism which removes surplus 

cobalt. This opinion is supported by the following statements: 

"Cobalt which enters fish organisms with food and water 
is distributed in all organs of the fish in some days 
and is then rapidly excreted. The processes of cobalt 
distribution and excretion are strongly affected by 
water temperature. Injected cobalt stays in the organs 
for a longer time than that taken up with food. A stepwise 
redistribution of cobalt between various organs take 
place in the fish organism the liver and the kidneys 
being the sites of cobalt concentration All the 
regularities of cobalt distribution in fish organisms 
coincide in their general feature with those in higher 
vertebrates." (Frolova 1960.) 
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6 0 "The accumulation and elimination of Co by the common 
goby, Acanthogobius flavimanus, were investigated with 
the ingestion of contaminated foP$» ••• It was found 
that the elimination pattern of Co by the fish showed 
an initial rapid decrease followed, thereafter, by a 
slower elimination pattern The absorbtion rate of 
Co (defined as the activity remaining 24 hours after 

a single administration) following a single administration 
was approximately 4 % of the administered dose, and the 
biological half-life for Co in the fish was 69 days 
on an average On the other hand, it was found that 
the accumulation of Co by the fish on daily oral 
administration showed a gradual increasing tendency 
during the whole period, and the retained activity in the 
fish at the end of the daily feeding experiment was about 
6 % of total administered i doses." (Kimura & Ichikawa 1972.) 

"The elimination rate is very high when cobalt is ingested 
with food When the elimination study on the whole 
sculpin material was started 20 % of the ingested cobalt 
amount was accumulated in the organism. The elimination 
study was started immediately after the last feeding. 
The initial elimination process is very fast and shows 
a biological halftime of approximately 5 days++.... The 
difference between the elimination rate of Co and 
radiovitamin respectively is surprisingly small and 
both retention curves converge after 45 days. 20 % of 
the intraperitoneally injected CoC^ is rapidly 
eliminated. After that the elimination rate is extremely 
slow. This indicates that the cobalt is rather firmly 
bound to the tissue. The turnover of vitamin is very 
slow. The biological half-time is approx. 20 days." 
(Larsson 1969.) 

Shabalina (1964) studied also the influence of cobalt chloride 

on the development of hard trout (Salmo irideus Gibbon) eggs. 

The eggs were incubated in aquaria with circulating water. 

Highest mortality occurred on the 14th day of experiment in 

all concentrations of cobalt and in the control. All the 

concentrations of cobalt favoured the development of Sapro-

legniales. The mortality during the experiment was as follows: 

5 ppm Co 15.8 % 

0.5 " 38.4 % 

0.05 " 26.1 % 

Control 8.4 % 
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All concentrations of cobalt caused an increased mortality. 

It was observed that the blastomeres of the exposed eggs 

were much larger than those of the control, indicating that 

cleavage was proceeding faster in the control than in the 

experimental eggs. Thus cobalt retarded the rate of cell 

divisions. There were no pronounced differences in the 

subsequent stages of development, the experimental and the 

control eggs developing at the same rate. When hatching 

occurred, however, it was observed that the experimental 

larvae were smaller than in the control. 

In the work of Shabalina, harmful effects have been documented 

on salmonidae eggs by addition of cobalt ions in concentrations 

down to 50 ppb in a circulating system. In the polluted parts 

of the Rickleå, 50 ppb of cobalt has not been documented, 

but the actual values are not far below (Fig 13). Some 

influence on the development of salmon eggs can,therefore, 

not be excluded, even if the mortality may not have been 

very high. According to the electro-fishing in later years 

spawning has occurred and at least some eggs developed 

normally. 

Nickel was discharged instead of cobalt from the diamond 

factory in the years 1963 to 1967. Judging by the figures 

given in Table 10 the actual concentrations of nickel in 

the river water should have been less than the cobalt 

concentrations in later years. According to Brånin and 

Paulsson (1971) eggs of salmon developed normally in river 

water where 0.1 ppm nickel was added. So evidence for the 

nickel discharge being harmful to the development of salmon 

eggs is missing. 

According to Sprague (1971) and Bengtsson (1974) reproduction 

is one of the most sensitive responses to chronic or sublethal 

heavy metal pollution in fish. Mount and Stephan (1967) have 

proposed a "laboratory fish production index" (LFPI) as a 
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measure of the acceptability of a specific environment to 

fish. They recommended that data should be gathered over 

at least one generation and the study should include 

effects on growth, reproduction, spawning behaviour and the 

viability of eggs. A "Maximum acceptable toxicant concentration" 

(MATC) could then be established on the basis of chronic 

exposure using the LFPI as a measure of toxic effect. 

Unfortunately, still rather few works in this field have been 

published, and LFPI or MATC data for cobalt and nickel are 

not available. It is,therefore, not possible to give estimations 

of concentrations of nickel and cobalt causing "no effect" 

on fish life. 

7.4 The ecosystem 

In the case of the Rickleå River the possible direct toxic 

effects of cobalt to the fishes in all riverine stages may 

have been of smaller importance than the indirect effects 

via shortage of food. Sprague et al. (1965) found that 

sublethal copper - zinc pollution in a salmon river affected 

both the migrations of salmon and the abundance of mayfly 

nymphs. It is,therefore,possible that a poor development of 

the mayfly fauna is typical for rivers polluted by heavy 

metals. 

As has been shown above, the juvenile salmon is a drift 

feeder with a high demand for mayfly nymphs and other drifters. 

In natural waters there is a heavy drift of large nymphs in 

spring and early summer and the parr utilizes that resource. 

This is reflected in a high growth rate at that time of the 

year. As the pollution has harmed some of the most important 

winter growing food species the early spring and early summer 

has become a period of starving instead. Parr normally living 

for about three years in the river now should have had to 

pass three starving periods and this is of course an impossible 
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Situation for a juvenile salmon population. Regardless of 

the possible direct toxic effects of the heavy metal the 

pollution has made the environment unsuitable to the fish. 

The break down of the salmon population is a symptom of a 

harmed ecosystem. 

According to the electro-fishings the population of trout 

parr seems to have been less harmed than the juvenile salmon 

population. As has been shown earlier this might partly be the 

effects of the stockings of juvenile trout and colonisation 

from upstream areas. There are also two other possible 

explanations. Even if both species are drift feeders it has 

been shown, that trout parr eat terrestrial insects to a 

higher extent than juvenile salmon (Aim 1919, Frost and 

Went 1940). This may be due to the fact that trout parr in 

contrast to salmon parr usually occupy the shallower areas 

of the rapids near the banks where air borne terrestrial 

insect are more likely to be common in the drift (Lindroth 

1955, Karlström 1972). According to Lindroth (1955) and 

Kalleberg (1958) the trout parr are more aggresive and 

successful in defending territories than salmon parr. 

In the competition for remaining suitable feeding habitats 

the trout might have been stronger than the salmon. 

When dealing with heavy metal pollution problems in rivers 

it must be considered that the metals are discharged into 

an ecosystem and not solely on fish populations. If it is 

reasonable to believe that fish are the most sensitive to 

the poison in question, the fish sensitivity must be 

investigated. In the opinion of the author there are often 

other organisms in the river that are more sensitive than 

fish, for instance mayflies. In this case the partial 

elimination of the mayfly fauna has drastically reduced the 

juvenile salmon population. It was here more urgent to test 

a mayfly rather than a fish for sensitivity to cobalt. 



64 

From the study it is evident that the effects of released 

heavy metals in nature are difficult to overestimate. 

Observed mortality in nature occurs only when relatively 

high concentrations are present. Lower concentrations may 

eliminate only -the most sensitive organisms in the food 

chains but this may cause drastic reductions of some of 

the top consumers like salmon. Accumulation in plants and 

algae may play a very important role in the lèthal processes. 

The most sincere threat is, however, the possible negative 

effects of heavy metals on production. Utterly small amounts 

of metals may inhibit the primary production, and when this 

is the case it is not very important if some organisms at 

higher trophic levels are less sensitive. 
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9 SUMMARY 

In the Rickleå River in northern Sweden, salmon (Salmo 

salar L.) are present in the lowermost 15 km. The salmon 

population has been studied since 1961. In 1965 the density 

of salmon and trout parr decreased in some of the rapids 

and a drastic reduction of the numbers of sea-migrationg 

salmon smolts was recorded in 1966. In recent years the 

juvenile salmon population has decreased still more, and 

it is now very hard to find salmon parr by electro-fishing. 

It was not reasonable to believe that the decrease was 

caused by organic pollution or failure of spawning. Trout 

(Salmo trutta L.) has decreased to a Lesser extent than 

salmon, and sculpin (Cottus gobio L.) is still very 

abundant in the rapids. 

Simultaneously there has been a drastic impairment of the 

invertebrate fauna. Some of the insect species important 

as food for salmon parr are now absent or reduced in number. 

This has been shown by drift sampling and investigations 

on the Fontinalis community in the rapids. Although nymphs 

of the mayflies, Baetis rhodani and Ephemerella ignita, 

and blackfly larvae are present in the mosses during summer, 

the winter-growing nymphs of Ephemerella mucronata and Baetis 

rhodani and winter-growing blackfly larvae are absent or 

reduced in number in the area of salmon habitat. Most of the 

Plecoptera species are still present. The reduction of the 

invertebrate fauna explains the decreased population of 

salmon parr in recent years. 
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In 196 3 a diamond factory began operation in the upper end 

of the area accessible to the salmon. Here nickel was used 

from 1963 to 196 7, and since 1967 cobalt was used instead. 

In the process the metals have been dissolved in acids and 
the wastes were discharged into the river after neutralization 

with slaked lime. A laboratory investigation has shown that 

the treatment with lime did not prevent the metals from 

dissociating in the acidid river water.The consumption and the 

discharge of heavy metals has increased from year to year 

since 1963. A purification plant was not installed and in 

operation before November 1973. The decrease of the salmon 

population and the impairment of the invertebrate fauna are 

well synchronized with the activities at the diamond factory. 

An electroplating plant was also in operation in the same 

place in the years 1964-1969. 

Due to varying discharge, and water flow in the river the 

concentration of cobalt in the water, fluctuated in the 

years 1972-1973. When the factory was closed in summer the 

concentration was below the detection limit of the analytical 

method (Atomic absorbtion =<1 ppb) . In May and June the 

content of cobalt was low, 2-5 ppb, due to the spring flood. 

The highest concentrations prevailed during autumn and winter, 

10-43 ppb, when the water discharge of the river was low. The 

yearly fluctuation was in accordance with the elimination 

of mayfly nymphs and blackfly larvae in the mosses in winter. 

In the superficial layer of the sediments the concentrations 

of cobalt were higher below the discharge (14-24 ppm) than 

above (4-8 ppm). These values are not very high in comparison 

with other watercourses. In Fontinalis, however, the accumulation 

of cobalt was much more pronounced; 41-43 above and 770-820 

mg/kg dry weight below the discharge (April 1973). 
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The sensitivity of the mayfly, Ephemerella ignita, to cobalt 

was investigated in a four week running water test. The 

nymphs were living on their natural substrate, Fontinalis. 

Cobalt nitrate was administered constantly. Drastic effects 

were recorded in sub-acute concentrations. In concentrations 

of 3950 and 470 ppb added to the water, all nymphs died 

within three weeks. With 32.6 ppb the mortality was higher 

and the emergence of subimagines was retarded in comparison 

with the control. The growth of the nymphs was slow and the 

appearance of handicapped subimagines was frequent at this 

concentration. The differences in development in 5.2 ppb and 

in the control were small but always in favour of the control. 

The weight of subimagines was decreased by 5.2 ppb of cobalt. 

The experimental running water investigation suggests that 

heavy metal discharge from the diamond factory is the cause 

of the ecological damage noted in the river. 
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Table 1 

Chemical data from the Rickleå Hiver. Water samples were taken in 

the middle of each month 1971 at Rickleå Field Station near the river 

mouth. The analyses were made by the National Swedish Environment 

Protection Board, Limnological Survey. Mean (x) and standard 

deviation (s) for 12 samples 

1 s 

pH 6.70 0.19 

Colour mg Pt/l 51.7 13.5 

Opt Uf. 420/5 0.128 0.005 

Opt f 420/5 0.094 0.033 

Opt d 420/5 0.035 0.026 

KMnO^-consumption mg/l 35.4 3.1 

Conductivity K 20* 35.5 3-5 

Si mg/l 2.25 0.24 

Ca mekv/l 0.175 0.016 
Mg » 0.085 0.008 

Na " 0.074 0.007 

K " 0.027 0.004 

Alcalinity (hcO^) mekv/l 0.115 0.037 
SO^ mekv/l 0.194 0.026 

CI " 0.042 0.005 

NH4-N mg/l 0.019 0.033 

NO -N 11 0.003 0.002 

B
 

I 
I 0.078 0.070 

Org-N » 0.290 0-067 

Tot-N " 0.390 0.139 
PO.-P " 
4 

0.002 0.001 

Tot-P " 0.014 0.004 



Table 2 

pH-values from the power station at Bruksforsen in Robertsfors 

in 1972 and 1973* Measurements with Merck-indicator on Mondays 

Year 1972 1973 

Number of observations 51 47 

Maximum 6.5 6.5 

Minimum 5.8 6,3 

Median 6.3 6.5 

Mode 6.5 6.5 

Table 3 

list of fish species known 

Salmon 

Brown trout 

Whitefish 

Cisco 

Grayling 

Pike 

Roach 

Dace 

Ide 

Minnow 

Bream 

Eel 

Burbot 

Perch 

Sculpin 

Three-spined stickleback 

Ten-spined stickleback 

the Rickleå River 

Salmo salar L. 

Salmo trutta L. 

Coregonus lavaretus L. 

Coregonus albula L. 

Thymallus thymallus L. 

Esox lucius L. 

Rutilus rutilus L. 

Leuciscus leuciscus L. 

Leusiscus idus L. 

Phoxinus phoxinus L. 

Abramis brama L. 

Anguilla anguilla L. 

Lota Iota L. 

Perca fluviatilis 

Cottus gobio 

Gasterosteus aculeatus L. 

Pungitius pungitius L. 



76 

Table 4 

Operation time and salmon catch in the Rickleå fish trap in the 

years 1961 to 1967. (Data from Österdahl 1962, 1963» 1964 b, 

1965, 1966 and personal communication) 

Year Upstream trap Downstream trap 

Operation time Adults Operation time Smolts Kelts 

1961 10/6 - 2/10 875 29/4 - 6/5 
31/5 - 2/10 

3261 30 

1962 16/6 - 26/9 188 22/5 - 26/9 3100 
\ 

9 

(4)3) 

(5 )3> 

(3) 

1963 14/6 - 23/8 
25/8 - 2/10 

78 16/5 - 23/5 
26/5 - 3/8 
28/8 - 23/9 
27/9 - 2/10 

3200 ' 
(2910) 

12 (4)3) 

(5 )3> 

(3) 

1964 7/6 - 4/10 48 18/5 - 1/8 3122 17 

(4)3) 

(5 )3> 

(3) 1965 14/6 - 8/10 73 18/5 - 8/10 3560 10 

(4)3) 

(5 )3> 

(3) 

1966 14/6 - 8/10 65 2/6 - 8/10 585 
2002) 
(97) 

0 

1967 14/6 - 31/6 
10/7 - 1/9 

27 14/6 - 30/6 

585 
2002) 
(97) 

0 

1Ì ' Estimated number. The actual catch was 2910. The trap was not in 

operation in two days during the smolt rim, justifying an 

addition of about 300 smolts 

2) 
' Estimated number. The actual catch was 97. The trap was not 

operating during the whole smolt run and in the first week of 

operation the trap did not work satisfactorily 

3 ) ' Numbers between brackets stand for kelts tagged as upstream 

migrating spawners the previous year 
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Table 10 

Known consumption of elements and chemicals at "Factory A" and "Factory 

B" in Robertsfors,kg/year 

Year 19661) 19682) 19693) 19724") 
Prognosis 
1982 O 

"Factory A": 

Cobalt - 2400 5000 10000 

Nickel 1200 - r 3600 - -

Iron ? <? 
*J 1000 2000 

Graphite ? 2400 2080 3000 7500 

Aluminium silicate ? ? 52 9 ? 

Sulphuric acid ? 119000 104000 150000 300000 

Nitric acid ? 22000 31200 50000 60000 

Hydrofluoric acid ? 1500 1150 1000 1000 

Hydrochloric acid ? 1200 1040 1000 1000 

Sodium nitrate ? 6000 5200 3000 10000 

Sodium hydroxide - - - - 10000 

Calcium hydroxide ? 60000 9 180000 -

"Factory B": 
r 

Zinc cyanide 250 150 - - -

Potassium cadmium 
cyanide 

Cadmium candorite 

150 

200 

200 - - -

Chromium oxide 20 - - -

Nickel sulphate - 180 - - -

Potassium hypochlorite ? 2500 - -

Potassium pyrosulphite ? 200 - - -

Potassium hydroxide ? 30 - - -

Sulphuric acid ? 500 - - -

Nitric acid ? 1500 - - -

Calcium hydroxide ? 8000 - - -

1) ' Data from notes made by Prof. A. Lindroth visiting the factories in 

November 28, 1966 
2) 
' Data from a letter from "Factory A" tb the National Swedish Environ

ment Protection Board October 10,1968 
•7. } 
' Data from a letter from "Factory A" to the National Swedish Environ

ment Protection Board August 22 j 1969 

^ Data from an announcement from "Factory A" October 26 } 1972 
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Table 12 

Cobalt concentration tppb, in water from lakes and rivers, 

nf a not found. 

Locality Cobalt 
PP* 

Analytical method Reference 

Lago Maggiore 0.1 Activation analysis Merlini 
et al.1967 

Novellino creek 0.2 Activation analysis Merlini 
et al.1967 

Holstein lakes 0.01«Q.11 Colorirnetry Groth 1971 

South American lakes 0.08-0.14 Colorimetry Groth 1971 

Dreilager Bachthal 0.1-0.6 Röntgenfluorezenze Kölle 
et al.1967 

Connecticut lakes nf-0.21 Colorimetry Benoit 1957 

Lindsley Pond nf-0.105 Colorimetry Benoit 1957 

S.Carolina creek 0.26 ? Mitchell 1951 

? 0.02-0.04 ? Hutchinson 1957 

Alaska lakes ^ 0.31 Smiss.spectrogr. Goldman 1964 

Hew Zealand lakes ^ 0.36 Emiss.spectrogr. Goldman 1964 

Crooked Lake,Califor. <2 ? Wetzel 1966 
1 ) 

Maliuga 1946 Lakes and Rivers USSE 0.74-19.0 Polarographic 

Wetzel 1966 
1 ) 

Maliuga 1946 

1 ) The values given by Maliuga do not seem to be rèliable for 

the following reasons: 

1 According to Benoit (1957) the Polarographie method is not 

good for cobalt determinations. 

2 Maliuga also determined the cobalt concentration in water 

from the Black Sea and the Barents Sea to 3.47 and 1.47 ppb 

respectively.Later Thompsen and Levasty (1960) by colori -

metric means presented much lower values, 0o059 and 0.025 

ppb, 
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Table 13 

The concentration of zinc, copper and iron in the uppermost 3 cm 

of sediments from localities at various distances upstream (+) 

and downstream from (-) the pollution source.Samples from February 

23, 1973. mg metal/kg dry weight to the left (underlined) and 

that value divided by the loss on ignition (%) to the right 

Locality 
nr 

Distance from 
pollution source 

km 

Zinc Copper Iron Locality 
nr 

Distance from 
pollution source 

km <70 ~ , 

2 1.4 + 66 11.8 
U 

3 0.8 + 21 12.5 5.6 2.0 9900 3536 

4 0.7 - 84 8.8 

7 5.5 - 29 9.4 9.4 3.0 9200 2968 

8 8.5 - 56 9.0 

9 14.0 - 27 7.3 5.5 1.5 9100 2459 

Table 14 

Cobalt concentration in sediments from different waters 

Locality Co mg/kg 
(dry weight) 

Reference 

Atlantic red clay 21 - 39 Smales et al. 1957 

Atlantic Globigerina 2.3 - 33 _ tt _ 

Smith Lake, Alaska 13 - 19 Barsdate 1966 

Castle Lake, California 30 Goldman 1966 

Rhine 24 de Groth et_ al. 1970 
Ems 22 

Chao Phya 12 _ t i _ 

Amazonas 13 _ » _ 

Schöhsee 9.5 - 12.2 Groth 1971 

Ekoln,Lake Mälaren,Sweden 21 - 31 Lann 1972 

Västerås'harbour,Sweden 8 -•50 _ 1 ! _ 

Lake Vänern,Sweden 35 - 74 _ t! _ 

Honcontaminated lakes in 
Hälsingland,Sweden 

9 - 85 _ » _ 

Acid lakes in western 
Sweden 

7 -44 Hörnström el; al. 1973 
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Table 15 A 

The concentration of cobalt, zinc and copper in ffontinalis from 

the Rickleå River.Samples from April 16; 1973. mg metal/kg dry 

weight 

locality öobalt Zinc Copper 

Isakfäbodforsen 43 190 14 
(Above outlet) 41 87 16 

Laxbacksforsen 770 83 13 
(Below outlet) 820 230 14 

Table 15 B 

The concentration of cobalt, zinc and copper in macrophytes 

from Lake Maggiore (Merlini et al. 1971) and in Fontinalis  

from the Rickleå. mg metal/g ash weight.(The values from 

lake Maggiore are mean values t standard error.The values 
for Fontinalis are calculated from the data in table 16 A, 

using a factor of 5.99 = àrjr weight/ash weight) 

Cobalt Zinc Copper 

Elodea 18.0*2.7 1950±419 189Î18 
Myriophyllum 19.9Î2.8 1600+211 181±11 

Potamogeton 8.0±1.0 7401157 98+30 

Na.ias 3.8Ì0.3 560 - 65 45 Ï 5 
Nuphar 1.7*0.15 570 t 42 64i 3 

Phragmites 2.510.56 3501 56 52112 

Fontinalis 258 1138 84 
Is akfäb o dfors en 245 521 96 

Fontinalis 4612 497 78 
Laxbacksforsen 4912 1378 84 
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Table 17 

The proportion ($) of different fish species captured by electro-

fishing in 1963 (Karlström 1966) and 1970-1973 (Table 16) 

Species 1963 1970-1973 

Salmo salar 23 0 .6 

Salmo trutta 1 2 .0 

Thymallus thymallus 3 1 .8 

Phoxinus phoxinus 10 6 .4 

Cottus gobio 63 85 .3 

Other species <1 3 .9 

Total 100 100 .0 

Table 18 

Length and supposed agelof salmon parr captured by electro 

fishing in the years 1970 -1973 

Length mm <90 91-150 >150 Unknown 

Supposed age 0 + • 1 + 2 + 
or older 

1970 5 0 1 0 

1971 1 0 0 2 

1972 0 4 2 0 

1973 1 0 0 0 

Table 19 
3 Hxxmber of insects per 100 m water caught in drift samplers 

in Isakfäbodforsen and Laxbacksforsen June 11—12 r 1969 

Isakfäbodforsen Laxbacksforsen 

Ephemer optera,nymphs 794 0 

Plecoptera,nymphs 72 74 
Trichoptera,larvae 72 55 
Coleoptera,larvae 181 37 

Simuliidae,larvae 542 9 

Total 1661 
i-

175 
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Table 20 

The number of Fontinalis samples containing (+) and lacking (-) 

nymphs of Ephemerella mucronata at the five sampling stations in 

April-June 1972 

Sampling date April 27 May 17 June 14 

+ T + - + -

1 Paranforsen 3 0 2 1 1 1 

2 Isakfäbodforsen 3 0 2 1 3 0 

3 Johannelundsforsen 0 3 0 3 1 2 

4 Laxbacksforsen 0 3 0 3 0 3 
5 Garnströmmen 0 3 0 3 0 3 

Table 21 

The number of Fontinalis samples containing (+) and lacking (-) 

Baetis nymphs longer than 2 mm at the five sampling stations in 

April-June 1972 

Sampling date April 27 May 17 June 14 

"+ - + - + -

1 Faranforsen 3 0 3 0 3 0 

2 Isakfäbodforsen 3 0 3 0 3 0 

3 Johannelundsforsen 1 2 0 3 1 2 

4 Laxbacksforsen 1 2 1 2 2 1 

5 Garnströmmen 1 1 0 3 1 2 

Table 22 

Measured concentrations of cobalt (£ 2 ppb) in five aquaria with 

different intended concentrations 

Intended concentrations 

0 5 50 500 5000 

June 30 <2 5 33 410 3600 

July 7 < 2 5 28 440 4900 

July 14 ^ 2 5 33 500 3800 

July 21 < 2 6 33 500 3500 

July 28 I 2 5 36 500 (<2)1 

Mean 4 2 5.2 32.6 470 3950 

1 ) 'The addition of cobalt was terminated July 21 
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Table 23 

Weight of surviving nymphs of Ephemerella ignita in the running 

water test.(Wet weight after preservation in 70 % ethanol, mg ) 

Mean 
concentration 
PPb 

Number of 
survivors 

Mean 
weight 

Variance 

s2 

^2 9 
9d 

7.49 1.19 

5.2 

9 
9d 7.00 1.26 

32.6 15 3.95 2.28 

The number of survivors was 10.One nymph was damaged before 

preservation and the true wètght could not be determined 

Table 24 

Weight of emerged subimagines of EphemereIla ignita in the 

running water test.(Wet weight after preservation in 70 % 

ethanol, mg ) 

Mean 
concentration 
PPb 

Sex Number Mean 
weight 

Variance 
2 s 

<2 Males 15 4.68 0.29 

42 Females 31 5.14 0.43 

5.2 Males 17 4.08 0.54 

5.2 
!l 

Females 
h ro

 
ro
 

o
 

4.91 
(4.70)1) 

1.57 
(0.64)1) 

32.6 Males 8 3.39 0.37 

32.6 Females 12 3.58 0.51 

^ ̂  One aberrant specimen excluded 
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Pig 1. The Rickleå River 
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Fie» 3. A SLOW PAßT OF THE R.ICKI_eK EIVER.NÄSET ABOVE KVARNFORSEN. 
AUGUST 1371 . POTO A.CiÒTHBEECà . 

Fia 4. NETIN6FÛE6EN NEAR THE RIVER MOUTH. SEPTEMBER 
1373. FOTO A. GÖTH BEELGa . 
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Pig 7.Length distribution of salmon parr caught in Laxbacksforsen by electro 

fishing in 1963 and 1964.White parts of the bars represent age-determined 

fish.(Redrawn from Karlström 1966) 



FISH LENGTH 69-00 mm 104- 121mm 138- 148 mm 

FISH MUMBEJ2. 1 1  4 
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MUCRONATA 

BAET1S 
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F 1 Q 8 .  T H E  S H A K E S  O P  D I F F E R E N T  F O O D  I T E M S  ( P E S  C E N T  O F  T O T A L  
NUMBECS) IN STOMACHS OF SALMON PAÏ2P FCOM LA»XBACICS-
FORSEN 2.5 A.PEIL 1964 . (SYMBOLS SEE TEXT) . 
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FISH LENGTH 69-90 

PISH NUMBER 11 

DIPTERA 

^MYSTßOPUORA$S ^^yVWWWVWWWW^^V 

§SRHYAC0PHlLA§ 
SS NUBILA § 

AMPUINEMUEA 

ISOPEELA 
GRAMMATICA 

EPHEM E BELLA 
MUCttONATA 

BAETIS 
EHODANI 

104-121 

OPTERÀ^ 
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lllllllllllllllllllllllllllllllll 

ISOPEELA 
aeAMMATICAl 

EPHEMEEELLA 
MUCRONATA 

EPHEMEEELLA 
AUBIVILLU 

BAETIS 
EHODANl 

^MYSTEOPHOEASS 
^ INTERMEDIA 
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nubila 

AMPHINEMURA 

ISOPEELA 
ÛEAMMATICA 

EPHEMEEELLA 
MUCEONATA 

EPH EM E SELLA 
AUEIVILLII 

BAETIS 
EHQDANl 

FIG 9 THE SHARES OF DIFFERENT FOOD ITEMS (PER CENT OF TOTAL. DR V 
WEIGHT) IN STOMACHS OF SALMON PARR FROM LAXBACKSPORSEN 2.5 
APRIL T36-4. (SYMBOLS SEE TEXT). 
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FIG 10. LENQTH DISTRIBUTION OF NON DAMA&ED CHIRONOMID 
LAßVAE AND BAETIS RHODEN I NYMPHS IN STOMACHS FEOM 
SALMON PABR SAMPLED IN LAXBACfcSPOESEN 2.5 APE IL 
1964 . 
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6/6-62 13/6-62 19/6-62 28/6-62 

sssssssssssssss^s wsmmzmsz. "TERRESTRIAL 
ANIMALS" TRICW ANCYLU5 

FLUVIATILE = ANCYLUo 
= PLUVI ATI LIS 

CHIRÛNÛMIDAE 
CMIRONOMIDAEÏ 

'AQUATIC Ì»Mil ANIMALS" gas?® SCHlßONOMIDAEB 
X LEPI DOSTOM A<ss 

§LEPID05T0MA^ HYDROPSYCWE SPP SSSSsssssSsssSS Ŝ^sS 
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GRAMMATICA I SO PEGU A 

GRAMMATICA 
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WEPTABENIA 
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§§RWVACOPUIL » Kiiia.il K ISOPECLA 
GEAMMATICA *§ NUBI LA. ^ mm 

EPHEMERELLA 
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BOREALIS UEPTAGEN1A 

DALECARUCA 
EPUEMERELLA 

MUCROHATA I SOPERLA 
GRAMMATICA EPWEMERELLA 

MUCRONATA 

\ 

FUall.THE SHARES OF DIFFERENT FOOD ITEMS (PER CENT OF TOTAL NUM
BERS) IN STOMACHS OF SALMON SMOLTS F COM FOUR SAMPLES DU
RING THE SMOLT MIGRATION 1962. (SYMBOLS SEE TEXT) . 
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Fl(3 12. pH CHANGES ACHIEVED BV TITEATINGi ACID SOLUTIONS WITH 0,1 N NaOH (ABOVE) 
AND BACK-TITEATIN0 WITH 0,1 N HCl (BELOW) • 1 " 100 ml DISTILLED WATEE + 
-»-25ml 0,1 N HCl,2." 100ml COBALT NITRATE ( "I q C02+/1 ) + 2.5 ml 0,1 M HCl, 3-
100ml NICKEL NITRATE (1q Ni*+/l)+25ml 0,1 N HCl, 4- 100 ml FERROUS CHLORIDE 
(1gFe2+/l)+25ml 0,1 M HCL. POE FUETHER EXPLANATIONS SEE TEXT. 
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OPERATION TIME OF THE 
O— UJ 

<n ELECTROPLATING PLANT 

6 18 
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3 —9 

• - 8  
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2  — 6  

- 5 
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- 2  

FIS IB. THE CONSU MPTION OF NICKEL (.WHITE ABBA), COBALT (DOTTED AEEA) AND THE OPERATION TIME OF 
THE ELECTEOPLATING PLAN T IN RDBERT3F0ES IN RELATION TO THE DEVELOPMENT OF THE 
JUVENILE SALMON AND TROUT POPULATION.* •= NUMBER DFSALMON SMOLT5 CAUGHT 
IN THE FISH TRAP, O 0= DENSITY OF SALMON ANDTEOUT PARC IN NETING FORSEN , 
o a« DENSITY OF SALMON ANDTEOUT PARR IN THE LOWER PART OF LAXBACKSFORSEN, 
A-—ä » DENSITY OF SALMON ANDTBOUT PARR IN THE UPPER PART OF LAX BACKS FORSEN / 
X K= DENSITY OF SALMON AND TROUT PARR IN KEYDDG&BDPORSEN . 
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FK5 19. NUMBEB OF DEIFTING EPHEMEEOPTEBA NYMPHS PER 10 MINUTES 
SAMPLING WITH SIMPLE DBIFT NETS IN GAENSTEOMMEN IN MIDDLE 
OP JUNE IN 1963 AND 1972. 
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100 -, 

EPWEMERELLA MUCRONATA 
15.10-10.6 

80 

60 

40 

20 

IO 

5 3 4 6 
100 -, • Z •-

80 -

60 -

40 -

20 -

EPHEMEßELLA IGNITA 
27.6 - 5.9 

1 1 1 1 1 1 1 1 1 1 i i 
63 64 65 66 67 68 69 70 71 72 73 74 

FLÛ 2.1. THE CTTGAUENCY, PER CENT, OP FONTI MALI S SAMPLES CON
TAINING BK3 EPHEMEEELLA NYMPHS IN V364-V373- SAMPLE S 
TAKEN BELOW B OBEETSFOES. EXPLANATION ©EE TEXT. 



BAETI5 >2 mm "WINTER" 
15.12-15.6 

loo -

so -

60 -

40 -

20 -

S 2 9 

BAETIS >Zmm "SUMMER." 
5.7-20.9 

1 1 1 1 1 1 1 1 1 1 1 i 63 64 65 66 67 68 69 70 71 72 73 74 

FIQ22. THE FC EQUENCY, PEC CENT, OF FONTI N AUS SAMPLES CON
TAINING BIO BAET1S NYMPHS I N 1964-1973. SAMPLES TAKEN 
BELOW R OBEETTSFOES. EX PLANATION S EE TEXT. 
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SO 
ISOPERLA GRAMMATICA. 
15.10-10.6 60 

40 

20 - 18 
.IO 
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71 

80 -

60 -

40 -

20 -

63 1 6 4 ' 65 1 6 6 ' 67 1 6 8 1 6 0 ' 70 1 71 ' 72 ' 73 1 74 ' 
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J5 
80 

60 
AMPUINEMURA BOREALIS 
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72 73 74 

Re 2.3. THE FEEO.UENCY, PER CENT, OF FONT INALI S SAMPLES CON
TAINING BIO NYMPHS OF ISOPEßLA aßAMMATICA,PEOTONE-
MUEA MEVecl AND AMPHINEMUI2A BOEEAUS IN 1964-1973-
& AMPLES TAKEN BE LOW EDBEETSFOGS. EXPLANATIONS SEE 
TEXT. 

-2L 23 

PROTONEMURA MEYERI ^ 
15.9-15.5 



EPHEMERELLA MUCRONATA 

111 

1 2 3 4 5 

BAETIDAE 

•ft 
i iMtaslhtó« 

1 2 3 4 5 12 3 4 5 

1 2 3 4 5  1 2  3  4  5  
ISOPERLA GRAMMATICA 

1 2 3 4 5 
10/6-69 

1 2 3 4 5 
10/6-70 

1 2 3 4 5 

1 2 3 4 5  1 2 3 4 5  

fi'iYiVfl 
1 2 3 4 5 
14/6-72 

12 3 4 5 
15/6-73 

FIS 24. MEAN N UM BEES OP EPHEMEeSLUA MUCRONATA, 0AETIDAE AND 
ISOPERLA GRAMMATICA PEE IQg OP FONTI N ALIS AT THE FIVE SAMP
LING STATIONS IN JUNE. BLACK BAKS REPRESENT NVMPHS LOM0EE 
THAN zmm, WHITE, NYMPHS SHOETEE THAN 2 mm. 



80 

70 

eo 

50 

40 

30 

20 

10 

20 

10 

Pia 

AMPI4INEMUB& BO REMJS 

mrnm 

1 2 3 4 5  1 2 3 4 5  
RHYA£0PHtLA MUSILA 

1 2 3 4 5  1 2 3 4 5  

1 2 3 4 5 
10/6-G9 

12 3 4 5 
IG/6-70 

1 2 3 4 5 

14/&-72 

1 2 3 4 5 
15/6-73 

MEAN NUMBERS OF A.MPHINEMUEA. BOBEALIS AND EH YACOPWILA 
NUB1LA PEC lO g OF FONTINALIS AT THE FIVE SAMPLING STATIONS 
IN JUNE. SYMBOLS AS IN Fl <5> 24-
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Pig 30. Median survival time of Ephemerella mucronata in nickel 

(crosses) and cobalt (circles) solutions of different 

concentrations in the static water test. The cross on 

the Y - axis indicates the median survival time in the 

controls. The extrapolated 96 hour LC 50 values for 

nickel and cobalt are indicated below the X - axis. 



fe 
UJ 
h 
01 
uj 
o 
o 
z 
q 

fe 
£ 
J 
a 
X 
UJ 

ti 
4 cû 
O u 
? 
4 
h 
£ 
fl 

4: j 
j 
UJ 
a 
UJ 
2 
UJ 
:r 
a 
m 
LL O 
> 

> 
F 
fl 
r 
uj 
if> 
UJ 
x 
h 
fl 
z 

fc 
UJ 
h 

Q 
UJ 
\P U 
h 
z 
UJ 
CL 
• 
Gf 
UJ 
u) 
a: 
H 

F) 
fl 
LL 

; ï: 



119 

80 ACCUMULATED NUMBER OF SUCCESSFULLY E MERGED SUBIMAQINES 
NUMBER OP LIVING M YMPHS AT TUE END OF THE E XPERIMENT I— 
ACCUMULATED NUMBER OF OBSERVED DEAD NYMPHS 
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FIE32. THE C ONTROL A QUARIUM W ITH N O ADDITION O F COBALT. ACCUMULATED 
NUMBER OF DEAD NYMPHS, ACCUMULATED NUMBER OF EMERGED SUBIMAGINES 
AND N UMBER OF LIVINQ N YMPHS A T THE END OF THE EX PERIMENT. 




