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SUMMARY

After several years of basic studies, the monitoring of cooling water effects
at the Forsmark nuclear power plant started in 1980. when the first reactor
began operating. Reference studies are made in the Finbo area, an
archipelago at north-western Åland. Besides the monitoring activities,
research programmes are currently run at Forsmark.

The plant uses about 130 m3 cooling water per second, heated 10 °C when
passing the condensers. Large numbers offish are impinged at the intake
screens, mainly Baltic herring and three-spined stickleback. 2-5 milj.
specimens of each species are yearly lost, while other species occur rather
sparsely. Small organisms, plankton, that pass the screens are to a
considerable extent consumed by filter feeders attached to the walls of the
cooling water channels. These losses may in some species reach 50%. and
more than 100 tons of zooplankton are consumed during a year.

Before it reaches the open sea, the cooling water passes the Biotest basin,
an artificial enclosure equipped with fish fences at the outlet. In the Biotest
basin there are many evident effects on the ecosystem. Plants, benthic
animals and fish react to heat by a stimulation of warm water species while
those adapted to cooler habitats tend to disappear. The net effect is an
increase in production in most communities. After 1980, biomasses of
benthic animals and fish have increased or been constantly high up to
1989, when the benthic fauna was drastically reduced resulting in a risk
of food shortage for the fish.

The temperature increase stimulates fish growth, although there are
exceptions to this rule. The temperature may be too high, which retards
growth rates in species with comparatively low temperature optima for
physiological processes. In perch, the most extensively studied species,
sexual maturation occurs at a much younger age than natural in the
Biotest basin. These small precocious fishes lack the energetic ability to
both feed the growing roe or milt and increase their body size, which
seriously reduces the growth performance.
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Recruitment, i.e. the survival of fry, is improved in the Biotest basin for
some species while others, the roach is a good example, no longer seem to
be able to reproduce in this environment. In spite of this, the roach is the
most important fish species in the basin. The explanation is that large
numbers of young and small fish may pass through the outlet gratings.
Improved recruitment and immigration have caused a constant increase in
the stocks of adult fish in the Biotest basin.

Monitoring in the areas surrounding the Biotest basin is concentrated to
studies offish attraction and to the long-term variations in sedentary fish
stocks and bentic animals. Fluctuations are documented in the benthic
communities in the areas surrounding the Biotest basin, but these changes
are probably natural as they also appear in the Finbo reference area.
However, there are indications of an erosion of the bottom substrates in the
cooling water plume area due to the increased water movements. Fish are
attracted to the discharge, warmwater species like roach and bream in
summer and coldwater species as trout in winter. Any negative consequen-
ces, increased parasite or disease frequences etc., have not been observed
so far. Some species, e.g. Baltic herring, gather in the heated area for
spawning in spring, with consequences on roe or larvae that may be either
negative of positive, depending upon the circumstances. The stocks of
sedentary fish, perch and roach etc., display no evident reactions on the
heat discharge. Their between years variations follow the natural patterns,
mainly governed by the shifts between cold and warm summers.

The discharge of radionucleids and their distribution in the ecosystem is
studied by yearly monitoring. In the Biotest basin radioactivity from the
plant can be traced in sediments and organisms, but although the impact
is maximal in this area high concentration*, are never detected. In fish levels
seldom surpass 100 Bq/kg dry weight, Small amounts of discharged
nucleids may be detected in the areas surrounding the Biotest basin, but
concentrations quickly decrease with distance. The discharged nucleids
yearly contribute to maximally 0. i % of the dose to man caused by the
exposure to background radiation.
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INTRODUCTION

According to Swedish law, the environmental effects at large industrial
sites must be controlled in monitoring programmes. When the decisions on
nuclear power production at Forsmark were made by the franchise board,
certain guide-lines were consequently given for the monitoring of biological
effects of cooling water use and in particular the effects on fisheries. Base-
line studies could be started in the coastal area planned to receive cooling
water as early as in 1969, well before the power plant was built. An
archipelago at the north-western part of Åland, the Finbo area, was
selected as reference to the site. When power production started in 1980,
these basic studies were followed by the monitoring of effects according to
a programme supervised by the local county authorities. The Coastal
Laboratory was commissioned to realize the programme. Sampling and
laboratory analysis of environmental radioactivity is made by the company
currently supervised by the Radiation Safety Institute and the Environ-
mental Protection Agency.

Many of the potential effects of cooling water release become evident almost
immediately when a plant begins operating and there is a heating of the
effluent area. Starting some years in advance of the production at the
plants, the environmental studies at Swedish nuclear sites consequently
have been widened during a period that ends after about five years of
normal cooling water use. When this initial period has been evaluated, the
programmes are concentrated to long-term trend monitoring of fish,
benthic fauna and flora.

This summary is based on a series of reports from studies made at
Forsmark up to 1990. Information from research projects is added to the
monitoring data whenever this is needed for a comprehensive presentation
or when it makes an understanding of cause-effect relations easier. The
first monitoring results were summarized in 1985. Some of these early
observations are once again used in, e.g., evaluations of long-term obser-
vation series. The reports are not cited in the running text, but are given in
the reference list.
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FORSMARK FINBO

MONITORING AND RESEARCH

The primary objective of environment monitoring is to detect changes in
important ecological parameters, e.g. population trends in fish and benthic
animals. Why deviations appear may, however, seldom be answered by
monitoring results; here we need analytic research. After an international
review of earlier work in 1982, the Swedish research on cooling water was
concentrated to Forsmark. Up to 1988, the investigations concerned the
negative impact from cooling water discharge, including studies on stable
and radioactive metals, but lately the interest has focussed on ways to
utilize the waste heat resource in environmental management. Today, the
projects are jointly financed by all Swedish nuclear power companies, the
Finnish Imatran Voima and the Danish Elkraft. Cooling water is produced
by all condenser plants, either they use coal, oil or uranium as fuel. To find
ways for a positive use of waste heat thus is relevant not only for the
nuclear power countries.
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FORSMARK NUCLEAR POWER PLANT

The Forsmark power plant is situated at Öregrundsgrepen, a coastal area
in the SW Bothnian Sea boardered by a large island. Gräsö. to the east. The
area may be characterized as an open archipelago with moderate water
depths. The water is brackish, with a salinity of about 5 %o. In 1980 the first
reactor (Fl) was taken into operation, followed by a second (F2) in 1982.
When the third reactor (F3) started in autumn 1985. the plant reached its
final state. The generator effect is about 1000 MW at Fl and F2 and 1200
MW at F3. All together this covers about 16% of the total Swedish electricity
use.

Swedish nuclear plants must be stopped during fuel exchange. This is
made once a year, usually during summer when the use of electricity is low.
During the close downs, an over-haul is made including repairs, security
checks etc. The flow of cooling water through the plant is, however, not
totally stopped as the reactors arc sequentially taken out of operation.
During over-hauls there is an increase in radioactive waste water. This
water is treated with ion-exchanger, and if the remaining activity is below
a limit value set by the Radiation Safety Institute, it is released to th» cooling
water system.
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So far. the power production at Forsmark has been running without any
major disturbances and has reached about 90% of the possible yearly va-
lues. In an international comparison, this is a very high performance. The
impact of heat in the receiving water area has consequently been very clo-
se to maximum, and fast temperature changes occur very seldom.

THE BIOTEST BASIN

The cooling water from Fl and F2 is
pumped through a 2.4 km long tunnel
beneath the bottom of the sea into the
Biotest basin, an artificial 0.9 km2

large enclosure that was finished in
1976. About 90 m3 cooling water
passes through the basin every se-
cond, causing a water exchange faster
than about lOh in the main parts of
the basin. The mean depth is about
2.5 m and maximum depth 5 m. The
outlet gratings prevent fish larger than
about 10 cm from entering or leaving.
Downstream the Biotest basin, a short
channel leads the cooling water to the
discharge point common for all three
reactors. A small field laboratory is
situated close to the basin.

Biotest
basin

Emergency
outlet

The Biotest basin was built as an instrument for both monitoring and re-
search and allows large scale experiments as the water may be led through
an emergency outlet into the surrounding archipelago, thus by-passing the
basin. The Environmental Protection Agency has exclusive rights to the use
of the Biotest basin, but guest scientists from other institutes are encou-
raged to use the laboratory.

As the Biotest basin represents a high impact area, where heat effects arc
maximal and have a high degree of stability, it is well suited for control
measures of alarm character. Chemical discharges, sudden radioactive
leakage or other accidental events are best checked in systems like the
Biotest basin. The current monitoring is consequently based on frequent
samplings of important and sensitive ecosystem components.
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THE FTNBO REFERENCE AREA

An archipelago between the island of
Finbo and the Aland mainland was se-
lected as a reference to the Forsmark
study area. This is a low-populated re-
gion lacking local industrial effluent
impact and the water quality is high.
In the area fishing is considered to have
no significant effects on the stocks.
Salinity is somewhat higher than in the
Öregrundsgrepen. but other oceano-
graphic characters such as frequent up-
wellings are similar. The choice of this
reference area was made after consul-
ting the Fisheries Bureau at the local
administration of Åland, which also
takes part in most of the studies.

THE COOLING WATER

The Forsmark power plant draws cooling water from the shallow bay Asp-
hällsfjärden. When the water is taken into the plant all particles of a size
exceeding a couple of mm are sieved off before the water is pumped through
the condenser system. During the cooling process, water temperature is
quickly raised about 10"C and at the same time there are large variations
in pressure. Fouling of the condenser tubes is a common problem at all
marine sites, mainly treated by highly toxic chemicals. At Forsmark, how-
ever, fouling still has not caused any major harm, and a mechanical clea-
ning of the condenser has been sufficient.

The total consumption of cooling water is about 130 in 7s. corresponding
to the flow of an ordinary Swedish river. Cooling water from Fl and F2
passes through the Biotest basin, while the cooling water system at F3 ends
in an open, about 1 km long, channel leading to the point in common for
the cooling water discharged to the sea. When the warm water passes
through this narrow section of the channels, velocity increases leading to
a fast mixing with the cool surrounding water and secondarily a minimal
impact area.



To measure water temperatures an automatic monitoring system is recor-
ding data continuosly from a number of sensors in the intake and outlet
areas, including the Biotest basin. Data are transmitted to a computer at
the Swedish Meteorological and Hydrological Institute (SMI II) in Norr-
köping. Plume behaviour is studied by frequent manual temperature mea-
surements, and although the data still are not sufficient for a final model,
the distribution of cooling water under different weather conditions may be
predicted roughly.

When the cooling water reaches the Biotcst basin, its temperature is about
10"C above ambient. The fast flow in combination with the low water depth
results in almost homogenous water temperatures, both vertical and
horizontal, in the main parts of the basin. Conditions are very much the
same in the open channel at F3. and temperature drops very little during
the passage of the water out to the point of discharge.

A well developed plume with largely wind-driven behaviour is normally
developed as the cooling water reaches the open sea. At full production rt
all three reactors, the area affected by a temperature anomaly exceeding
1°C covers about 5-10 km2. In the central parts of the plume surface
temperature is about 3-4°C above ambient. As the area is shallow,
temperature effects may reach down to the bottom close to the discharge
point.

Cooling water can reach the archipelago west of the Biotest basin only at
extreme wind conditions. However, if the emergency outlet is used the tem-
perature effects are large in this area. Surface temperatures increase after
a few days, and the heated layer may reach a considerable thickness, often
over 5 m. if the discharge continues for longer periods. When the outlet is
closed, the return to normal conditions may take from two days up to two
weeks, depending upon wind conditions.

A release of cooling water affects not only the water temperature. Currents
may change, and observations made during benthic fauna samplings and
test fishings suggest that the fine-grained bottom material has eroded away
in the effluent area.

When water is heated or when the pressure is changed, its ability to dis-
solve gases is affected. This is of special interest in cooling water areas,
where the temperature increase lowers the capacity of the water to keep
oxygen and nitrogen in solution. For a water breathing animal this creates
a problem, as it can not get rid of nitrogen from the body fluids, ultimately
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ending up with gas bubbles in the blood vessels and in different tissues.
This is a well known syndrome in man, called caisson disease. In the Biotest
basin, supersaturation of gasses was studied for more than a year, showing
that concentrations occasionally surpass 110%.

ZOOPLANKTON ENTRAINMENT

Due to the obvious environmental risks associated with cooling water
discharge inside archipelagoes, considerable tunnel and channel systems
had to be built at Forsmark in order to lead the cooling water out to the open
sea. The distance from the plant out to the Biotest basin is 2350 rn, and the
F3 cooling system is still somewhat longer. The hard walls inside such
tunnels provide excellent substrates for filtering organisms, and especially
in marine waters this epifauna may grow to cover all surfaces with a thick
layer. These organisms filter off organic material, e.g. plankton, from the
passing water, and as crustacean zooplankton are very important as fish
food, feeding conditions are impaired for fishes living in the effluent area.

Zooplankton entrainment and the losses to filter feeders have been
estimated at all Swedish nuclear sites. At Forsmark, these studies started
already when the first pumping of water was made through the F1/F2
cooling water system. The sampling programme increased when F3 was
taken into operation, and during the first year of production monthly
samplings were made at the intake of cooling water into the plant,
downstream the two tunnels and at the outlet of the Biotest basin. Thus,
these results demonstrate the effects of an establishment of a filter fauna
community and its predatory effects on zooplankton during periods of
normal cooling water use. By comparing samples taken before and after the
Biotest basin, latent effects causing mortality on plankton that has
survived the channel passage may be studied. Such effects are often
discussed, but it is not easy to demonstrate latent mortality in open effluent
areas.

During the initial pumpings of cooling water only very small differences
were noted on plankton passing the systems. Very quickly, however, an
efficient filter fauna dominated by hydroids, balanids and mussels was
established and at normal plant operation up to 50 % of the plankton
animals may be lost.
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The losses of zooplankton increase as a filter fauna is
established in the cooling water tunnels. When the pumping
started, there were no differences in plankton contents
between inlet and outlet water.

The Diotest basin can contribute significantly to the surrounding waters by
a seasonal production of crustacean larvae and rotatorians. During other
parts of the year, however, plankton abundances generally decrease either
due to latent mortality or grazing by fish as the water passes through the
basin. The largest losses affect the cladocerans, and it is believed that these
animals are especially sensitive to gas supersaturation as internal gas
bubbles may bring them up to the surface where they stick to the surface
film.

Large amounts of organic material is filtered off. and the estimated yearly
mean loss of crustacean plankton at Forsmark exceeds 100 tons.
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AQUATIC PLANTS

The production of green plants is regulated by their access to light and
nutrients, mainly nitrogen and phosphorous. At Forsmark, the nutrient
dynamics have been studied during different seasons. Concentrations of
nutrients in inlet water follow the natural rhythm from low summer values
to high winter maxima. Although the water exchange rate is fast in the
Biotest basin, it is possible to demonstrate how nutrients are consumed by
an early growth of benthic algae in late winter and spring in those parts of
the basin that are sheltered from the main stream.

dry weight g/W
80-1

60

Biotest basin

reference

^ v

J M M J S N !J M
month. 1984 1985

Biomasses of benthic algae in the
Biotest basin and in a natural area
during different seasons.

Normally, spring and summer is the
high season for algae and other aquatic
plants. However, as there is no ice in the
Biotest basin, the high nutrient con-
centrations in winter and the raised
temperature lead to a displacement of
the spring algal bloom. As early as in
February, i.e. 2-3 months before nor-
mal, a heavy growth of benthic diatoms
may be seen on all solid substrates.
When the diatom production drops in
spring, their role in the micro-algal
community is taken over by the green
and blue-green algae, today very impor-
tant summer plants in the Biotest basin.

The higher vegetation, weeds and macrophytic algae etc., varies a lot
between years in the Biotest basin. Close to the inlet, there are generally
very dense stands of Myriophyllum spicatum, Potamogeton pectinatus,
Chara species and Cladophora rupestris. The biomasses may reach seve-
ral hundred grams per m2. However, when all parts of the basin are con-
sidered, there has been a trend towards a lowering of the macrophyte pro-
duction, mainly as the deeper parts successively have lost all higher
vegetation. A possible reason may be an increase in turbidity, stopping the
establishment of these plants at higher water depths. On the contrary,
reeds growing in the very shallow waters have been favoured in the Biotest
basin. The absence of ice, the increased silt deposition and the higher tem-
perature allows a marked expansion of reeds.

Temperature, currents and light are the three main factors influencing the
higher vegetation in the Biotest basin. Red and brown algae have generally
been negatively affected by the high temperature, while the green algae
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1986

benefit. The strong currents favour
a local establishment of very dense
stands of weeds, e.g. at the inlet and
at other shallow areas along the
main stream through the basin.

The major effects on benthic vegeta-
tion are restricted to the Biotest ba-
sin. Apart from a very local growth of
diatoms and green algae close to the
discharge, there are no significant
effects further out in the effluent
area. The litoral vegetation is very
little affected by the thermal plume,
as there are very few shallow areas
that may be reached by the cooling
water.

One problem that was early recogni-
zed by local fishermen, was the risk
that the cooling water discharge
would increase the silting of gill nets
and cause a heavier growth on fykes
or other stationary gears. The silting of nets is caused by both micro-algae
and clay particles, and the growth on fykes may be both macroscopic plants
and animals such as hydroids. In the Biotest basin there were significant
increases of both kinds of net fouling, but further out in the effluent area,
where the commercial fishery may be affected, no such effects could be
demonstrated.

Potamogeton pectinatus Vaucheria cfr. dickotoma

Distribution changes in two important
aquatic plant species in the Biotest
basin.

BENTHIC FAUNA

Benthic animals may be affected by thermal effluents in two ways. The hig-
her temperature can change reproduction, growth and survival, and the in-
creased water currents can change the sediments and the food transport.
Studies of the benthic fauna started 1970-71 at Forsmark (1978 in the
Biotest basin) according to a program that, although being somewhat
modified, still is running. Dramatic changes occurred almost immediately
when the benthic communities in the Biotest basin were affected by the flow
of heated water, beginning in 1980. Opportunistic species appeared in
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The most common benthic animals in the Biotest basin and the total
biomass during the period 1986 - 1990.
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very lii^Ii abundances while species with more narrow tolerances decrea-
sed or disappeared. The total production of macrofauna increased. Today,
the characteristic species in the soft bottoms of the Biotest basin are the
amphipod Coropliium validator, the mollusc Poiamopyrgus antipodarwn
and thi1 Oligwhaei worms. Normally, these bottoms are dominated by the
Bailie mussels. Macoma. halihica. According to laboratory experiments,
(his species can not tolerate temperatures above 20"C for any longer period
of time, and the temperatures experienced in the Biotest basin should be
lethal in summer. Irrespective of this, the species still exists, perhaps
because there is a yearly input of larvae by the cooling water stream.

Growth and reproduction periods are prolonged in many species. The first
pregnant Corophium volutatorfemales are seen already in April, one month
earlier than normal, and they seem to be able to produce one litter more
than in the surrounding natural areas. The variations are not always
coupled to the seasons. Potamopyrgus antipodarum is a viviparous species
all year around carrying offspring of different developmental stages,
enabling very fast reproduction when conditions turn to be favourable.
Gammarus species are important as fish food. These amphipods generally
reach high abundances in late summer or autumn. In warm summers
these maxima are early, often followed by very sharp abundance drops,
compared to in cold summers when the abundance increase is later and the
variations less dramatical.

Total benthic biomass stayed at a high level in the Biotest basin up to 1989,
but during the later years there has been a general decrease in both
biomass and abundance of most common species and the risk that fish food
production is becoming critically low is evident. The scenario - increasing
fish biomass - heavy grazing - benthic fauna collapse - starving fish - was
discussed already when the studies started in the Biotest basin. Today, ten
years later, we can see the first signs that these misgivings turn out to be
justified. To verify the preliminary observations increased bottom fauna
samplings and intensified studies of body condition and growth in fish have
been initiated.

In the Oregrundsgrepen the effluent effects on benthic communities are
related to changes in water currents and sedimentation rather than to
temperature anomalies. The large flow of cooling water, comparable to a
medium sized Swedish river, causes erosion of the bottom substrates in the
more exposed parts of the receiving area. The constructions made, inclu-
ding the Biotest basin, have altered the sedimentation in the water system
west of the basin, most probably due to an increased accumulation of

-17-



2 000-

1978 80

Finbo

organic material. This area is also
exposed to temperature increase
when the cooling water is released
through the emergency outlet.

Yearly benthic fauna samplings
have been made since 1978, a pro-
gram also including reference stu-
dies in the Finbo area. Two shallow
sampling stations are visited at
Forsmark, one at the mouth of the
water intake bay and a second west
of the Biotest basin, i.e. an area
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water discharge through the emer-
gency outlet. The development is
similar at these two stations, and
there has been a simultaneous and
marked increase of total abundan-
ces since 1978. The biomasses like-
wise have increased to about twice
the level observed at the start of the
studies. The Finbo reference data
agree well to these observations.
These changes consequently must
be an effect of a more large scale
process generally affecting the Both-
nian Sea coastal areas and can not
be related to the power plant.

In the deeper areas, where the soft organic material tends to be accumu-
lated, there are no evident trends neither in Forsmark nor in Finbo. and the
observed variations must be considered natural. In the Oregrundsgrepen,
however, an increased abundance of Oligochaet worms indicate an increa-
se in organic load, as these animals normally respond quickly to changes
in food supply.
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FISH

Cooling water use of the magnitude experienced at such large condenser
plants as Forsmark affects the fish stocks in many different ways. Fishes
transported with the cooling water are lost at the intake screens. The
effluent area is warmer than surrounding waters, in our climate zone
causing an attraction to the discharge. Fishes living in high temperatures
are physiologically affected, ultimately causing changes, e.g., of the sexual
processes and growth. The attracted fishes incorporate radionuclids in
their tissues, and the dense aggregations caused by attraction can increase
the risk of parasite and disease outbreaks and subsequent transfers to the
surrounding stocks. A large cooling water discharge also has a more
general impact on the aquatic environment. The production offish food is
altered as well as spawning and fry growth conditions, ultimately affecting
the adult population. If we try to assess the impact on fish production, net
effects may be either positiv or negativ depending upon species, site
conditions etc.

Impingement

During 1987 and 1988 fish loss was continuously checked at the cooling
water intake. Baltic herring and three-spined stickleback dominated.
About 2.4 milj. herrings in 1987 and 5.5 milj. in 1988 were killed, mainly
young-of-the-year with a mean weight below 2 g, corresponding to a
biomass loss of about 3.6 and 4.3 tons respectively. Impingement of stickle-
backs reached similar values; 5 milj. in 1987 and 2.8 milj. in 1988. Other
species occurred in much lower numbers. Among the commercial fishes up
to 1 milj. perch, 800 whitefish and 500 pikeperch were yearly caught on the
intake screens. Variations /ere large between years, and the extreme
recruitment conditions occurring in 1988 are mirrored in the impingement
monitoring where unusually high numbers of fry were observed for nearly
all species. Within year variations also are very large with maxima during
spring and autumn. Consequently, when the monitoring programme was
changed in 1989, the control effort was allocated to the spring and autumn
periods. Losses this year corresponded well to the earlier observations, with
herring and sticklebacks dominating and other species only sparsely
occurring.
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Attraction to the cooling water effluent

The principles offish attraction were studied in previous investigations at
Swedish nuclear power sites. Consequently, the monitoring program at
Forsmark was concentrated to site specific effects. In general, warmwater
species are attracted in summer and coldwater species in winter. As many
spring-spawnerstend to search for earlywarm areas for spawning, aggrega-
tions of, a.a. Baltic herring may be seen in the effluent areas during spring.

Fish attraction was mainly studied in the F3 outlet channel. Eel fykes and
gill nets have been used during all seasons. The results are as expected;
warmwater species like roach and perch are predominantly caught in
spring and summer, while brown trout appear in winter. Eels are caught in
the testfishings, but the numbers are very low, presumably due to the very
weak recruitment of young eels to the Baltic during the last decades.

Some more southern species may occasionally appear in Swedish waters.
The thick-lipped grey mullet is sometimes seen at the Barsebäck power
plant at the Swedish south coast. In the Gulf of Bothnia, however, this
species is extremely rare. The northernmost observation was made in
December 1989, when one specimen was caught in the F3 cooling water
channel at Forsmark.

Much effort has been devoted to problems associated with the attraction of
Baltic herring to the cooling water discharge. Generally, herring appears in
dense shoals close to the plant in May during the spawning period, and they
are commonly observed spawning close to the discharge. To study the
reaction of herring to heat more in detail, the emergency outlet was opened
in April 1983 and 1984. Large amounts of herring were attracted and
spawning started about one month earlier than normal. The roe hatched,
resulting in peak occurrence of larvae in the archipelago also about one
month before they began appearing in natural areas. The studies of larval
abundances were repeated during the following springs, and it was obvious
that if no cooling water was released into the area there were only small
differences in the appearances of herring larvae in areas at different
distance from the Biotest basin. The net effect on the production of young
Baltic herring can be positiv if the larvae, as in the emergency outlet area
at Forsmark, can stay in the sheltered and warm area where they can
quickly achieve a large size increasing their chances to survive the first,
critical, period of life. Negative effects appear if the larvae are swept away
to the cold surroundings by the cooling water current or if water tem-
perature drops quickly due to irregularities in plant operation.
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Mean catch-per-effort of different fish species in the cooling water
channel at F3 during the period 1985-1989.

Catches were made using mult'-mesh-size nets during all seasons.
Total yearly catches and the catches made in summer (July-September)
are presented. Catches of the warmwater species perch and roach are
highest in summer, while such coldwater species as the brown trout
only appear in this heated area in winter.

Species

Perch
Ruffe
Pikeperch
Pike
Roach
Silver bream
Zanthe
Bream
Me
Dace
Salmon
Brown trout
Rainbow trout
Whitefish
Smelt

Total

1985

7.37
1.35
0.04
0.07

29.50
1.31
1.10
0.07
0.08

0
0.10
0.25
0.68

0
0.04

42.00

Total yearly catch

1986

7.12
1.54
0.03
0.08

3321
0.96
0.39
0.08
0.19

0
0.08
0.08
0.57
0.03

0
44.34

1987

8.78
1.83
0.01
0.02

20.86
0.58
0.95
0.01
0.16

0
0.01
0.24
0.06
0.05

0

33.58

1988

7.00
1.35
0.02
0.07

21.12
0.37
1.13
0.01
0.12

0
0

0.12
0.02
0.05

0

31.37

1989

12.43
223
0.07
0.02

31.11
1.36
125
0.02
0.30
0.02

0
0.30

0
0.05

0

49.18

Summer catch (July - Sept.)

1985

6.95
1.50
0.15
0.05

65.60
2.20
3.85
0.20
0.30

0
0
0
0
0
0

80.80

1986

11.85
1.55
0.10
0.05

65.35
140
0.90
025
0.30

0
0
0
0
0
0

81.75

1987

13.71
143
0.04

0
3925

1.11
2.14
004
0.14

0
0
0
0
0
0

57.89

1988

12.65
2.05
020
0.15

47.65
0.85
2.75
0.05
0.20

0
0
0
0

0.05
0

66.45

1989

21.45
2.10
0.60

0
6220
2.15
2.95
0.05
0.60

0
0
0
0

0.05
0

91.60

Not all species seem to respond to the effluent, although it is especially
hard to prove the existence of an avoidance of the heated area. At
Forsmark, species like salmon, whitefish and burbot, all common fishes in
the Bothnian Sea, may be attracted to the cooling water plume. Such be-
haviours, however, can not be demonstrated by the test fishing results.
Salmon normally occurs in low numbers in the Oregrundsgrepen during
winter, reducing the possible encounters with the heated area during the
season when attraction is physiologically possible. Whitefish and burbot
both appear in the area all year round, but their rare occurrance in. e.g..
the F3 cooling water channel indicates a lack of positive reaction to heat in
these species.
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The physiological effects of heat

Attracted fish, and fish living in the Biotest basin, all are affected by a
temperature that is constantly higher than natural. Heat is of basic
importance to most life processes. At Forsmark the interest has been
focused on growth and sexual maturation. Yearly growth is calculated from
the distance between annual rings, established by examination of striation
patterns on scales or gill covers.

length (mm)
400-1

3 0 0 -

2 0 0 -

100-
Biotcst basin
Forsmark
Finbo

Growth is most extensively studied
in the Biotest basin, as the exposure
to heat is well known in fish sampled
from this area and as the impact is
maximal. Remaining species in this
area may be classified as warmwater
fishes, and should grow fast in high
temperatures. A good example is gi-
ven by the fast growth of perch from
the Biotest basin compared to the
Forsmark and Finbo stocks. How-
ever, there are many deviations from
this general pattern.

Certain years temperature may reach
too high levels. In 1984 the mean
water temperature during summer
was as high as 21°C with long periods

close to 25"C. a temperature beyond the optimal for adult fish. Growth rate
is sharply retarded when temperature exceeds the optimum level, and the
net effect was a very small length increase this year. The results also de-
monstrate that the effects on fish growth will be very negative if plant pro-
duction should continue over the summer period.

The optimum temperature decreases as the fish grows in size. Consequent-
ly, a large fish more often runs the risk of beeing confronted with
temperatures above the optimal, severely reducing its growth performance.
Pike and ruffe in the Biotest basin provide an illustration, as the positive
correlation between growth and mean summer temperature in young fish
turns to a lack of correlations or even negative relations in the older age
classes.

0 2 4 6 8 10
age (years)

The growth is faster in the Biotest
basin perch compared to the Finbo
and Forsmark stocks.
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1 year olds
2 year olds
3 year olds
4 year olds
5 year olds
6 year olds

cm/year perch
101

o , • • • , , • •
15 20 25

cm/year
10

5

silver bream

15
i •

20
1 I
25
°C

ruffe

15

15

cm/year

0 -

roach

i t j i i i i I

15 20 25
°C

The relation between yearly growth and mean summer temperature
in different age classes of the most commonfish species in the Biotest
basin.

Roach, silver bream and ide are species with high temperature optima also
as adults. Growth and temperature were accordingly well correlated in fish
older than 3-4 years. However, at younger ages these fishes had grown as
slowly as they do in the natural environment surrounding the Biotest
basin. The only reasonable explanation should be that the existence of
these species in the Biotest basin is based on immigrations of small fishes
through the outlet gratings. The samples we have studied consequently
had started their life in cold water resulting in narrow growth zones on their
scales during the first years.

Perch growth patterns deviate from the simple temperature relation in still
another fashion. Up to sexual maturation, in females at the age of about two
years, there is a strong positive correlation between growth and tempera-
ture. To reach adulthood, however, seems to add a considerable stress, as
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growth is retarded at high temperatures during the first years after matura-
tion. A recovery is later evident, and from an age of about six years the
positive relation between growth and temperature is reestablished.

The growth retardation in 3-5 year old perch in the Biotcst basin ran be
explained by the coupling between sexual maturation and energy demand
and resource allocation. Besides body growth, the adult fish has to produce
roe or milt, and each summer it has to build stores that are used during
winter. Temperature may act in many ways in this system, and the warm
Biotest conditions are not altogether positive. If food intake is reduced, the
negative effect is more pronounced in high temperatures. The perch is a
visual feeder, and when the nights become longer in autumn it can not feed
enough during the day to escape starvation before morning if the tempera-
ture is too high. The net effect is a reduced body condition and stopped
growth. This starvation effect is amplified during winter, when the fish is
adapted to survive on its stores.

In the Biotest basin water temperature stays at 8-10'C all during winter
leading to a fast depletion of the energy resources. Precociously matured
perch appear to be most seriously affected. These small fishes have
comparatively high metabolic rates, and in combination with the unfa-
vourable relation between energy stores and final gonad weight a high
temperature is very detrimental. As the fish grows in size, metabolic rates
slow down and the energy stores become better adjusted to the repro-
ductive demands.

About 25% of the male perch in the Biotest basin mature during their first
summer, at a length of 70-90 mm. Physiologically, females can not mature
during their first year, but many of them do the second summer. On
average, the Biotest basin perch mature about two years earlier than
normal. The physiological strain on those small adults leads to an
increased mortality. Surviving fish tend to avoid spawning the following
year and to reduce the number of egg cells when the next roe batch starts
developing. These adjustments enable old and large perch in the Biotest
basin to stay at almost normal body condition levels.
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Seasonal variations in the body condäion of different age classes of
perch studied during tun years. Age ofthefishes at the start of the
study is indicated at the left, end of the figure (2+, 3+ etc).
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Parasites and diseases

The obvious risk that fish parasite abundances will increase and that
outbreaks of pathological microorganisms will occur when fish are accu-
mulated to a restricted area, especially if this is associated with a
temperature increase, has justified a number of studies. One important
aspect in this monitoring is the health of commercial fish. The value of a fish
is drastically reduced if it carries tumours or ulcers etc.

Besides the applied studies, basic research on the ecology offish parasites
has been conducted at the Biotest laboratory. The projects have been
concentrated to some species of the genus Diplostomum, eyeflukes with a
larval stage living in the lens or in the humour of the eye. The eyeflukes have
a complicated life-cycle with larvae in molluscs and fish before they
complete their development in the intestines of a bird, in the studied
species either a gull or a merganser. Normally, little harm is done to the fish
when it is attacked by penetrating eyefluke larvae. If the infestation is
intense, however, the fish may become blind. Small fishes are more
sensitive, and if fry live in areas where eye-fluke larvae are common,
mortality may increase due to the damage done when the larvae penetrate
into the body of the fish.

One of the intermediary hosts of eyeflukes, the mollusc Lymnea sp.,
is observed to increase in abundance when water tempe»ature is high.
A corresponding increase in the production of eyefluke larvae may thus
be expected in such areas as the Biotest basin, affecting the fish negatively.
However, although extensive studies were made, we could not detect any
significant increase in the infestation of fish by these eyeflukes, most
probably due to counter-balancing effects on the increased production of
larvae by other biological factors.

Monitoring of diseases and parasites in water areas outside the Biotest
basin mainly covered economic species like perch, eel, brown trout,
whitefish and pike. So far, these fish stocks have remained at a normal
parasite and disease level. A parasite of recent interest is the nematode
Anguillicola sp., living in the swim-bladder of the eel. This parasite has
quickly spread north-wards in the Baltic and was noted at Forsmark for the
first time in 1990.
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Diplostomum

The eggs of Diplostomum hatch to larvae which develop inside a mollusc
where they multiply into a large number of new larvae. These are free-
swimming, attack and penetrate the skin of a fish, and are transformed
into a new larva in the eye of the fish. Heavily infectedfish may become
blind. The fish is eaten by gulls or mergansers, and in the intestines of the
birds the flukes become mature and start producing eggs.

In fish attracted to the effluent area, brown trout etc., the risk is increased
that ectoparasites, mainly leeches and parasitic coneoods, may attack the
fish as their development is enhanced by the higher temperature. These
parasites may harm the fish, as they irritate the skin leading to infections
that sometimes cause ulcerations.

Recruitment

Recruitment, which can be defined as the yearly production offish fry, to a
large extent determines the strength of the adult stock. Temperature can
affect recruitment in different ways. Roe or milt production may be affected
and the development and survival of the fertilized eggs maybe temperature
related. A secondary impact is derived from the general environmental
effects of cooling water; changed production of fish fry food, increased
growth of some aquatic plants etc.
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Young-of-the-year abundances of most species occurring in the Biotest
basin have been recorded since 1974, accompanied by reference samplings
in the Forsmark archipelago since 1979. In nature there are strong
variations in yearly recruitment, mostly as a result of the differing summer
temperature conditions. The studied period covers both the cold years in
the middle of the 80'ies, when fish fry appeared in very low abundances in
the area surrounding the Biotest basin, and the extremely warm summers
at the end of the decade. In 1988 the fry production was very high in most
species spawning in the coastal area. The effect is not yet visible in the
fisheries, but the prognosis is that this year-class will add substancially to
the catches.

grams
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weight growth
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Biotest Lake
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80 85
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in samplings

9 0

Fish recruitment in the Biotest basin
deviates from the natural pattern. The
abundances of perch young-of-the-year
increased as the plant started opera-
ting and have stayed at this high level.
Fry survival, and consequently recruit-
ment, is also a function of the size of
the fish. In the Biotest basin growth is
very fast, and the fry achieve a weight
about three times the normal at the end
of the first summer. Perch recruitment
consequently improves as a result of
the temperature increase. This is not
equally obvious in other species. logi-
cally, the cold-water species have slop-
ped reproducing in the Biotest basin,
but sticklebacks and gobies as well

have disappeared from the catches. The most important species, the roach,
deserves special attention, hi the reference area roach fry are common and
there are occasional occurrences of very high numbers of fry in the
samplings. Roach young-of-the-year, however, only appear in very low
abundances in the Biotest basin, although the numbers of adults are very
high and have been increasing since heating started. There may be a num-
ber of different explanations to the recruitment failure. The roach spawns
in very shallow water, and water level fluctuations in spring may totally de-
stroy the deposited roe. This may happen occasional years, but should not
be generally occurring. Another problem indicated in the Biotest basin is
that there are temperature related malfunctions in the parental sex organs.
A conclusion drawn from the fry studies is that the adult roach stock is
based upon immigration of small fish through the outlet gratings. After a
period of growth these fishes will be too big to be able to leave the basin.

Abundances and yearly growth of
perch young-qf-the-year in the Bio-
test basin and in a reference area.
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After a delay of some years the recruitment is mirrored in the age distribu-
tion of the adult fish. As a result of the changed conditions in the Biotest
basin the perch stock no longer follows the natural age-class pattern.
The effect from cold summers is reduced, and yearly fry production is cons-
tantly kept at a high level. The supply of cooling water thus eliminates the
most important limiting factor for recruitment. The monitoring programme
also covers age-class studies in the area surrounding the Biotest basin and
in the Finbo reference area. Although weak, there are indications that
perch recruitment is improved at Forsmark after 1980 when compared to
the reference.

The adult stocks

Fish stock monitoring at Forsmark started already before the Biotest basin
was built. After the first years of cooling water, dramatic changes appeared
in the Biotest basin stocks. Cold-water species and species depending on
seasonal migrations disappeared. Four-hom sculpin, burbot, whitefish,
Baltic herring and gobies are no longer resident in the basin. The warm-
water species were more successful, and roach, perch, bleak and silver
bream dominate today.

Catches of roach increased in the Biotest basin from 1980 to 1984 and have
stayed at this very high level during the following years. When the length
distributions in the catches were studied, it was obvious that a definite
abundance peak of small fishes occurred in 1983-84 and that an increase
in older fish appeared later in 1986-89. Roach is a species with compara-
tively slow growth rate, and most of the fishes building up the peak of small
fishes were born in 1978-1980. Fry studies these years did not reveal any
recruitment maximum in the Biotest basin, and the most probable
explanation is that there was an immigration of small fish during a short
period, perhaps simultaneous with a use of the emergency outlet, reducing
the currents at the outlet gratings. The theory is supported by test fishing
results in the areas surrounding the Biotest basin. Catches of young roach
reached high levels in 1983-84, pointing to successful recruitment in
natural areas during preceeding years.

The increase in abundance of perch in the Biotest basin was slow in
comparison with the roach, although its growth rate is faster. In perch, we
know from the fry monitoring that immigration is of minor importance and
that the stock depends on local recruitment. Soon after the plant started
operating, adult fish was found to be very negatively affected in the Biotest
basin. The body condition of the fish fell to low levels during spawning
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Trends in fish catches in the Biotest basin.

causing heavy mortality. From length-distributions it is evident that old
and large fish are rare during the first half of the 80'ies, Young fish,
however, appear in increasing numbers in the test fishings soon after the
heating started, an effect of both a higher locomotor activity in warmer
water increasing the catches and an improved yearly recruitment. Before
1980 small and large fishes, according to the standard we used when
dividing the material, occurred in similar proportions. Up to 1986 small
fishes dominated strongly, but during the last years of the 80'ies a more
balanced situation appears to be reestablished, although on a much higher
general abundance level.

The ruffe is a species closely related to the perch, and many consider these
two as competing for common resources, especially when roach also appear
in high abundancies. In the Biotest basin, however, there exists no
evidence of such competition, neither when ruffe-perch relations are
studied, nor when the interactions from other species are added to the
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analysis. The ruffe occurred in low numbers in the Biotest basin up to 1984.
In later years, catches have increased markedly, i.e. simultanous to an
increase in both perch and roach stocks.

Silver bream is a slow-growing species considered to be positively affected
by heat. In the Biotest basin it has accordingly increased in numbers since
1983. Other Cyprinids also react similarly. The pike is a species with
somewhat deviating stock development. It spawns in the basin, and
occasionally high abundances of young-of-the-year may be observed.
Growth is fast, and the high fry numbers recorded 1979-81 should have
been detected in net catches the following years. No such increase
occurred, and the catches of pike have stayed at low levels up to the last
year of the study. Pike is known to be sensitive to high winter temperatures
as an adult, which may explain the poor stock development.

Fish stocks in the areas surrounding the Biotest basin were studied in test
fishings beginning many years before the plant was built. Sedentary
species, i.e. coastal limnic species, are generally more sensitive to the
cooling water effluent than are the migratory fish. Roach, perch and ruffe
dominate among those fishes. Catches of perch increase during the
beginning of the 80'ies, followed by a temporary decline. This may, however,
be a result of the extremely cold summers these years, pressing down
locomotor activity and consequently the probability of an individual fish to
be caught in a gill net. If this temperature effect is considered, there is a
general indication of an increase in the perch stock, perhaps a result of a
contribution of fry from the Biotest basin. In roach and ruffe, there are no
such trends which may be related to the cooling water effluent.

Baltic herring and whitefish are two common cold-water species with a
seasonal appearance in the coastal area. Herring is attracted to the heated
area in spring. Catches at the sampling stations, however, do not indicate
any effects. These stations are situated at a distance from the outlet to avoid
bias from the attraction as they are selected for the monitoring of large-
scale trends in the local stocks. Catches of whitefish increased very much
after 1982. In the gill-nets used fish of all sizes are caught, and the increase
was most evident in the young fishes. That recruitment had been success-
ful was later confirmed in the commercial fishery where catches improved
considerably during the later part of the 80'ies.

The commercially and ecologically most important fish reacting to cooling
water is the herring. Taggings offish captured close to the plant were made
in spring 1987 and 1988 to study the dispersal of the affected stock. Up to
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1990 about 5% of these fishes were reported as recaptures, most of them
very soon after tagging. The recaptures made after a longer time. e.g. the
following spring during spawning, indicate that the Öregrundsgrepen
herrings are part of a local stock inhabiting the south-westem Bothnian
sea. as most of these recaptures were made along the coast from Gävle to
Norrtälje. Examples on long-distance travellers also exist; tagged herrings
were reported from Brämön, Gotska Sandön. Åland. Skärgårdshavet and
from Raumo on the Finnish side of the Bothnian sea.

RADIOECOLOGY

Yearly discharges qfCo-60 and Zn-65 from the plant and the concen-
trations in Biotest basin Jish during autumn samplings,
nd: not detected, (- ): no material could be provided.

year
1981
1982
1983
1984
1985
1986
1987
1988
1989

GBq

discharge
0.6

23.0
69.0
92.0

200.0
350.0
190.0
220.0
170.0

Co-60

Bq/kg dry weight

perch
nd
nd
nd
(-)
27
30
11
26
40

pike
nd
nd
nd
3
9
12
29
21
18

eel
nd
nd
nd
23
(-)
(-)
1
41
nd

GBq

discharge
1.1

14.0
21.0
24.0
32.0
35.0
11.0
9.6
8.4

Zn-65

Bq/kg dry weight

perch
nd
nd
14
(-)
120
38
24
21
27

pike
nd
nd
5
15
72
60
43
33
15

eel
nd
nd
nd
42
(-)
(-)
44
11
nd

Yearly average concentrations of Co-60, Zn-65, Cs-137 and K-40 in
sediments at a distance of 200 mjrom the discharge. The ash content is
about 99% at the sampling station. Concentrations are expressed as
Bq/1000 grams dry weight ±1 SD.

year

1981
1982
1983
1984
1985
1986
1987
1988
1989

Co-60

nd
31 ±49
147±42
258±68
538159
1272+32
89O±33
1288160
2420137

Zn-65

nd
nd

59154
54158
59179
123144

nd
nd

56158

Mn-54

nd
nd

25125
10153
18177
1851206
31(n=l)
22180
20150

Cs-137

52137
32120
38135
32148
45+36
379170
451138
486153
943+35

862111
1035121
890+7
975115
850110
15331121
917110
888143
843+18
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The monitoring of radioactive waste dis-
charge to the aquatic environment is
directed to such indicator organisms
as algae and molluscs, but to calculate
dose to man fish samples also are analy-
sed. Only very limited amounts of radio-
activity so far have been released from
the Forsmark plant. Many of these ele-
ments tend to be accumulated in sedi-
ments, as is evident from the samples
collected in the Biotest basin. Radioac-
tive manganese, cobalt and zink are
detected. The discharges are not conti-
nous. and it was demonstrated that the
concentrations in sediments are correla-
ted to the discharge variations, although
with a certain delay. In the areas sur-
rounding the Biotest basin it is possible
to detect nucleides from the plant in
sediments close to the cooling water
discharge, but further out in Oregrunds-
grepen concentrations quickly decrease.

Accumulation of nucleides can also be
seen in algae, and to a much lesser
extent in benthic animals and fish. Ele-
ments from the plant are detected in the
green algae Cladophora spp. in the Bio-
test basin, and in the surrounding water
areas there may as well be seen small
amounts in algae and molluscs. Like in
sediments, concentrations decrease
quickly at increasing distances from the
Biotest basin. The effect on fish is very
small and at maximal exposures, i.e. in
the Biotest basin, levels of the different
nucleids from the plant never exceed
100 Bq/kg dry weight. The total yearly
discharge contributes to less than 0.1%
of the dose to man caused by natural
background radiation.

Bq/g d.w.

1.5—] Cladophora

1.0-

0.5-

O - T

1982 1984 1986 1988

Cs-137 K-40 Mn-54 Ag-110

Bq/g d.w.
150-1

100-

5 0 -

0 - r

Cladophora

1982 1984 1986 1988

Co-60 1&1-65

Bq/g d.w.
1.5

Mn-54

Cs~137

Variations in nucleid contents in
algae (Cladophora) and molluscs
(Lymnea) in the Biotest basin
during the period 1982-1989.
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1984

Macoma Mytilus Cladophora Fucus

Concentrations ofCo-60 in different
plants and animals at a sampling
station outside the Biotest basin.

After the Chernobyl accident in April
1986 the concentrations of mainly
radioactive cesium increased drama-
tically in the samples. The fall-out
occurred simultaneous to a current
field sampling programme supplying
data to a radioecological research
project. A detailed picture of the de-
velopment was achieved. Very soon a
sharp increase in cesium concentra-
tions were seen in the green algae,
followed by activity maxima in benthic
animals. The fish never reached con-
centrations as high as at lower levels in
the food chain, and in particular the
old pikes and other big predators reac-
ted very slowly and may still be signifi -
cantly affected by the Chernobyl fall-
out.

GENERAL CONCLUSIONS

The use of cooling water at such large power plants as Forsmark creates a
considerable hazard to fish in the intake area, as they may be transported
into the plant and killed. Several millions of Baltic herring and three-spined
stickleback are lost each year at the intake screens. Although it can be
debated whether or not this is a significant loss to the commercial fishery,
the results point to the obvious risk for large-scale effects of cooling water
use.

The current patterns at the outlet area are changed by the effluent, and
there have been indications of benthic fauna impoverishment and that the
softer sediments have eroded away. The effects, however, seem to be
limited. Bentic fauna in soft sedimentation areas tend to develop according
to a natural pattern, demonstrated in the samples from the reference area
Finbo.

The monitoring of fish stocks in the Forsmark area is directed to the sta-
tionary limnic species. So far, the response is restricted to a tendency for
the perch population to increase after the plant started operating. Some of
the observed reactions to the heated effluents have demonstrated the
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possibilities to stimulate recruitment and production in the local stocks.
Attraction to the effluent area and spawning in a warm environment can be
beneficial, and there are various ways to use waste heat in management
programmes for fish. These possibilities are studied in current research
projects.

The monitoring of radioactivity controls the quality of the fish as food but
is also directed to selected species accumulating these elements, bladder
wrack etc. At Forsmark only small amounts of radionucleids from the plant
so far have been detected in the marine environment.

A release of cooling water to an open sea area is generally considered as a
minor environmental problem, a presumption so far not contradicted by
the results from the monitoring studies at Forsmark. In the Biotest basin,
however, where the exposure to heat is maximal, a long series of effects
ultimately changing populations of plants, benthic animals and fish have
been documented. Growth, body condition, sexual maturation and recruit-
ment in fish are to a large extent governed by temperature, leading to
increases or decreases of the stocks. These drastic effects are perhaps not
always relevant to the open effluent area outside the Biotest basin, but by
studying these clearly expressed responses guidance is provided for the
student of more subtle effects of cooling water exposure.

One important conclusion after ten years of studies in a heated Biotest
basin, is that ecosystem stability seems to need very long time to be
established, if it ever will. Fish and benthic animals have increased in
concert without any apparent regulatory interspecies mechanisms up to
the last year when signs appear of a breakdown in the benthic community
and an expected drastic reduction in fish food supply. The future develop-
ment is of a large principal interest and will be followed in the monitoring
programme.
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