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Introduction

Artificially produced radionuclides have been introduced into the marine environment
since 1944 (Pentreath 1985). Artificial radionuclides in the estuarine and marine
environment originate from several sources, such as global fallout from nuclear
detonation tests, and discharges from nuclear power plants and reprocessing plants. In
addition, the reactor accident at Chernobyl, USSR, on April 26 1986, contributed to
the contamination of the waters surrounding Sweden.

The distribution of radionuclides in the aquatic environment has often been
investigated by using bioindicators, e.g. algae and mussels, because of their ability
to concentrate the radionuclides from the surrounding waters which often have too
low concentrations for accurate determinations. Although analytical methods have
improved, indicator organisms provide a time-integrated picture of the bio-
availability of pollutants rather than pollutant abundance per se (Phillips and Segar
1986). In Scandinavian coastal waters the brown algae Fucus vesiculosus L.,
F. serratus L. and Ascophyllum nodosum (L) LeJolis have most commonly been
used to monitor radionuclides (see e. g. Aarkrog 1985).

The advantages with seaweeds as bioindicators are that they are stationary, often
easy to collect and, being perennials, they are also available at all times of the year.
Several requirements must be fulfilled in order for an organism to be suitable as a
bioindicator. The main requirement is that there must be a correlation between the
average concentration in the surrounding water and the concentration in the
bioindicator (see e.g. Phillips 1977). Bryan (1969) found a linear relationship
between zinc concentrations in water and that in Laminaria digitata, but the
concentration factors (concentration in algae: concentration in water) decreased when
the concentrations in the water increased. A linear relationship between cobalt
concentrations in water and those in Fucus spiralis was also observed by van Weer
(1972). Algae accumulate the dissolved fraction of the metals and radionuclides and
thus the concentrations in the algae should be correlated to the water concentrations
of dissolved metals or radionuclides and not to the total concentration (Pentreath
1985). However, various factors have been observed to affect the uptake,
accumulation and release of metals and radionuclides in algae e.g. season of the year
(e.g. Eide et al. 1980, Fuge and James 1974), age of tissue (Bryan and
Hummerstone 1973), shore position (Bryan and Hummerstone 1973) and salinity
(Pcdersen 1984, Dahlgaard 1984). These factors have been reviewed by e.g.
Coughtrey and Thome 1983, Knutzen (1985), Pentreath (1985), Phillips (1977), Rai
et al. (1981). Although several investigations have been performed the results are
unitary.



The radionuclides primarily investigated in the present study are activation
products produced by neutron-induced nuclear reactions at Barsebäck nuclear power
plant, Öresund, southern Sweden. The most important activation products discharged
into the inter recipient are 60Co (T1/2=5.27 y);

 58Co (71.8 d), 54Mn (312 d) and
65Zn (244 d) (Nilsson 1981). The fission product 137Cs (30.2 y) is also discharged
from the power plant but can also come from several other sources, such as
reprocessing plants from Western Europe and global fallout from e. g. the Chernobyl
accident in April 1986. Cobalt, manganese and zinc are known to be essential
micronutrients for algae in low concentrations but deleterious in high concentrations,
which makes these elements of special interest. Caesium is not known to be required
biologically and is accumulated presumably because of its chemical similarity to
potassium.

The aim of this work was to study the effects of biotic and abiotic factors on
F. vesiculosus as an indicator for radionuclides. One major factor is the influence of
seasonal variation in the organism. The autecology of F. vesiculosus was thus
studied with respect to the influence of seasonal variation in growth and
reproduction, and biomass variations in the differently aged tissues of the algae on
the accumulation of radionuclides (I, II).
In areas with a poor population of the algal indicator species F. vesiculosus, either
Fucus plants transplanted from other localities or other algal species may be used to
study the discharge of radionuclides. To be considered as an indicator the algae must
also release trace elements to reflect variations in the water concentration. The uptake
and release of Mn and Co in F. vesiculosus and its epiphyte Pilayella
littoralis (L.) Kjellm. were investigated in situ by transplanting algae from a
locality in the vicinity of the nuclear power plant to an uncontaminated locality and
vice versa (III).

The salinity varies greatly along the Swedish coasts both between different
localities and with the season at the same locality. It is important to know the effect
of salinity on the uptake of radionuclides in F. vesiculosus when using it to
monitor radionuclides in the estuarine environment. The effects of salinity on the
uptake of radionuclides in F. vesiculosus were studied experimentally, with algae
and water collected at three localities with different salinity regimes and also with
algae from a locality with fluctuating salinity (IV).

Fucus vesiculosus was also used to investigate the impact of the Chernobyl
accident in the Baltic Sea with respect to the spatial and temporal distribution of
radionuclides (V).

The autecology of Fucus vesiculosus (I)
A prerequisite in using biological organisms as indicators is that the autecology of
the organism in question be well known. Such studies were not available in the
literature for F. vesiculosus from the Swedish coast, except for a report from the
Asko area in the Baltic proper (Lamrén and Lamrén 1975), therefore, the autecology,



growth, reproduction and individual biomass changes of tissues of different ages was
studied in a F. vesiculosus population at Barsebäck (Fig.l).

F. vesiculosus exhibited a seasonal variation in growth and reproduction. The
growth rate was highest during summer, June to August, and growth ceased in
November. Receptacles were found from February to October. A closer investigation
revealed that the population had two reproductive periods, one with mature
receptacles during May and June, whereafter new receptacles were initiated on the
slow-growing fronds on the same individuals, contrary to most other fucoids studied
(e.g. Knight and Parke 1950, Siedeman and Mathiesen 1983). Measurements of the
relative biomass of tissues of different ages within the plants showed that the new
vegetative fronds grown during the year accounted for about 80 % of the total plant
biomass in November and December.

In connection with this study the nitrogen content, as Kjelldahl-nitrogen, was also
measured in the differently aged tissues. The nitrogen content decreased during late
spring and summer in all tissues except the stipes, which did not show any variation
during the period studied. The nitrogen content increased in the most metabolically
active tissues, the new vegetative fronds, during autumn and about 80 to 90 % of the
nitrogen in the Fucus plants was found in the new vegetative fronds grown during
the year.

These results show the importance of knowing the autecology of the indicator
organism so that periods of for example high growth rate or reproduction could be

Figure 1. The different tissues of Fucus vesiculosus, a) receptacles, b) new receptacles
(new fronds carrying receptacles), c) new vegetative fronds, d) 1-year-old tissue e) 2-year-
old tissue f) stipes.



avoided when collecting the algae. The relative distribution of the biomass of the
differently aged tissues within the plant during the year could also affect the results
of concentration measurements of different elements in the algae. This investigation
covers only one vegetation period but later irregular measurements on Fucus plants
at the same locality have given similar results.

Individual variations in activity concentration between
whole plants of Fucus vesiculosus (II, IV)
Algal plants of the same species grown under identical environmental conditions
exhibit marked differences in their ability to concentrate radionuclides. Hence, when
algae are used as indicators, samples of several indviduals must be collected.
Variations in activity concentration (Bq/kg dw) between whole plants in this
investigation were about 10-20 % for 6"Co and 40K and up to over 50 % for 54Mn,
but the activity concentrations in these measurements were very low. In an
experimental investigation the variation was about 17-18 % for 137Cs, 54Mn, 6^Zn
and Co with differences of about 1.8 between the lowest and highest values.

Differences in activity concentrations of radionuclides
between tissues of different ages in Fucus vesiculosus (II)
Perennial algae like fucoids consist of tissues of different ages and there is a tendency
for increasing concentration of metals with age (except stipes) in algae from polluted
areas, most consequently observed for zinc (e.g. Bryan and Hummerstone 1973,
Haug et al. 1974). In F. vesiculosus at Barsebäck the same pattern was observed
during the spring for 60Co and 54Mn. Higher activity concentrations (Bq/kg dw) of
60Co were observed in the older parts of the algae during the whole period studied;
May-December 1984. However, the activity concentration in the new fronds
increased during the autumn to concentrations close to those in the older parts,
indicating a higher uptake in the new fronds. The differences between the tissues of
different ages were smaller for Mn which has a shorter half-life. A different
distribution of the radionuclides Cs and K was observed, with the highest
activity concentrations being found in receptacles and new growing fronds.

Comparing the activity concentrations in the different tissues with their relative
biomass within the plant showed different patterns between the radionuclides. The
influence of the older tissues on the whole plant concentration was most pronounced
for Co; the older tissues containing 50 % or more until September. In June the
mature receptacles contained about 50 % of the total 137Cs and 40K of the algae.

The release of the radionuclides 54Mn and 60Co also differed between the
differently aged tissues, with a 2-4 times higher release in new vegetative fronds than
in 1-year-old tissues of F. vesiculosus. The oldest parts, mostly stipes, contained
about 30 % of the initial activity concentration of 60Co after about one year
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following transplantation of the algae from the vicinity of Barsebäck nuclear power
plant to an uncontaminated area.

The differences in the concentration of various radionuclides between tissues of
different ages can be used to study variations in discharge of radionuclides and metals
into the water recipient during the latest 1-3 years preceding collection, depending of
the longevity of the plants.

Seasonal variation in activity concentrations of
radionuclides in Fucus vesiculosus (II, V)
There are few studies of the seasonal variations of radionuclides in F. vesiculosus in
the literature and results from studies on the seasonal variations of metals differ
between elements and are also sometimes contradictory for the same element (e.g.
Fuge and James 1974, Haug et al. 1974). The most pronounced seasonal trend, with
the lowest concentrations during summer, has been observed for Zn and this was
suggested to be an effect of growth of the algae (e.g. Fuge and James 1973, 1974,
van Wccr 1972). For the radionuclides studied in this investigation the seasonal
variation is difficult to assess when measuring only the activity concentrations in the
F. vesiculosus plants, as the amounts of the radionuclides discharged from the
nuclear power plant vary greatly. However, when comparing the activity
concentration of 60Co and 54Mn in tissues of different ages, the ratio between the
activity concentration in 1-year-old and new vegetative tissue followed the trend of
the growth rate, with a Higher ratio during periods with high growth rate. The
opposite was observed for 137Cs, while no variation was observed for K, For

Co which has a relatively long half-life (5.27 y), the older parts will have been
accumulating the radionuclide for a longer period than the new, growing fronds and
they reflect the discharge from the preceding months. For the more long-lived
radionuclides, like 60Co, the accumulated concentration or background concentration
in the algae affects the results of new ^cumulation to a larger degree than the less
long-lived, like 54Mn (312 d). In this i» vestigation, whole plants of F. vesiculosus
did not reflect the larger discharge of 60Co in September, in connection with the
yearly service of the nuclear power plant. This could be an effect of the increased
relative biomass of the new growing fronds leading to lower activity concentrations.
Thus, a discharge of the same amount during winter or spring would have given a
greater increase in activity concentration in whole plant measurements than during
autumn.

For 137Cs a seasonal variation has been observed, with the same pattern at
different localities, with the highest concentrations during late May and June, both in
Swedish and in Irish coastal waters (Duniec et al. 1985, Mattsson 1984, McAulay
and Pollard 1988, II, V). Even after the Chernobyl accident in April 1986, this
seasonal pattern was unchanged (V). During 1987 and 1988 the activity
concentrations of radiocaesium in the water increased and made the accurate
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determination of activity levels easier, and comparisons between algae and water
activity concentrations could be made showing that the algae reflected the water
activity concentrations. The observed ratios between the activity concentrations in
the algae and in water suggested that this pattern was a combination of higher
concentrations in the water and a greater ability of the algae to concentrate the
radiocaesium during May-June (V).

It is thus important when comparing activity concentrations of radionuclides or
trace metals in indicator organisms that they are collected at the same time of year.
A high growth rate of the plant may decrease the concentration of the element in
whole plants. A discharge of radionuclides could be reflected differently in the whole
plants when measured as concentration per unit weight, depending on time of the
year.

Comparisons of uptake and release of 54Mn and 60Co in
Fucus vesiculosus and epiphytic algae (HI)
Algae with different morphologies, such as annual filamentous algae e.g.
Cladophora sp.and Pilayella littoralis and thin sheet-like algae e.g. Enteromorpha
intestinalis (L.) Link., which have a higher surface to volume ratio than the
perennial parenchymatcis algae like fucoids, have been shown to have higher
productivity and nutrient uptake (Littler and Arnold 1982, Wallentinus 1984). The
uptake of radionuclides was also higher in the filamentous algae than in
F. vesiculosus, and epiphytic P. littoralis was found to accumulate about 2-4
times more 54Mn and Co than F. vesiculosus. An even higher uptake was
observed in Cladophora sp. while E. intestinalis showed lower activity
concentrations than Fucus. The release of accumulated radionuclides, 54Mn and
60Co, was higher from P. littoralis than F. vesiculosus. Differences were also
observed between tissues of different ages in F. vesiculosus, with the highest
release from the new vegetative tissues.

Different species of algae could be used as bioindicators as long as results from
different species are not compared directly. Transplantation of algae e.g.
F. vesiculosus, from one area to another could be useful when the population at an
interesting locality is poor.

Effects of salinity on the uptake of radionuclides in Fucus
vesiculosus (IV)
It has has been suggested that salinity may affect the uptake of radionuclides and
metals in algae (Bryan 1983, Dahlgaard 1984, Munda 1984,1988, Pedersen 1984).
Salinity is a complex factor which affects both the physico-chemical state of the
elements and also the biology of the alga. In this experimental study the most
pronounced effects were observed for 137Cs, with increasing uptake with decreasing
salinity. This uptake pattern was observed both in algae and water from different
salinity regimes and also in algae at a locality with fluctuating salinity which were
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exposed to different salinities. For the other radionuclide studied, 54Mn, 65Zn and
Co, the activity concentrations for algae grown at 8 °/oo salinity were

significantly higher than in algae grown at 15 and 24 °/oo; respectively, when
comparing the algae taken from different salinity regimes. For the algae from the
same population which were exposed to different salinities the differences were
insignificant.

Differences in uptake due to differences in salinity must be considered when
comparing activity concentrations in algae from areas which differ greatly in salinity.
This is especially important when monitoring radiocaesium.

Concentration factors
Concentration factors (CF, concentration in algae to that in water) are often used in
the literature when discussing bio-indicators, but according to Pentreath (1985) "there
exists no absolute CF". CF's would, of course, be very useful not least in all
modelling programs but it is impossible to find a constant factor, even for one
element and one organism at one locality. Several processes affect the uptake and
accumulation of the element in the organism and relevant water concentrations are
difficult to measure. In this study CF's were calculated for 137Cs and the observed
ratios varied with salinity and season (IV, V). Together, these factors make the
calculation of universal CF's meaningless.

Can Fucus vesiculosus be used as an indicator for
radionuclides?
Even though there are several factors which affect the uptake and accumulation of
radionuclides in F. vesiculosus, (age of tissue, growth, salinity etc.),
F. vesiculosus can be used as a bio-indicator if these factors are taken into
consideration. From the results in this study it is obvious that when using
F. vesiculosus as an indicator for radionuclides the algae should be collected at
periods with low growth and, especially for radiocaesium, the fertile period with
mature receptacles should be avoided. Samples should be collected at the same time
of year in order to be comparable. Algae should not be used to predict the
concentration in water of the radionuclide as the ratio between activity concentration
in algae and water differs greatly, but the algae could give indications of variations
of concentration in water and could thus be used as qualitative indicators. Algae can
also be useful in tracing the source of the discharge of a radionuclide or metal as they
show some relation to the concentration in water, even if it is not an absolute and
qualitative relation.

Fucus vesiculosus as an indicator of the impact of the
Chernobyl accident in the Baltic Sea (V)
On April 26 1986 a nuclear accident occurred at Chernobyl, USSR.This unfonunate
accident has provided us with the opportunity of carrying out large field experiments.
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The impact of the Chernobyl accident was investigated in the Baltic Sea using
F. vesiculosus as an indicator to study the spatial and temporal distribution of
radicnuclides. The Chernobyl accident contributed to the radioactivity in the Baltic
Sea primarily concerning radiocaesium. Regarding alpha-emmitting radionuclides
(Pu, Am) and 99Tc, the impact was small (Aarkrog et al. 1988) and no increase in
these radionuclides was observed in F. vesiculosus. In July 1986, about two

107

months after the Chernobyl accident, the activity concentrations of Cs in
F. vesiculosus had increased by about 2-5 times compared with earlier
measurements in 1983. Large differences were observed due to the inhomogeneous
distribution of the fallout. During August-September 1987 the activity
concentrations of Cs increased southwards along the Swedish east coast showing
a transport of the more contaminated water southwards. This southward transport was
aiso observed in the water (Niess pers comm). The later effects of the radionuclide
contamination in the Baltic Sea, primarily caesium, were studied at the Swedish
south coast from Aprii 1987 to November 1988. A pronounced increase in activity
concentration was observed during 1988, indicating an outflow of water containing
relatively higher levels of Chernobyl derived radionuclides from the Baltic Sea.

From this investigation of the impact of the Chernobyl accident on the Baltic
Sea, it was shown that Fucus vesiculosus is useful as an indictor for radionuclides,
especially radiocaesium, and provide a good alternative to measurements of activity
concentrations in the water. Even if radionuclide concentrations in F. vesiculosus do
not exhibit an absolute and quantitative relationship to those in water, it can be used
to measure differences between localities, and above all, can be used as a qualitative
bioindicator for radionuclides.
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Abstract
The activity concentrations of radionuclides (60Co, 54Mn, 137Cs, 4 0K) in whole
plants of Fucus vesiculosus of different ages and also in tissues of different ages
from the same plants were investigated in the vicinity of the Barsebäck nuclear
power plant in southern Sweden. Activity concentration differed between the tissues
of different age of the plants, depending on the radionuclide as well as the time of
year. The highest concentration of Co and Mn was measured in the older parts
of the plants in spring and summer, while the activity concentration of Cs and
4 0K was highest in receptacles and new vegetative fronds. The discharge of
radionuclides from the nuclear power plant was reflected in the measured activity
concentration in the algae. For °°Co the response seemed to be smoothed out when
considering the whole plant, while the new vegetative tissue better reflected the
discharge during the autumn. Thus, it is important to have knowledge about the
autccology of the organism when it is used as an indicator for radionuclides.

Introduction
The brown algae Fucus vesiculosus L. and Ascophyllum nodosum (L.) Le Jol.
have been used as bio-indicators for heavy metals and radionuclides in estuarine and
marine environments due to their ability to concentrate elements from the ambient
water (Bryan and Hummerstone 1973; Fuge and James 1973, 1974; Haug et al.
1974; Phillips 1977, 1979; Myklestad et al. 1978, 1979; Eide et al. 1980;
Mattsson et al. 1980; Bryan 1983; Aarkrog 1985; Barnett and Ashcroft 1985;
Duniec et al. 1985; Hus et al. 1987; Forsberg et al. 1988; Carlson and Holm
1989). Several requirements must be fulfilled for an organism to be used as a
bioindicator. The main requirement is that there exists a correlation between the
average concentration in the surrounding water and the bio-indicator (Haug el al.
1974). In experimental studies with macroalgae this has been confirmed for Zn and
Co (Gutknecht 1965; Bryan 1969; vanWeers 1972). Bryan (1969) has, however,
found a decrease in the concentration factors when the concentration of zinc in the
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water increases. Algae accumulate the dissolved fraction of the metals and thus the
metal concentration in algae should be correlated to the seawater concentration of
dissolved metals and not to the total concentration (Pcntreath 1985). Indicator
organisms provide a lime-integrated picture of the bio-availability of pollutants
rather than the pollutant concentration per se (Phillips and Segar 1986).

Being a perennial alga, F. vesiculosus is stationary and available at all times of
the year, but growth, reproduction and content of different elements vary with the
season. Consequently, the concentration of metals in the algae varies with season,
age of the thallus and environmental factors such as salinity and temperature (van
Weers 1972; Bryan and Hummerstone 1973; Fuge and James 1973, 1974; Haug et
al. 1974; Munda 1979; Myklestad et al. 1978,1979; Eide et al. 1980; Pedersen
1984; Forsberg et al. 1988; McAulay and Pollard 1988; Carlson and Holm 1989).
Metals are reported to be bound in the algae to polysaccharides (e. g. alginates and
fucoidan) and to polyphenols in the physodes (Skipnes et al. 1975; Paskins-
Hurlburt et al. 1978; Ragan et al. 1979; Lignell et al. 1982: Pedersen 1984). The
content of polyphenols varies with the age of tissue, season and salinity and phenols
also have different affinities for the different metals (Ragan and Glombitza 1986).
The phenol content has been found to increase with age of the tissue in A. nodosum
(Pedersen 1984). Pedersen (1984) also observed lowest phenol content in the
receptacles of A. nodosum and F. vesiculosus. Lignell et al. (1982) reported that
large quantities of heavy metals were accumulated in the physodes of F. vesiculosus
which supports the theory of Ragan et al. (1979) that phenols are able to chclate
metals.

The aim of this investigation was to study how the autecology of F. vesiculosus
affect the use of the alga as an indicator for radionuclides. Seasonal variation in the
activity concentration of radionuclides in whole plants and the tissues of different
ages, as well as the variation between individual plants were investigated. In
connection with this study the variation in growth and reproduction of
F. vesiculosus was also studied (Carlson unpublished). The activation products
60Co, 58Co, 65Zn and 54Mn are discharged from the Barsebäck nuclear power plant
to the water recipient and accumulate in F. vesiculosus (Mattsson et al. 1980). The
fission product *37Cs is also discharged from the nuclear power plant but also
originates from global fall-out and reprocessing plants in Western Europe. To study
the differences between tissues of different ages in the F. vesiculosus plant the
variation in the activity concentrations of 60Co, 54Mn and 137Cs was followed
during a vegetation period together with the activity concentration of naturally
occurring 4"K. The variation between individual plants was determined on four
occasions and whole plants of different ages were also studied.

Material and Methods
The sampling of F. vesiculosus was performed at two localities called Rörbäck and
Barsebäck North (N) at Öresund about 0.6 and 2.9 km, respectively, to the north of
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the Barsebäck nuclear power plant (Fig. 1). The dominant current flows northwards
along the Swedish coast of the Öresund, and the activity concentration of
radionuclides from the Barsebäck nuclear power plant has been found to decrease with
distance from the plant northwards. This decrease can best be described by a power
function (Mattsson et. al. 1980; Boelskifte 1985).

On April 11 1984 specimens of F. vesiculosus were collected at Rörbäck and at
Barsebäck N. The algae from Rörbäck were separated into three different age classes:
1, 2 and 3 years old. At Barsebäck N, where the population was more dense, both
whole plants of algae that were about 2 and 3 years old and plants that were later
dissected into parts with receptacles, middle part and stipes were collected.

SWEDEN

N
A

Barsebäck N
Power plant

0 10 20 km

Figure 1. Study area.

Sampling of F. vesiculosus was carried out monthly or bimonthly from May to
December 1984 at Barsebäck N. Each sample consisted of 10 plants, randomly
sampled, which were dissected into different parts (Fig. 2). One sample of ten whole
Fucus plants was also collected. Samples of whole algae of different ages were
collected on November 28. The winter of 1985 was severe and the ice cover remained
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Figure 2. Dissection of Fucus vesiculosus into different tissues, a) receptacles, b) new
receptacles (new fronds carrying receptacles), c) new vegetative fronds, d) 1-year-old
tissue e) 2-year-old tissue f) stipes.

until April. When the ice broke up only a few F. vesiculosus plants in poor
condition remained and no further sampling was possible.

In order to investigate the variation of the radionuclide concentrations between the
plants, ten plants were collected and investigated individually on September 28 1983,
March 7, June 18 and September 15,1984.

The F. vesiculosus plants were cleaned of epiphytes, rinsed in seawater and dried
at a temperature of 20°C. Later, the algal samples were also dried at 65°C, but as the
relative differences in weight between samples dried at room temperature and at 65°C
were less than 2% the presented results originate from air-dried samples only.
Activity concentrations of the radionuclides °°Co, 58Co, 54Mn, 65Zn, *37Cs and
40K were determined by gamma-ray measurements with a Ge(Li) detector. The
activity concentrations in the algae were compared with the monthly discharges of
radionuclides from the nuclear power plant at Barsebäck to the recipient (Sydkraft
1984).

The concentrations of the stable isotopes of Zn, Mn and Co were measured with
atomic absorption spectroscopy in pooled samples of whole plants, about three years
old, after ashing at 450°C and dissolution in 1 M HC1.
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Results
Differences in the activity concentrations of radionuclides in plants of
F. vesiculosus of different ages were observed at Rörbäck in April 1984 (Table 1).
The accumulation pattern differed between the radionuclides, with lower activity
concentrations of 6t)Co (T1/2=5.27 y), 54Mn (T1/2=312 d), 65Zn (T1/2=244 d) and
137Cs (Tj /2=30.2 y) in the algae that were about 1 year old compared with 2- and 3-
year-old algae. For the less longlived 58Co (7^2=70.8 d) no differences were
observed. In samples taken from Barsebäck N, activity concentrations were similar in
the 2- and 3-year-old plants, but differences were observed between the different parts
within a plant (Table 2). The highest activity concentrations of Co and Mn
were measured in the middle part of the plants i.e. the tissue grown during the
previous vegetation period, whereas 40K was accumulated to the highest degree in
the receptacles. In whole plants of F. vesiculosus of different ages collected in
November of the same year the activity concentration increased with increasing age
for 54Mn and 60Co (Table 3).

Table 1. Activity concentrations (Bq/kg dw) ±SD of radionuclides in pooled samples of

1-, 2- and 3-year-old Fucus vesiculosus plants from Rörbäck on April 11 1984.

1-year-old 2-year-old 3-year-old

137Cs
54Mn
65

58

60

Zn
Co
Co

40L

7± 2
36± 6
90± 7
22+ 4

1700±30
752±5O

13± 2
58±4

128+ 6
20± 4

1921±10
735±20

16± 2
60± 4

144± 5
23± 2

2003110
966±2O

Table 2. Activity concentrations (Bq/kg dw) iSD of radionuclides in pooled samples of
2- and 3-year-old whole plants of Fucus vesiculosus and in stipes, middle parts and
receptacles from plants of F. vesiculosus from Barsebäck N on April 11 1984.

2-year-old 3-year-old Stipes Middle Receptacles

lJ'Cs
54Mn
^Co

9± 1
10± 1

443±10
834±20

8± 1
12± 1

498±10
874116

41 1
21 1

304112
515140

71 1
171 1

738110
721121

71 1
41 1

309112
1024160



Table 3. Activity concentrations (Bq/kg dw) of radionuclides in pooled samples of 1-,
2- and 3-year-old Fucus vesiculosus plants from Barsebäck N on November 28 1984.

1-year-old 2-year-old 3-year-old

137

54
Cs

Mn
65
58
60
40

Zn
Co
Co
K

3+ 1
31± 4
26+ 8
19± 4

243±1O
679+32

8± 1
43± 1
17± 2
21± 1

368±4
796+17

9± 1
53± 1
17± 2
25± 1

411± 4
884±14

The radionuclidcs, 60Co and 54Mn, discharged from the Barsebäck nuclear power
plant were detected in all parts of F. vesiculosus collected at Barsebäck N. In the
samples taken after the yearly service of the nuclear plant in July and September the
activity concentrations of ^8Co and 65Zn were so high that they could also be
measured in the small individual tissue samples. In the pooled samples of whole
plants these radionuclides could be measured on all the sampling occasions. The
fission product 137Cs and the naturally occurring radionuclide 40K were also detected
in all tissues of the Fucus plants. Activity concentrations differed between the
different parts of the plants (Figs 3-6). The activity concentration of 60Co (Fig. 3)
was about 2-3 times higher in the 1-year-old tissue than in new vegetative tissue
during May to October, whereafter the concentration increased in the new tissue and
was closer to the activity concentrations in the elder parts of the algae. ^4Mn (Fig.
4), which has a shorter half-life than 60Co and which is also discharged in smaller
amounts than ° Co, showed less variation between tissues; the activity
concentration was highest in 1-year-old tissue, May to July, but during the autumn
the activity concentration was higher in the new vegetative tissue. The accumulation
of 1 3 7Cs (Fig. 5) and 40K (Fig. 6) was highest in the receptacles and the new
vegetative tissue. 58Co was also detected in all parts of the Fucus plant from
August to October with the same activity concentration detected in all parts, 17±12,
24±6 and 26±7 Bq/kg dw on August 17, September 15 and October 16, respectively,
compared with 14±2,29±3 and 31±1 Bq/kg dw measured in whole plants.

All parts of the Fucus plant showed a variation in activity concentration of 60Co
and 54Mn during the investigation period but the response to the discharged amounts
varied between the tissues (Figs 3, 4). The activity concentrations of 60Co in the
new parts of the F. vesiculosus plants showed a different pattern than the other
tissues during June and August, with decreasing concentrations when the other
tissues showed increased concentrations (Fig. 3). The 60Co concentration in whole
plant samples seemed to be smoothed out and did not reflect the short-term pattern of
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Figure 3. Activity concentrations (Bq/kg dw) of Co in different tissues of Fucus
vesiculosus and discharge (GBq) from Barsebäck nuclear power plant.

r2.o

S

M A M J J A S O N D 0.0

Rccepucle*
New vegeuiive
1-yeuotd
1 ye void
Slipa
Whole pUM

Figure 4. Activity concentrations (Bq/kg dw) of Mn in different tissues of Fucus
vesiculosus and discharge (GBq) from Barsebäck nuclear power plant.
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Figure 5. Activity concentrations (Bq/kg dw) of Cs in different tissues of Fucus
vesiculosus and discharge (GBq) from Barsebäck nuclear power plant.
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the discharges as did the samples of new tissue. The activity concentration of Mn
in the older tissues (1- and 2-year-old tissues and stipes) showed the same correlation
with the discharge while the new vegetative tissue differed during the summer
months (Fig. 4). Accumulation of ^ M n in the whole plant differed from the
accumulation in other tissues during November - December and reflected the
discharge better than the separate parts (Fig. 4). An increase in activity concentration
of both 60Co and 54Mn was observed in all parts of the plants after the discharge in
September (Figs 3,4). The activity concentrations for *37Cs in F. vesiculosus did
not reflect the discharge from the nuclear power plant, and thus the large discharge in
September, during the yearly service of the nuclear plant, was not reflected in the
algae (Fig. 5). The accumulation of 65Zn and 58Co are shown for whole plants
only, as the activity concentration was too low to be detected in the separate parts on
all the sampling occasions (Figs 7, 8). The activity concentrations of Zn and

Co in whole plants followed the variation in the discharges (Figs 7,8).
A comparison of the activity concentration of the different tissues with the

relative biomass of each type of tissue within the algal plants, showed that mature
receptacles in June contained up to 50 % of the 40K and 137Cs within the plants
(Fig. 9). Also, the new receptacles that were beginning to develop during June-July
accumulated Cs and K to a large extent, but the values for new receptacles shown in
Fig. 9 represents the whole new fronds carrying the receptacles. The old tissues
contained most of the accumulated Co until September, while this was the case
for 54Mn only until June (Fig. 9).

The ratio of activity concentrations of Co and Mn between the tissue grown
during the preceding season (1-year-old) and the new vegetative growing tissue
followed the trend of the growth rate of the new vegetative fronds (Carlson unpubl.),

r0.4

•0.3

M A M J J A S O N D

3
(A
OI

Whole plant

Discharge

Figure 7. Activity concentrations (Bq/kg dw) of Zn in pooled samples of whole
plants of Fucus vesiculosus and discharge (GBq) from Barsebäck nuclear power plant.
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58,Figure 8. Activity concentrations (Bq/kg dw) of Co in pooled samples of whole
plants of Fucus vesiculosus and discharge (GBq) from Barsebäck nuclear power plant.
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Figure 9. The percentage of the radionuclides, ^ C o , 54Mn, 137Cs and 40K within the
different tissues of the Fucus vesiculosus plants.
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whereas the opposite was found for 1 3 Cs during summer and no correlation was
observed for 4t)K (Fig. 10).

The variation in activity concentration between individual plants is presented in
Table. 4. The variation was smallest for 60Co and 40K, coefficient of variation (CV)
10-21% and 8-23%, respectively. These radionuclides were also found in the highest
activity concentrations in the algae. The variations in activity concentrations for

Mn are smaller when the activity concentrations are high, which was the case in
September 1984.

The stable isotopes of Zn, Mn and Co showed small seasonal variations (Fig.
11). Cobalt was close to the detection limit of the method used and no marked
seasonal variation was observed at Barsebäck, although there was a tendency towards
a decrease during the summer months when the growth rate was high. Zinc decreased
in concentration during the summer months with the highest growth rate, while the
opposite was observed for Mn (Fig. 11).

Discussion
Differences in activity concentrations between whole plants of different age were
most pronounced between one-year-old and older plants and also most pronounced for
the radionuclides with relatively long half-lives, in this study, 60Co. The same

M J ' J " A ' S ' O ' N ' D

" C o

growth r i t e

Cl

growth rite

Figure 10. Ratio of activity concentrations of 60Co, 54Mn, 137Cs and 40K in 1-year-
old tissue and new vegetative tissue and growth rate (cm/day) of the new vegetative fronds
of Fucus vesiculosus.
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Table 4. Mean activity concentration (Bq/kg dw) and variation (S.E. and CV) of
radionuclides between plants of Fucus vesiculosus, n=10.

5 4Mn

137Cs

40K

Date

830928
840307
840618
840915

830928
840307
840618
840915

830928
840307
840618
840915

830928
840307
840618
840915

Mean

183
741
501
305

13
10
11
38

9
8
10
9

923
820
975
840

S.E.

11
25
33
18

1
2
2
2

1
1
1
1

26
32
71
42

CV

19
10
21
18

27
58
62
15

12
37
35
26

8
11
23
16

pattern of accumulation was observed both in April and November. Being a perennial
alga the older parts of the plants have been accumulating radionuclides over a longer
period and thus measuring whole plants could reflect discharges from several months
or years preceding the sampling. Transplantation of F. vesiculosus from the
Barsebäck area to an almost uncontaminated area showed that about 30 % of the
60Co content in the old parts of the algae were still detected after one year, showing
a long biological half-life in old parts of the algae (Carlson unpubl.). During the
autumn the new vegetative tissues of F. vesiculosus constituted about 80% of the
biomass of the plants and thus the measured bio-accumulation is dependent on what
time of year sampling is carried out, as there is seasonal variation in growth and
chemical composition and this may influence the pattern of accumulation, in
addition to variations in the activity concentrations in the ambient water.

Differences in metal concentration between tissues of different ages have been
observed in F. vesiculosus and Ascophyllum nodosum, with increasing
concentrations with increasing age of tissue, with the exception of stipes (Bryan and
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Figure 11. Concentrations (mg/kg dw) of the stable isotopes of Co, Zn and Mn in
pooled samples of whole plants of Fucus vesiculosus at Barsebäck and growth rate
(cm/day) of the new vegetative tissues.

Hummerstone 1973; Haug et al. 1974; Myklestad et al. 1978, 1979; Eide et al.
1980; Grimnes 1982; Barnett and Ashcroft 1985; Forsberg et al. 1988). The same
pattern was observed for 6 0Co in F. vesiculosus from Barsebäck N, with the
highest activity concentrations in the main thallus compared with stipes and
receptacles, while the highest activity concentrations of 1 3 / Cs and 4 0K were
measured in the receptacles. Buyanov and Boyko (1973) also observed differences in
60Co with thallus age and they reported a 1.6 times higher concentration of 60Co in
4-year-old than in 1-year-old thalli of F. vesiculosus. Chemical composition in
young and old parts of F. vesiculosus from the southern Baltic has been shown to
differ depending on the element investigated, the younger parts contained more K
than the older parts while the Co content was higher in older parts (Bojanowski
1973). The increase in metal concentration with age was, however, not proportional
to age and the content in the receptacles was equal to or lower than in the vegetative
tips in A. nodosum ( Haug et al. 1974; Grimnes 1982) in contrast to °"Co in
F. vesiculosus from Barsebäck N, where the activity concentration was slightly
higher in the receptacles. The uptake of metals in various types of plant tissue
varies. Munda (1986) found a lower uptake of Zn, Mn and Co in receptacles than in
vegetative tips of F. spiralis. New tissues of F. vesiculosus showed higher
uptakes of Co and ^4Mn compared with older tissues at Barsebäck N showing a
higher content of ^4Mn in new fronds and an increase in ^Co to concentrations
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closer to those in the older parts durng autumn and winter. The highest uptake o'Zn
was also found in new fronds compared with older parts of A. nodosum in plants
transplanted from an uncontaminatcd to a metal-contaminated area (Myklcstad et al.
1979; Eide et al. 1980).

Seasonal variation in the content of trace metals has been observed in Fucus
species for several metals, and most pronounced for Zn, with the lowest
concentrations being found during summer (June to September) (van Weer 1972;
Fuge and James 1973, 1974). Fuge and James (1974) suggested that the lower
concentrations during summer could be an effect of dilution due to plant growth, but
the lower uptake of metals in receptacles found by Munda (1986) may also influence
the concentrations in the algae as the fronds with receptacles accounted for more than
50 % of the total fresh weight. The ratio of activity concentrations for °Co and
•^Mn between 1-year-old and new tissues followed the trend of the growth rate of the
new fronds of F. vesiculosus at Barsebäck N. This supports the growth dilution
theory by Fuge and James (1974). The opposite trend was, however, found for
137Cs, while no correlation was observed for 40K, showing that there are differences
in accumulation between these radionuclides. Stable Zn in whole plants also showed
lowest concentrations during periods of highest growth rate, in contrast to Mn.
Seasonal variation in uptake of metals e.g. Zn has also been observed for
A. nodosum with the highest uptake in new tissue during the summer (Eide et al.
1980). In experimental studies with F. vesiculosus the uptake of Zn was higher
in June than in February, while the opposite was observed for 54Mn, and no
variation was observed for 58Co (Carlson unpubl).

In the present study, the activity concentration of radionuclides in the ambient
water was not measured, and the results of the activity concentrations measured in
the algae could therefore only be compared with the monthly reports of discharged
radionuclides from the nuclear power plant (Sydkraft 1984). The variation in the
discharge of radionuclides to the recipient was large, with the highest discharge
occurring during the yearly service of the nuclear plant in July and September 1984.
The content in the different parts of the algae did not always reflect the discharge,
especially not after the high discharge in September. For 60Co, the whole plant
measurements did not reflect the larger discharge in September which the new
vegetative tissue did. For the radionuclides with longer half-lives a higher discharge
during autumn, when about 80 % of the plant biomass consists of the new
vegetative tissue with lower concentrations compared with the older parts, does not
increase the activity concentration measured in whole plants to the same degree as it
would if the higher discharge had occurred during winter or early sprinc before the
growth of the new tissues starts. ^ Mn, with a shorter half-life than 6Cx!o (312 d)
and lower activity concentrations, showed better correlation with the discharge data
for whole plants but the influence from earlier discharged Mn was small compared
with 60Co, whose half-life is about six times longer than that of 54Mn.
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Cs is discharged from Barsebäck but the background from other sources is
large and the activity concentrations in F. vesiculosus along the Scanian coast have
been found to be almost the same in contrast to other radionuclides detected (Mattson
et al. 1980; Dunicc et al. 1985). The discharge of 137Cs from the nuclear power
plant was not even reflected in the algae after the high discharge in September. The
variation in 137Cs in F. vesiculosus at Barsebäck N followed the same seasonal
variation, with higher activity concentration during late May and June, that has been
observed at different localities off the Swedish south coast, also at a locality which is
not influenced by the nuclear power plant (Dunicc et al. 1985). Similar variations
of 137Cs, with the highest activity concentrations in May-June, have also been
observed off the Swedish west coast and in Irish coastal waters (Mattsson 1984;
McAulay and Pollard 1988). Even after the Chernobyl accident on April 26 1986,
the seasonal pattern of accumulation was unchanged and measurements of activity
concentrations in ambient water showed a good correlation with activity
concentrations in the algae (Carlson and Holm 1989). The observed ratio of 137Cs
in Fucus: Cs in water showed a seasonal variation with the highest value during
May to July, indicating that the increased concentrations measured during that period
were due to a combination of higher activity concentrations in the water and higher
ability of the algae to concentrate radiocaesium (Carlson and Holm 1989). During
that time of year the receptacles are mature and accumulate water and Cl and Cl-
linked monovalent cations, Na and K (Munda 1986). This could, to a certain extent,
explain the higher concentrations measured in the algae. At Barsebäck N the
accumulation of both Cs and K was highest in the receptacles in
F. vesiculosus followed by the new vegetative tissue. The percentage of Cs in
the older tissues was less than 50, except in May, and the same was observed for
40K, which shows that the receptacles and the new tissues accumulate these
radionuclides to a higher degree than the older tissues.

Algal plants with identical environmental conditions exhibited marked differences
in their ability to concentrate radionuclides. Individual variation between plants was
rather large, even up to over 50 %, as was observed for 54Mn. However, the activity
concentrations were low and the statistics for these two measurements were
unsatisfactory. Variation both between single plants from the same population and
between subsamples from a sample including several plants have been observed by
other authors. The variation in concentrations of Zn between ten shoots of
A. nodosum was 7-8 % (Haug et al. 1974). To avoid individual variations between
plants, pooled samples of several individual plants are often used in monitoring
studies, but large coefficients of variation (CV) have also been observed on single
occasions when measured on subsamples, CV's of 3 to 45 for metals in
F. vesiculosus and A. nodosum (Preston et al. 1972; Fuge and James 1973;
Foster 1976; Phillips 1979; Grimnes 1982). Grimnes (1982) also found variations
of 5-15 % for Co at different times of the year measured in different tissues of A.
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nodosum. Thompson et al. (1982) suggested that 40K could be used as a correction
factor for the biological variability. However, in this study the ratio between 137Cs
and 40K also showed a high CV, 35-40 %.

Conclusions
Perennial macroalgae, such as F. vesiculosus can be used as bio- indicator
organisms for radionuclides in estuarine and marine environments as they reflect the
discharge from e.g. nuclear power plants. However, several factors may influence the
results and it is therefore important to have knowledge about the autecology of the
algae. Samples consisting of whole plants can be used to study long-term changes as
the uptake of isotopes is integrated over a long time, whereas short-term variations
(days and weeks) can be smoothed out and can be better observed by investigating
new vegetative parts of the algae.

It is important to compare measurements made at the same time of the year as
uptake and accumulation of radionuclides differ due to variation in the growth rate of
the algae and as the percentage of activity concentrations of the differently aged
tissues differs during the year i.e. the new vegetative tissue grown during the
vegetation period accounts for almost 80 % of the total activity concentration of the
thallus.

Variation between individual plants is sometimes so large that either pooled
samples, consisting of several plants, or a number of individual plants must be
investigated to compensate for this variation.

As new vegetative tissue reflects the discharge of radionuclides to the recipient,
only these parts couid be used instead of whole plants. This is of special interest at
localities where the algal population is poor and sampling of whole plants should be
avoided.
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Uptake and release of 54Mn and 60Co in Fucus
vesiculosus L. and its epiphytes

Lena Carlson

Abstract
Fucus vesiculosus with epiphytic Pilayella littoralis was collected at a locality
wiih low contamination of -*4Mn and 60Co and transplanted at a locality in the
vicinity of the Barsebäck nuclear power piant in the Öresund, southern Sweden and
vice versa. The highest uptake of the radionuclides discharged from the nuclear
power plant was observed in the filamentous epiphytic P. littoralis and difference in
uptake of 6 0 Co was also observed between tissues of different ages in
F. vesiculosus, with slightly higher uptake in the new vegetative fronds.
P. littoralis was succeded as epiphyte by Enteromorpha intestinalis and
Cladophora sp. and the highest uptake of both radionuclides was observed in
Cladophora sp. Compared with the native Fucus plants at Barsebäck, the
transplanted Fucus plants showed about the same activity concentrations of Mn
while the 60Co concentrations in the transplanted plants were higher than in the
native plants after about four months.

The release of 54Mn and 60Co was most rapid in the epiphytic P. littoralis.
Biological half-lives calculated from an exponential relation were found to be about
10 days for P. littoralis and about 40 days for new vegetative fronds of
F. vesiculosus. Longer half-lives were found for 1-year-old tissues of
F. vesiculosus: about 95 and 165 days for 54Mn and 60Co, respectively. One year
after transplantation about 30 % of the initial activity concentration of Co was
still present in the older parts of the F. vesiculosus plants.

The differences in uptake of 54Mn and 60Co between the algal species illustrates
the difficulties encountered in comparing results from different algal species.

Introduction
Algae have been used as bio-indicators for radionuclides and metals in marine and
estuarine waters due to their ability to accumulate isotopes from the ambient waters
(Aarkrog 1985, Boelskifte 1985, Carlson and Holm 1989, Duniec el al. 1985,
Forsberg et al 1988, Fuge and James 1973,1974, Ilus et al. 1981, 1983, 1987,
Mattsson et al. 1980, Phillips 1979). Especially perennial brown seaweeds such as
Fucus vesiculosus L., F. serratus L. and Ascophyllum nodosum (L.) Le Jol.
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have been used in Scandinavian v/aters together with the filamentous green
Cladophora glomerata (Aulio 1983). In some areas the occurrence of especially the
perennial brown algal species is poor and only annuals e.g. the green algae
Enteromorpha intestinalis (L.) Link and Cladophora sp. are available. This is the
situation close to the Barsebäck nuclear power plant at Öresund, southern Sweden.
F. vesiculosus is also host for several epiphytic algae such as Pilayella littoralis
(L.) Kjellm., E. intestinalis and Cladophora sp. P. littoralis is common as an
epiphyte on F. vesiculosus during spring and early summer (Rönnberg and
Ruokolathi 1986, Kängas et al. 1982), and in polluted areas Enteromorpha species
can be found epiphytically on Fucus in large amounts (Wallentinus 1979,
Wennberg 1987). Differences in the accumulation of metals between algal species
have been observed and the epiphytes may also influence the accumulation in the
host alga (Forsberg et al. 1988).

The aim of this investigation was to study the uptake and release of radionuclides
in F. vesiculosus in situ and compare them with those of the algae growing
epiphytically on the Fucus plants. In the present study F. vesiculosus with its
epiphyte P. littoralis was transplanted from an area with very low contamination of
the radionuclides studied (Kämpinge) to the vicinity of a nuclear power plant,
Barsebäck and vice versa. During the studied period other annuals, E. intestinalis
and Cladophora sp succeeded P. littoralis as epiphytes on F. vesiculosus.

Material and methods
Ten plants of F. vesiculosus with epiphytic P. littoralis were collected with their
substrate (stones) at Kämpinge, off the southern coast of Sweden, on May 12,1985
and immediately transported to Rörbäck, 0.6 km north of the the Barsebäck nuclear
power plant (Fig.l). The stones with the algae, marked with small plastic rings,
were placed together with the few native individuals. Samples of new vegetative tips
and parts of the transplanted algae which had grown during the preceding year (1-
year-old) together with the epiphyte were collected on 12 occasions: May 12,16,20,
24, 28, June 3, 8, July 18, 31, August 15, September 5 and 26, 1985. From the
middle of June to the middle of July the F. vesiculosus plants were so heavily
overgrown with E. intestinalis that it was impossible to find the transplanted and
marked Fucus plants. Therefore no samples of F. vesiculosus were collected during
a period of about one month. Following P. littoralis, the other epiphytes /. e.
E. intestinalis and Cladophora sp. were collected together with F. vesiculosus. On
four occasions, (May 12, July 18, August 15 and September 26, 1985) samples of
the native F. vesiculosus population at Rörbäck were collected and compared with
the transplanted algae.

To study the release of radionuclides from the algae, ten F. vesiculosus plants
with epiphytic P. littoralis were collected on May 16,1985 at Barsebäck, about 1.7
km to the north of the power plant and transplanted at Kämpinge (Fig.l). The
Fucus population at Rörbäck is very poor and therefore the algae were collected
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Figure 1. Study area

further north, where the activity concentrations in the algae are slightly lower, but as
the main currents in Öresund, over 80 %, flow northwards the activity concentrations
in the algae are highly influenced by the discharge from the nuclear power plant
(Mattsson et al. 1981). Samples of F .vesiculosus containing new tips and tissues
from the preceding year together with the epiphyte were collected on 11 occasions:
May 16, 22, 27, June 2, 17, July 3, 17, 26, August 14, September 7 and October
10,1985. A sample of older parts, including stipes, was collected on September 7,
1985. On June 18 the next year (1986) samples of whole Fucus plants as well as
new tips and older parts of the Fucus were sampled and the activity concentration
measured.

The epiphytes were carefully removed from the F. vesiculosus plants and all
algal samples were dried at 65°C. Pooled samples of the algae were thereafter
analysed gamma spectrometrically with Ge(Li) detectors. The results are given as
mean±SD.

Results
In P. littoralis, new tips and 1-year-old parts of F. vesiculosus collected at
Kämpinge on May 12, 1985, the activity concentrations of 6QCo were 25±9,15±5
and 13±5 Bq/kg dw, respectively. The uptake of 60Co, at Rörbäck near the nuclear
power plant, was rapid and activity concentrations had increased to 185±13, 61 ±9
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and 38±6 Bq/kg dw, respectively, after 4 days. Low concentrations of 54Mn were
also detected in the algae from Kämpinge, 7±3, 5±2 and 7±3 Bq/ kg dw,
respectively. The discharge of 54Mn was lower than that of 60Co (Sydkraft 1985)
and thus the activity concentrations of 54Mn in the algae at Rörbäck were lower than
for 60Co (Fig. 2). The uptake of 60Co was highest in the epiphytic P. littoralis
followed by the new tips of F. vesiculosus (Fig. 2a). No differences in 5 4Mn
uptake were observed between new and 1-year-old parts of/7, vesiculosus (Fig. 2).
The activity concentrations of both °°Co and 5 4Mn in the transplanted
F. vesiculosus reflected well the discharge from the nuclear power plant (Figs 3a,
4a). In P. littoralis there was a very rapid accumulation of 6"Co during the first 8
days followed by a decrease (Fig. 2). In June, the discharge of 60Co was higher than

500-1

Pilayella
Fucus new
Fucus 1-year-old

June „

300

200 "

Pilayella
Fucus new
Fucus 1-year-old

June

Figure 2. Activity concentration (Bq/kg dw) of a) Co and b) Mn in Fucus
vesiculosus (new vegetative and 1-year-old parts) and the epiphyte Pilayella littoralis
after transplantation from a low-contaminated area (Kämpinge) to the vicinity of the
Barsebäck nuclear power plant.
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during May and an increased uptake was observed both in F. vesiculosus and
P. littoralis (Fig. 2a). P. littoralis also showed a high initial uptake of Mn but
this was not as rapid as for 60Co. The uptake of 5 Mn in both P. littoralis and
F. vesiculosus followed the discharge of Mn (Fig. 2).

P. littoralis was succeeded as epiphyte by E. intestinalis, which occurred in such
high quantities that it was impossible to find the transplanted F. vesiculosus
plants. Accumulation of both 6"Co and 54Mn in E. intestinalis was low compared
with the other algal species, but the accumulation increased in August in connection
with the yearly service of the nuclear power plant (Figs 3b, 4b). In August the

Fucus new
A Fucus 1-year-old

Discharge

5000

4000

3000

2000

1000

0

P. littoralis

E. intestinalis

Cladophora sp

Figure 3. Discharge (GBq) of 6 0Co from Barsebäck nuclear power plant and activity
60concentration (Bq/kg dw) of Co in a) Fucus vesiculosus (new vegetative and 1-year-old

parts) and b) in epiphytic Pilayella littoralis, Enteromorpha intestinalis and
Cladophora sp.
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Figure 4. Discharge (GBq) of Mn from Barsebäck nuclear power plant and activity
concentration (Bq/kg dw) of Mn in a) Fucus vesiculosus (new vegetative and 1-year-old
parts) and b) in epiphytic Pilayella litloralis, Enteromorpha intestinalis and
Cladophora sp.

filamentous alga Cladophora sp. was found epiphytically on F. vesiculosus. The
uptake of radionuclides was high in this alga and the activity concentration of 54Mn
was about 2.5 times that in F. vesiculosus (Figs 3b, 4b). In the beginning of
September the activity concentration in F. vesiculosus decreased, while it continued
to increase in Cladophora sp. The accumulation of 6 0Co was also high in
Cladophora sp. but the difference between this and F. vesiculosus was smaller than
for 54Mn (Figs 3b, 4b).

The activity concentrations of ^4Mn and 60Co in the F. vesiculosus transplanted
from Kämpinge to Barsebäck were compared with those measured in the native
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plants (Tables 1, 2). In May the highest activity concentrations of both Mn and
Co were observed in the older parts of the thalli, which had been exposed for a

longer period. Thereafter, the new tips increased their content faster than the old
parts, and thus all parts of the algae showed the same activity concentrations of
^4Mn at the end of September, as did the transplanted algae (Table 2). For 60Co the
differences between old and new tissue were even more pronounced due to the longer
half-life of this radionuclide. Up until August the differences between native and
transplanted algae, with higher activity concentrations in the native plants, was
obvious but at the end of the study the accumulation was higher in the transplanted
algae (Table 1).

Activity concentrations in new tips and 1-year-old parts of F. vesiculosus and in
P. littoralis at Barsebäck at the time of transplantation were 20fttl2, 700±20 and
120±12 Bq/kg dw for 60Co and 23±4, 97±7 and 23±4 Bq/kg dw for 5 4 Mn,
respectively. Upon transplantation to the low-contaminated area the release of
radionuclides varied between the epiphytic P. littoralis and F. vesiculosus and also
for the different tissues of F. vesiculosus (Figs 5, 6). The release was highest from

Table 1. Activity concentrations of Co (Bq/kg dw) in Fucus vesiculosus transplanted
(transpl.) from Kämpinge to Rörbäck and in native F. vesiculosus at Rörbäck (native).

Date
1-year-old

native transpl.
new tips

native transpl.

850512
850718
850815
850926

1574±31
1126123
1185124
1168124

131 5
237117
332113
1552131

4211 8
288112
797124

926119

151 5
208110
508120

1414129

Table 2. Activity concentrations of Mn (Bq/kg dw) in Fucus vesiculosus
transplanted (transpl.) from Kämpinge to Rörbäck and in native F. vesiculosus at
Rörbäck (native).

Date
1 -year-old

native transpl.
new tips

native transpl.

850512
850718
850815
850926

193118
981 7
981 9
861 9

71 3
341 7
621 8
941 7

128110
631 7
901 8
871 8

51 2
371 6
671 8
1021 7
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Figure 5. Release of Co (Bq/kg dw) from Fucus vesiculosus (new vegetative and 1-
year-old parts) and from epiphytic Pilayella liUoralis measured in algae transplantatcd
from a contaminated area (Barsebäck) to a low-contaminated area (Kämpinge).
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Figure 6. Release of Mn (Bq/kg dw) from Fucus vesiculosus (new vegetative and 1-
year-old parts) and from epiphytic Pilayella littoralis measured for algae transplantated
from a contaminated area (Barsebäck) to a low-contaminated area (Kämpinge).

P. littoralis for both 54Mn and 6^Co followed by the new vegetative tissues of
F. vesiculosus. The fluctuation in 6 0Co concentration in the older tissue is
probably caused by the variation among the algae and not by increased accumulation
from the water. The activity concentration of 60Co in this area is very low and if
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there was a net accumulation this should also have been reflected in the new tissue.
The release of Co and Mn from P. littoralis and from new tips and 1-year-old
tissue of F. vesiculosus was best described by exponential functions (At=Aoexp(-kt)
were AQ= activity concentration at 1=0, At=activity concentration at time t and
k=ln2/t1,2) except for 54Mn in new parts (r2= 0,956, 0,874, 0,666 and 0,767,
0.411, 0,797 for °°Co and 54Mn, respectively). Biological half-lives (t1/2) were
calculated from the exponential relations and were found to be about 10 days in
P. littoralis and about 40 days in the new vegetative tissues in F. vesiculosus for
both 54Mn and Co. In the 1-year-old parts of F. vesiculosus the calculated
biological half-lives were 95 and 165 days for 5 Mn and Co, respectively. The
biological half-lives are calculated from the measured decay-corrected activity
concentrations in the algae.

One year after the transplantation of the algae to Kämpinge, measurements on the
old parts, mostly stipes, of the algae still showed 60Co activity concentrations of
189±20 Bq/kg dw, whereas the whole plant only contained 3O±5 Bq/kg dw. The
activity concentration in the old part on September 7, 1985 was 389±25 Bq/kg dw.
This shows that the old tissues of F. vesiculosus binds Co very strongly.

Discussion
The algae used in the present study represent different thallus morphologies. The
brown alga Pilayella littoralis and the green alga Cladophora sp. are filamentous,
the green alga E. intestinalis is monostromatic and the brown alga F. vesiculosus
is parenchymatous and flat. Thin sheet-like and filamentous algae with higher
surface-area-to-volume ratio, have been shown to have higher productivity and
nutrient uptake than thick, leathery algae such as F. vesiculosus (Littler and
Arnold 1982, Wallentinus 1984). Higher uptakes of 54Mn and 60Co were also
observed for the filamentous algae P. littoralis and Cladophora sp. while
E. intestinalis showed an even lower accumulation of Co than F. vesiculosus
(Figs 3, 4). P. littoralis accumulated 2-4 times more 54Mn and 6 0Co than
F. vesiculosus. The green algae, E. intestinalis and Cladophora sp., which
succeeded P. littoralis as epiphytes on F. vesiculosus showed different
accumulation abilities with the highest accumulation of ^ Mn and Co in the
filamentous Cladophora sp.. Low uptakes of 58Co and 54Mn in E. intestinalis
compared with new tips of F. vesiculosus was also observed in laboratory
experiments, while the uptake of both radionuclides was significantly (8-10 times)
greater in the filamentous alga Cladophora sp. and the red alga Ceramium
tennuicorne (Carlson unpubl).

The uptake of radionuclides and metals in algae varies not only between species
but also between tissues of different ages within the alga (Eide et al. 1980,
Myklestad et al. 1979, Nakahara et al. 1975). A slightly higher uptake of 6 0 Co
was observed in the new growing tissue of F. vesiculosus compared with the older
parts during the first month after transplantation, and this was even more pronounced
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after the high discharge from the power plant in August. For Mn no differences
were observed during the first month but the accumulation was slightly higher in the
new tissue during the high discharge. The new growing tissue also seemed to better
reflect the discharge of Mn. Similar trends, with the highest uptake of metals in
the growing tips, have been observed after transferring A. nodosum to an area with
higher metal pollution (Eide et al. 1980, Myklestad et al. 1979). Eide et al.
(1980) observed differences in exchange between metals and also seasonal differences
with a higher uptake of Zn during the summer months. They also showed that the
newly grown tissue of transferred plants attained the same heavy-metal concentration
as the local plants during a three and a half month period, while the older tissues
increased their content, but to a lesser degree. At Rörbäck and Barsebäck the local
population showed increasing contents of " C o and 54Mn with age, which has also
been observed in situ for both Fucus species and A. nodosum (Barnett and
Ashcroft 1985, Bryan and Hummerstone 1973, Forsberg et al. 1988, Hus et al.
1981,1983, Myklestad et al. 1978). For 54Mn both the transplanted and the native
populations showed about the same activity concentration after about four and a half
months, while the activity concentration of 60Co was markedly higher in the
transplanted algae after the same period. There is no obvious explanation of this and
only suggestions can be made, such as variation between plants, differences in the
condition of the plants or perhaps varying amounts of residual epiphytes or other
particles on the tissues.

The biomass of the epiphytes on F. vesiculosus varies seasonally. The highest
values of biomass, 110-170 mg dw /g dw Fucus, have been recorded in May-June
and September in sheltered areas in the archipelago of Åland (Rönnberg and
Roukolahti 1986). The biomass of epiphytes in the Baltic Sea increased during the
early 1980's and values as high as 123% of F. vesiculosus biomass were recorded in
June 1981 at Tvärminne off the south coast of Finland (Kängas et al. 1982). In
studies from the south coast of Sweden, the variation was large between plants; the
percentage of biomass of epiphytes, on a dry weight basis {PMttoralis on
F. vesiculosus) varied in May from 5 to 64 % (mean 34±21, n=10). During
periods with high epiphytic biomass the epiphytes may affect the results of metal
monitoring using F. vesiculosus. Epiphytes have a higher surface-to-volume ratio
and may compete for nutrients and metals. Consequently, F. vesiculosus with
epiphytes shows lower concentrations relative to water than F. vesiculosus without
epiphytes. It is sometimes difficult to completely remove the epiphytes. This may
affect monitoring studies by increasing the apparent concentrations. Measurements
on F. vesiculosus with and without epiphytes from the Stockholm archipelago
showed higher concentrations of Mn in Fucus plants with epiphytes while no
differences were observed for Co, probably because of very low concentrations of Co
(Forsberg et al. 1988).

To function as a good indicator the algae must not only take up the radionuclidcs
but also release them again to reflect the fluctuations in the ambient water. Release
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of both 54Mn and o0Co was obvious for both P. littoralis and the different tissues
of F. vesiculosus. Differences both between species and between differently aged
tissues within the same plant has been reported lor 60Co by Nakahara et al. (1975)
with the highest loss from the new tissue. In the present study, estimations of the
biological half-lives showed shorter times for 54Mn and Co in new tissue (about
40 days) while longer half-lives (about 95 and 165 days, respectively) were found in
the tissue grown during the previous season. Mattsson et al. (1980) calculated the
biological half-life for whole plants of F. vesiculosus at Barsebäck and suggested a
half-life of 45-75 days for 54Mn, 58Co, 60Co and 65Zn. Their calculations were
based on the assumption that a constant linear function described the radionuclide
increase in the algae after a release of unit activity from the nuclear power plant.
Uptake and release of metals vary with the season, and consequently biological half-
lives will also vary. Due to the seasonal change in biomass of the different tissues
within the plants, calculations of half-lives in whole plants may vary greatly. Co
was bound strongly in the stipes, and the activity concentration of Co was still
189 Bq/kg dw over a year after transplantation, while the whole plant of
F. vesiculosus only contained about 30 Bq/kg dw. This shows that using different
parts of the algae when studying radionuclides with relatively long half-lives or
metals, can give information about changes in water concentrations of different
elements over a longer period. This work only consists of a single transplantation
experiment and large variations between seasons may occur. Differences between
winter and summer were observed by Eide et al. (1980). The Zn was released from
A. nodosum during summer but not during winter and the uptake varied, with the
highest uptake being observed during the summer months.

The release pattern of zinc in different tissues in transplantation studies of
A. nodosum also varied with the highest release in new growing tissues (Eide et
al. 1980). Eide et al. (1980) and Fuge and James (1974) suggested that dilution by
growth could explain part of the decrease. Growth may have affected the release of
54Mn and 60Co at Kämpinge as the growth rate is highest during the period studied.
The growth increase measured as length of the new tips was almost linear with time
and the length doubled in 45 days. However, as the concentration of both 60Co and
54Mn decreased in both the new and old tissues of F. vesiculosus, growth of the
algae can only partly be responsible for the decrease in activity concentration as
growth occurs mainly in the apical parts of the alga. Phenols in brown algae have
been shown to have high affinities for metals. As phenols are also released from the
algae with increasing rate as a function of light intensity, excretion of phenols can
be another explanation of the release of metals (Ragan and Jensen 1979, Ragan et
al. 1979).

Conclusions
The uptake of 60Co and 54Mn varied between species with different thallus
morphologies and also between tissues of different ages of F. vesiculosus. The
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highest uptakes of Co and Mn were found in the filamentous annuals
P. littoralis and Cladophora sp.

The discharge of °Co and Mn from the Barsebäck nuclear power plant was
well reflected in F. vesiculosus transplanted in the vicinity of the power plant and
thus transplantation of F. vesiculosus can be useful when monitoring radionuclides.

The release of 6 0Co and 54Mn from F. vesiculosus and the epiphytic
P. littoralis occurred after transplantation to waters with low pollution by
radionuclides. The highest release was observed from P. littoralis followed by the
new vegetative tissue in F. vesiculosus.

It is important to consider the biology (autecology, physiology) of different algal
species when they are used as bioindicators and it should be borne in mind that
results from different species are not directly comparable.
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Radioactivity in the Baltic Sea following the
Chernobyl accident

Lena Carlson and Elis Holm
Departments of Marine Ecology and Radiation Physics, University of Lund

Abstract
The brown alga Fucus vesiculosus L. has been used as a bio-indicator for the
investigation of the impact of the Chernobyl accident with respect to the spatial and
temporal distribution of radionuclides in the Baltic Sea. The investigations were
performed in July 1986, about two months after the accident, and in August-
September 1937. In July 1986 the gamma-emitting radionuclides l34Cs, 1 3 'Cs ,
103Ru, 106Ru and 110Agm were detected in F. vesiculosus along the Swedish east,
south and southwest coasts. The activity concentrations of 137Cs varied from 600
Bq/kg dw at the northernmost locality (Simpnäs) to 20-25 Bq/kg ciw at the south east
coast. In August-September 1987 the activity concentrations of radiocaesium had
increased with a factor 2-3 at most localities off the Swedish east coast, compared
with the results from 1986. Regarding transuranics and 99Tc the impact was small
and we did not observe any increase of these radionuclides in the algae. The later
effects of the radionuclide contamination in the Baltic Sea, primarily caesium, from
Chernobyl were studied at one locality on the Swedish south coast from April 1987
to November 1988. A pronounced increase in the activity concentrations was
observed during 1988 indicating an outflow of water, containing relatively higher
levels of Chernobyl derived radionuclides, from the Bailie Sea.

Introduction
Anthropogenic radioactivity in the Baltic Sea originates from several sources such as
global fallout from nuclear weapons tests and releases from nuclear power plants and
European nuclear fuel reprocessing plants. Since April 26 1986 the Chernobyl
accident constitutes another important source of radionuclides in the Baltic Sea.

Inventories of radionucUdes in water, sediment and bioindicators, e. g.
F.vesiculosus L., have been performed by the countries surrounding the Baltic Sea
(Aarkrog 1985, IAEA 1986a). Before the Chernobyl accident the activity
concentrations of, for example, * Cs were almost invariant in the Baltic Proper
(DHI 1987, Duniec et al. 1985) but great variations were observed following the
accident since the fallout was inhomogeneously distributed.
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Since the Baltic is one of the seas significantly contaminated by the Chernobyl
accident, it is of special interest to investigate the impact of radionuclides from this
source on this aquatic area. In the present study, the activity concentrations of
radionuclides have been measured in the brown alga F. vesiculosus along the east
and south coasts of Sweden in order to investigate the impact of the Chernobyl
accident with respect to the spatial and temporal distribution of radionuclides. The
investigations were performed in July 1986, about two months after the accident, and
in August-September 1987.

The temporal variation of gamma-emitting radionuclides, primarily 134Cs and
137Cs, from the Chernobyl accident was measured in F. vesiculosus from a locality
on the south coast of Scania from April 1987 to November 1988. From November
1987 water samples from the same locality were also analysed.

Material and methods
Random samples of F. vesiculosus were collected from the uppermost metre at 33
localities from Simpnäs (1) to Görvik (i3) (Fig. 1). In July 1986, about 2 months
after the Chernobyl accident, 30 localities were visited and in August-September
1987, 31 localities. Most of these localities had also been visited in October 1982
and in May-June 1983.

The F. vesiculosus plants were cleaned of epiphytes, air-dried at a temperature of

N

t

300 Km

Figure 1. Sampling localities of Fucus vesiculosus (for further information see Tables
1-4).
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20°C and ground. The amounts of gamma-emitting radionuclides measured by
gamma spectrometry using a Ge(Li)-detector. Samples from the algae were also
ashed at 55O°C and levels of 238Pu, 2 3 9+2 4 Opu and 2 4 1 Am were measured by alpha
spectrometry after radiochemical separation according to the method of Bojanowski
et at. (1983) and Holm (1984). " T c was determined according to the procedure
described by Holm et al. (1984).

The later effects of the radionuclide contamination in the Baltic Sea, primarily
caesium, from Chernobyl were studied by the collection and analysis of
F. vesiculosus from three localities off the southeast Scanian coast (24, 26, 27)
during the spring and summer of 1987. The samples from these localities showed
similar patterns of radionuclidc uptake and we decided to continue collecting Fucus
samples at one locality only, Kämpinge (27). Algae were thus collected each month
from April 1987 to November 1988 and analysed using gamma spectrometry. From
December 1987 the sampling also included water samples. About 25 1 of water were
evaporated and the salt and remaining paniculate matter were analysed by gamma
spectrometry. From April 1988 one water sample from each sampling occasion was
filtered through a 45jim membrane filter.

Results and discussion

Gamma-emitting radionuclides
In July 1986, about 2 months after the Chernobyl accident, the gamma-emitting
radionuclides, 134Cs, 137Cs, 103Ru, 106Ru and 1 1 0Agm were detected in all the
Fucus samples collected along the Swedish east, south and southwest coasts (Table
1). In the samples from localities 1 to 23 on the east coast, 95Zr was also detected
(Table 1).

The highest activity concentrations were observed at Simpnäs (1) the northern-
most locality in this investigation, and adjacent to the land area which received the
highest fallout deposition in Sweden from the Chernobyl accident (Persson et al.
1986). Even higher concentrations of radiocaesium were reported further north where
the deposition fallout was higher e. g. in F. vesiculosus collected outside the
Forsmark Nuclear Power plant (Grimas et al. 1986). Grimas et al. (op. cit.) also
reported higher concentrations in the green alga Cladophora sp. collected along the
coast northwards from Simpnäs. For the two localities in Scania (24. 26) with
significantly higher radionuclide concentrations than the rest of the Scanian
localities, we have no explanation.

Activity concentrations of 137Cs varied from 600 Bq/kg dw at the northernmost
locality Simpnäs (1) to 20-2S Bq/kg dw at the south east coast in July 1986.
Compared with earlier investigations of radionuclides in the Baltic in 1982 and 1983,
with mean activity concentrations of 9±2 and 12±2 Bq/kg dw, respectively, (Duniec
et al. 1985) this is an increase in the 137Cs concentration of 2-5 times ir most of
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Table 1. Activity concentrations (Bq/kg dw) of gamma-emitting radionuclides in Fucus
vesiculosus from the Baltic Sea iii July 1986, mean±SD (nd=not detected).

Locality

1
2
3
4
5
6
7
8
9

10
12
13
14
15
16
17
18
19
20
22
23
24
25
26
27
28
29
30
31
32
33

Simpnäs
Furusund
Bromskär
Glyxnäs
Sandhamn
Stavsnäs
Dalarö
Hummelvik
Fyrudden
Homs udde
Dragskärsbadct
Revsudden
Ekerum
Kape 1 ludden
Ainesriv
Stenkyrkchuk
Ygne
Grogarn
Grunnet
Svanhalla hamn
Matvik
Landon
Baskcmölla
Svarle
Kämpingc
Barsebäck
Lerhamn
Arild
Torekov
Kattvik
Görvik

Date

860708
860707
860707
860707
860706
860706
860705
860704
860704
860704
860703
860703
860703
860703
860723
860723
860723
860723
860723
860702
860711
860702
860702
860702
860718
860717
860721
8o0721
860723
860723
860713

I 3 4Cs

34911'
5 3 1 :

I 3 7Cs

1 600+29
\ 110+6

711 4 138+ 7
441 2 911 5
191
201
101
131
191
101
71

121
121
251
101
12+
201
14 +
43+ \

9 +
9 +

1 41+ 2
1 461 3
1 261 1

301 2
I 461 3
1 261 1
1 201 1
1 281 2
1 281 2
1 571 3
1 241 1
1 27+ 2
1 421 2
1 291 2
1 891 5
1 231 1
1 241 1

188110 352119
6+

541 :
171
1 7 1 :
141
151
141
131
191

1 19+ 1
5 1 0 7 1 5
1 40+ 2
1 361 2
1 341 2

341 2
331 2
271 1
411 2

103Ru

181+14
121 2
241 2
191 4
121 1
141 2
141 2
311 4
321 7
221 3
121 2
221 2
19+ 2
191 2
15+ 1
14+ 2
121 2
491 3
651 4
241 2
23+ 2

138113
50+ 4

1051 6
861 7
521 8
391 5
30+ 4
301 4
511 4
811 5

106Ru

136+18
nd

161 4
61 2

101 3
111 3
101 3
171 4
12+ 4
131 3
81 2

181 4
141 3
12+ 2
131 3
111 3
11+ 3
401 6
621 8
171 3
19+ 3
85113
341 5
691 9
651 9
281 8
421 7
341 6
34+ 6
481 6
62+ 8

95Zr

2814
5+1
811

nd
1011
1212
1512
1213
13+3
3+1
8+1
311
511
8+2
311
9+2
8+1

60+4
14+1
8+1
5+1

nd
511

nd
nd
nd
nd
nd
nd
nd
nd

" % -

8915.0
4+1.0
9+1.0
3+0.5
310.5
3+0.5
2+0.5
310.5
210.5
1+0.3
110.3

nd
210.5
310.5
510.5
2+0.5
3+0.5
2+0.5
1+0.3
1+0.5
1+0.3

1511.0
110.3
6+0.5
3+0.5
511.0

1011.0
16+1.0
23+1.5
1311.0
1111.0

«K

705145
877+50
682143
776+48
700144
766148
846+53
800+50
956159
702143
620+38
562+35
635+40
931+56
558+35
659+41
672+42
652141
865154
680+42
671141
710142
799+49
804+50
665+42
777148
959+59
935+58
913156
808150
8812:54

the Fucus samples (Fig. 2). Before the accident 134Cs was generally not detected in
F. vesiculosus.

During August-September 1987, more than one year after the Chernobyl accident,
the activity concentrations of gamma-emitting radionuclides in F. vesiculosus
showed a different pattern. The highest concentration of radiocaesium was still found
at Simpnäs (1), 217 Bq/kg dw (Table 2) but the value had decreased to one third
compared with 1986. At most of the other localities off the Swedish east and south
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Figure 2. Activity concentrations (Bq/kg dw) of Cs in Fucus vesiculosus from ihe
Baltic Sea in 1983, 1986 and 1987.

coasts the activity concentrations of radiocaesium had increased by a factor of 2-3
compared with the results from 1986, but had decreased slightly at the southwes*
coast (Fig. 2). Lower concentrations of Cs were also reported from Danish coasts
in 1987 compared with 1986 (Aarkrog et al. 1988c). 106Ru and 1 1 0Agm were only
detected at a few localities, partly due to their physical decay (Table 2).

The activity ratio 134Cs/137Cs was 0.50 on May 6 1986, calculated from core
inventories and total release values from Chernobyl given by IAEA (1986). In
F. vesiculosus from the Baltic the activity ratio 134Cs/137Cs was 0.45±0.05 in
July 1986, which is in agreement with the ratio calculated from the values given by
IAEA (1986) which correspond to 0.47-0.48 in July 1986. The activity ratio was
highest at locality 1 (Simpnäs) 0.58, and decreased southwards where the fallout was
lower. The Chernobyl contribution calculated from the values of 134Cs and the
decay-corrected activity ratio ^^Cs/1^ Cs measured in the Fwcuj-plants in July
1986 varies from about 70% to 100%. Aarkrog (1988) gives a slightly higher value
of 0.54 for the ratio of 134Cs/137Cs in Chernobyl debris on April 26 1986, based
on measurements on four different samples at different distances from Chernobyl.
Decay-corrected to July 1986, this gives a ratio of 0.50-0.51, which indicates a
smaller contribution from the Chernobyl fallout observed in the algae.

The mean activity ratio of 1 3 4Cs/1 3 7Cs was O.35±O.O3 in F. vesiculosus in
August-September 1987. The ratio calculated from the values given by IAEA (1986)
is 0.33 for September 1987. The decay-corrected ratio from Aarkrog (1988) is 0.35,
which is the same as that found from the analysis of the algae. This indicates that
almost all of the radiocaesium in the coastal areas of the Baltic originated from the
Chernobyl accident. However, at the southwest coast of Sweden the Chernobyl
contribution was about 90%, calculated from the ratio given by Aarkrog (1988)
which might be a more correct ratio to use in this area.
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Table 2. Activity concentrations (Bq/kg dw) of gamma-emitting radionuclides in Fucus
vesiculosus from the Baltic Sea in August-September 1987, mean+SD (nd=not detected).

1
3
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Locality

Simpnäs
Bromsk.^r
Sandhamn
Stavsnäs
Dalarö
Hummelvik
Fyrudden
Horns udde
Kråkelund
Dragskärsbadet
Revsudden
Ekerum
Kapelludden
Ainesriv
Stenkyrkehuk
Ygne
Grogarn
Grunnet
Ekenäs
Sv anhålla hamn
Matvik
Landön
Baskemölla
Svarte
Kämpinge
Barsebäck
Lerhamn
Arild
Torekov
Kattvik
Görvik

Date

870828
870828
870830
870830
870830
870831
870831
870831
870831
870831
870901
870901
870901
870920
870920
870920
870924
870924
870901
870901
870902
870902
870902
870902
870907
870908
870917
870917
870917
870917
870909

134Cs

89±5
77+4
54+3
74±4
72±4
62±3
17±1
38+2
38+2
29+2
22+1
20+1
29±2
28+2
31+2
29+2
17±1
17±1
20±l
25±2
15±1
16±1
19±1
18±1
9±1

14±1
8±1
7±1
6±1
8±1
8±1

137Cs

217±9
203±9
14417
199±9
190±9
16418
4712

10315
10415
7814
59+3
5713
8314
7714
9015
7014
4813
4712
5513
7614
4412
4712
5213
5013
2812
4112
2711
2111
1911
2411
2411

106Ru

2215
813
511
612
812

nd
nd
nd

1013
nd
nd
nd

412
512

1013
612

nd
nd

612
612

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

H0Agm

2712
711
411
411
411

nd
nd
nd
nd
nd
nd
nd
nd

3+1
511
411
211

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

40K

490131
464129
476129
554134
701143
617138
619138
605138
557134
593+36
575135
515130
723144
526132
634140
599+36
496131
493131
600137
771147
541133
759147
735145
707144
567133
814150
984160
820150
903155
932157
859136

The isotope ratio varied with distance from Chernobyl (Aarkrog 1988) and thus in
a bioindicator the variation is even larger due to the different abilities of the
bioindicators to concentrate the different radionuclides. The isotopic ratios
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134Cs/137Cs and 103Ru/106Ru, for example, remained constant with the distance
from Chernobyl, the ratio for isotopes of radiocaesium was comparable to those
given by the USSR (IAEA 1986) but the ratio of 103Ru/106Ru was found to be
somewhat higher (Aarkrog 1988) than that given by the USSR. The ratio of

Ru/ Ru in F. vesicutosus in July 1986 was 1.44±0.5, which is comparable
to the decay-corrected ratio calculated from Aarkrog (1988) of 1.40±0.2.

The activity concentration of Cs in surface water of the Baltic Proper was
about 15 mBq/1 before the Chernobyl accident (DHI 1987). During a cruise with the
research vessel "Gauss" belonging to the Deutsches Hydrographisches Institut in
Hamburg, in October-November 1986 the distribution of radiocaesium was
investigated in the Baltic Sea region. The highest concentration was observed in the
Åland Sea with more than 500 mBq/1137Cs (DHI 1987). The 137Cs concentrations
decreased southwards to about 35 mBq/I around the southern part of Sweden. This
fallout pattern agrees with the reported deposition at adjacent land areas (Persson et
al. 1986).

Results from August 1987 given by DHI (Nies pers. comm.) show a transport of
the more contaminated water southwards. Our results from the F. vesiculosus
investigation in August-September clearly reflect this southward transport of the
radionuclides. Slightly higher concentrations of 137Cs in the Baltic proper in 1987
compared with 1986 were also reported from Finland (Ikäheimonen et al. 1988), but
the highest Cs concentrations in F. vesiculosus were measured in 1986 (Hus et
at. 1988).

Alpha-emitting radionuclides
Activity concentrations of 2 3 9 + 2 4 0 p u and 241Am in F. vesiculosus in July 1986
and September 1987 were lower than activity concentrations measured in 1983
(Tables 3,4, Holm et al. 1987). Mean concentrations of Pu in 1986 and 1987 were
68±8 and 56±5 Bq/kg dw of F. vesiculosus, respectively. Differences between the
east and west coast were measured during the investigation in 1983, 170±50 and
100±30 Bq/kg dw, respectively (Holm et al. 1987). During 1986 and 1987 our
work was focused on the east coast and only a few samples of F. vesiculosus were
collected from the southern part of the west coast. However, differences between the
east coast and the south-southwest coast were observed, 75±11 and 48±5 Bq/kg dw,
respectively, in 1986 and 62±8 and 39± 6 Bq/kg dw, respectively, in 1987.
Mean activity concentrations for 2 Am in F. vesiculosus from the Baltic in 1986
and 1987 were 23±3 and 19±3 Bq/kg dw respectively, and geographically separated
into cast and south- southwest the results were ^3±3 and 24±6 Bq/kg dw in 1986 and
22±3 and 11 ±2 Bq/kg dw in 1987, respectively. These concentrations correspond to
the results from 1983, 25±5 and 14±2 Bq/kg dw, respectively (Holm et al. 1987).
The general environmental activity concentrations of 241Am are increasing due to
the decay of 241Pu.

The results from the Pu and Am measurements show that the Chernobyl accident
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Table 3. Activity concentrations (mBq/kg dw) of Pu and Am in Fucus vesiculosus from
the Baltic Sea in July 1986, mean+SD (nd=not detected, nm=not measured).

Locality

1 Simpnäs
2 Furusund
3 Bromskär
4 Glyxnäs
5 Sandhamn
6 Stavsnäs
7 Dalarö
8 Hummelvik
9 Fyrudden

10 Horns udde
12 Dragskärsbadet
13 Revsudden
14 Ekerum
15 Kapelludden
16 Ainesriv
17 Stenkyrkehuk
18 Ygne
19 Grogarn
20 Grunnet
22 Svanhalla hamn
23 Matvik
24 Landön
25 Baskemölla
26 Svarte
27 Kämpinge
28 Barsebäck
29 Lerhamn
30 Arild
31 Torekov
32 Kattvik
33 Görvik

Date

860708
860707
860707
860707
860706
860706
860705
860704
860704
860704
860703
860703
860703
860703
860723
860723
860723
860723
860723
860702
860711
860702
860702
860702
860718
860717
860721
860721
860723
860723
860713

238pu

10±4
10±4
12±5
21±8

7±4
nd

13±4
32±9
14±5
5±2
4±2

12±3
nd
nd

3±2
nd

2±1
8±3

nd
nd

5±2
42+9

3±1
nd

13±5
7±4

12±4
13±5

nd
5±2

11±3

239+240pu

120±35
35± 8

121±19
58±13
81+10
42±10

100± 7
69±10
75±11
64±13
82±12

113± 8
75±1O
62± 7
38± 5
30± 8
31± 4
40± 7
96±20
52± 8
45± 6

268±30
36± 6
40±15
54±11
26± 8
55± 8
54±10
45± 9
36± 4
75± 7

2 4 1Am

32±4
nm

18±5
7±4

23±5
20±5
15±5
11±4
25±6

nd
7±3

20±7
21±4
43±9
7±3
4±2

20±9
15±5
36±7
13±5
42±9
5O±6
50±7

nd
29±8

nm
42±3
33±9
13±4

nm
28±5

did not contribute of these alpha-emitting radionuclides to the Baltic environment.
For transuranics, sediment inventories might give a better indication of the
Chernobyl impact on the Baltic regions, while chemical reactions and adsorption on
paniculate matter in the water will remove them rapidly from the water. However,
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Table 4. Activity concentrations (Bq/kg dw) of Pu and Am in Fucus vesiculosus from
the Baltic Sea in August-September 1987, meaniSD (nd=not detected, nm=not measured).

Locality

1 Simpnäs
3 Bromskär
5 Sandhamn
6 Stavsnäs
7 Dalarö
8 Hummel vik
9 Fyrudden

10 Horns udde
11 Kråkelund
12 Dragskärsbadet
13 Revsudden
14 Ekerum
15 Kapelludden
16 Ainesriv
17 Stenkyrkehuk
18 Ygne
19 Grogarn
20 Grunnet
21 Ekenäs
22 Sv anhåll a hamn
23 Matvik
24 Landön
25 Baskemölla
26 Svarte
27 Kämpinge
29 Lerhamn
30 Arild
31 Torekov
32 Kattvik
33 Görvik

Date

870828
870828
870830
870830
870830
870831
870831
870831
870831
870831
870901
870901
870901
870920
870920
870920
870924
870924
870901
870901
870902
870902
870902
870902
870907
870917
870917
870917
870917
870909

238 p u

nd
nd
nd

4±2
nd
nd

9±3
nd
nd
nd
nd
nd

4±2
nd
nd
nd

3±1
59±9

nd
2±1
6±2

nd
nd
nd
nd
nd
nd
nd
nd
nd

239+240pu

56±17
57±10
36+11
25± 6
51± 9
49± 6
36± 6
45±10
90±18
45± 9
74±13
86±11
84+11
47+ 8
67±10
60±10
43±11

156±22
111±18
82± 9
43±11
44± 8
44± 8
40± 7
46± 8
27±10
67±10
35± 8
41± 9
47± 8

2 4 1 Am

24± 7
27± 8
22± 8

5± 1
33± 8
12± 3
11± 5
27±10

nm
nd

19± 8
11± 5
29±10
4± 2

nd
47±12

nd
52± 9
44±12
25± 7
21± 8
15± 5
24±12
17± 6

nm
11± 6
6± 3

nm
10± 4
14± 5

the activity ratio 2 3 9 + 2 4 0Pu/1 3 7Cs in the fallout over Sweden from the Chernobyl
accident was only of the order of 10"4-10"6 compared with 10"2 in the fallout from
nuclear detonation tests. The higher values (10"4) represent fallout from the first
Chernobyl emission (April 27) and the lower values (10"6) fallout a week later, as a
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result of bringing the fire under control (Holm et al. 1989). The dominant alpha
particle emitter in the Chernobyl fallout was 242Cm with an activity ratio to
239+240^ o f a b o u t 20. The activity ratio 238pu/239+240pu w a s 047 j n t n e

Chernobyl fallout over Sweden (Holm et al. 1989) compared with 0.025 in nuclear
weapons test fallout and about 0.04 in the environment after the SNAP-9A satellite
accident in 1964. The ratio in algae did not change significantly after the Chernobyl
accident which agrees with the deposition of Pu isotopes being small, with the
exception of 2 4 1Pu. The 241Pu/239+240Pu a c t j v j t > r a t { 0 w a s a b o u t g6 in the

Chernobyl fallout, compared with about 6 in the environment before the accident.
Levels of 241Am might therefore, in certain areas, increase significantly with time.

Technetium-99
The main contributors to the 99Tc content in the Baltic Sea are fallout from nuclear
weapons testing in the 1950s and 1960s and inflow from liquid discharges from
nuclear reprocessing plants in Western Europe. Earlier measurements on
F. vesiculosus from the Baltic Sea during October 1982 and May-June 1983 showed
activity concentrations of 1.310.1 and 3.0±0.3 Bq/kg dw, respectively (Holm et al.
1986). The activity concentrations were constant in the Baltic Sea with slightly
higher values from the south coast thus the background concentrations of 99Tc
before the Chernobyl accident were low. As the Baltic Sea is one of the seas
contaminated by the Chernobyl fallout one would expect to find increased
concentrations of Tc in the Baltic if the Chernobyl-produced 9 Tc was present in
the fallout. Measurements on water from the Baltic during October and November
1986, collected from the research vessel "Gauss", showed, however, that the
Chernobyl accident did not contribute significantly to the 99Tc levels in the Baltic
Sea (Aarkrog etal. 1988b). The activity concentrations in surface seawater before
the accident were about 70 mBq/m3 and less than 100 Bq/m3 after the accident
(Holm et al. 1986, Aarkrog et al. 1988b). Our measurements on F. vesiculosus
in July 1986 and August-September 1987 showed only slightly higher activity
concentrations than during 1982 and 1983; 3.8±0.4 and 3.5±0.3 Bq/kg dw,
respectively (Table 5). The ratio 99Tc/137Cs in the Chernobyl debris was only
about 10'5 (Aarkrog et al. 1988b) compared with 1.4 '10'4 in nuclear weapons test
fallout. The ratio of 99Tc in Fucus: 99Tc in water in the Baltic was calculated to be
about 40 000:1 (Holm et al. 1986) and the ratio for 137Cs Fucus: 137Cs water
in the Baltic Sea about 500:1 (Aarkrog 1985). Despite the fact that the ratio
F«c«j:watcr for 99Tc is about 80 tim - higher than for 1 3 7Cs, there was no
increased activity concentration of >. This agrees with that there was no
substantial contamination of 99Tc from the Chernobyl accident, which is surprising
since several compounds of Tc are volatile.

Gamma-emitting radionuclides during 1987 and 1988
In the investigations in the Baltic in 1982 and 1983 we found almost constant
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Table 5. Activity concentrations (Bq/kg dw) of Tc in Fucus vesiculosus from the
Baltic Sea in July 1986 and August-September 1987, rnean+SD. For further information
see Tables 1-4.

1
3
5
6
7
8
9

10
11
12
13
14
15
16

17
18

Locality

Simpnäs
Bromskär
Sandhamn
Stavsnäs
Dalarö
Hummelvik
Fyrudden
Horns udde
Kråkclund
Dragskärsbadct
Revsudden
Ekcrum
Kapell udden
Aincsriv
Stenkyrkehuk
Ygne

1986

nm
2.2+0.1
4.810.1
5.610.1
5.4+0.1
2.810.1
5.3+0.1
2.010.1

nm
4.4+0.1
2.310.1
1.710.1
2.3+0.1
2.610.1
2.3+0.1
3.0+0.1

1987

3.510.1
2.710.1
3.2+0.1
4.510.1
4.810.1
2.0+0.1
2.4+0.1
2.010.1
2.010.1
2.510.1
2.6+0.1

nm
2.3+0.1

nm
nm

3.810.1

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Locality

Grogarn
Grunnet
Ekenäs
Svanhalla hamn
Matvik
Landön
Baskemölla
S vårte
Kämpinge
Barsebäck
Lerhamn
Arild
Torekov
Kattvik
Görvik

1986

2.210.1
4.910.1

nm
4.110.2
6.010.1
3.210.1
5.810.2
4.4+0.1
7.710.1

30.810.1
50.8+0.2
79.1+0.2

108.010.2
96.010.3
75.010.2

1987

2.7+0.2
2.7+0.1
3.5+0.1
3.4+0.1
4.410.1
4.7+0.1
4.2+0.1
4.1+0.1
7.9+0.1

13.8+0.1
60.010.2
74.7+0.2
75.0+0.2
77.0+0.2
47.7+0.1

activity concentrations of 137Cs in F. vesiculosus along the coast with small
differences observed between the two sampling occasions; 9±2 and 12±2 Bq/kg dw,
respectively. To accurately compare and interpret results from studies at different
times of the year we investigated the seasonal variation of radiocaesium in F.
vesiculosus at four localities along the Scanian coast (Landön, 24, Barsebäck, 28,
Ålabodarna, Lerhamn, 29) during 1983. During this study we observed higher
activity concentrations during the beginning of the summer, May and June (Fig. 3).
Measurements on F. vesiculosus at three localities along the Scanian east coast
during April to September 1987 also showed higher concentrations in May (Table
6). Local differences in concentration were observed, but the general pattern was the
same (Table 6). Similar seasonal variations of 137Cs has also been observed from
the Swedish west coast and Irish coastal waters (Mattsson 1984, McAulay and
Pollard 1988).

At Kämpinge (27) where we studied the effect of the Chernobyl fallout on the
concentration of radiocaesium in F. vesiculosus during a longer period we found
about 1.5 times higher activity concentrations of radiocaesium in May-June 1987
(Fig. 4). The concentrations decreased during early autumn but increased in
November and reached a maximum activity concentration in early June 1988; about
2 times higher than during the autumn (Fig. 4).

After the Chernobyl accident the activity concentrations in seawater increased to
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1T4 1 %1

Table 6. Activity concentrations of Cs and Cs (Bq/g dw) in Fucus vesiculosus

from Landön (24), Svarte (26) and Kämpinge (27) in 1987, mean±SD.

Date

870415
870515
870723
870902

Landön
134Cs

21±1
24±1
18±1
16±1

137Cs

56±3
62±3
52±3
47±2

Svarte
134Cs

14±1
21±1
17±1
17±1

137Cs

36±2
54±3
50+3
50±3

Kämpinge
134Cs

15±1
18±1
15±1
10±l

137Cs

39±2
53±3
43+2
30±2

levels that made accurate determination of activity levels easier. The concentration of
134Cs and 137Cs in the water at Kämpinge varied between 19±2 and 33±3 mBq/1
and 67±4 and 122±6 mBq/1, respectively, with the highest concentrations observed
in June 1988 (Fig. 5). The activity concentration of radiocaesium in the water from
November 1987 to November 1988 followed the activity concentrations in the algae
(Fig. 6). This indicates that a rapid equilibrium between radiocaecium in water and
algae is established. The ratio Fucus:water showed a seasonal variation with
slightly higher values in May-June (Fig. 7) which indicates that this peak is a
combination of higher concentrations in the water and higher ability of the algae to
concentrate the radiocaesium during this period. For K we did not notice any
seasonal variation of the ratio Fucus:water (Fig. 7).

18

16

* 12-
p

<
z io

Lerhamn
Ålabodarna
Barsebäck
Landön

A J A O D
1983

F AA

137Figure 3. Activity concentrations of Cs (Bq/kg dw) in Fucus vesiculosus from four

Scanian localities (Landön, Barsebäck, Ålabodarna, Lerhamn) in 1983 and 1984.
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Figure 4. Activity concentrations of 1 3 4Cs and 1 3 7Cs (Bq/kg dw) in Fucus vesiculosus
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1 3 4 1 3 7Figure 5. Activity concentrations of 1 3 4Cs and 1 3 7Cs (Bq/1) in water from Kämpinge
(27) during 1988.

The higher activity concentrations during 1987 and 1988 compared with 1986
reflect a southward transport of contaminated water. Lower salinity of the water in
June 1988, about 6 °/oo compared to about 7.5 °/oo, also indicated an outflow of
the less saline water with higher activity concentrations from the Baltic Sea.
Measurements in water from the Baltic showed higher values in August 1987 than in
October 1986 southwards along the Swedish coast (Nies pers. comm.). In Danish
waters an increase in surface water of 137Cs was observed from the easternmost
localities in May 1987, indicating an outflow of more radioactive water from the
Baltic (Aarkrog et al. 1988a).

Water samples from Kämpinge (27) were also filtered through a 45|0JTI filter to
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Figure 7. The observed ratios Fucus vesiculosus to water for Cs and K at
Kämpinge (27) during 1988.

determine the paniculate fraction of radiocaesium. Caesium is mostly found in the
soluble phase in seawater and only a few % is found in the paniculate phase in
offshore water. In coastal water the paniculate phase can be slightly higher and in
our measurements we found up to about 10 % to be associated with particles, which
was reported as the highest value in coastal waters by Mitchell and Steele (1988).
However, the differences between filtered and unfiltered water were not significant and
measurements on the filters showed only 1-2 % particle-bound caesium.
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Conclusions
The Chernobyl accident has contributed to the radioactivity in the Baltic Sea
primarily concerning radiocaesium. Regarding transuranics and 99Tc the impact was
small and we did not observe any increase of these radionuclides in F. vesiculosus.

The increase of 137Cs in F. vesiculosus in July 1986, about two months after
the Chernobyl accident, was 2-5 times compared with earlier measurements along the
Swedish east and south coasts. However, large differences were observed due to the
inhomogenous distribution of the fallout. Along the east coast an increase was
observed in August-September 1987 while the opposite was observed at the
northern-most localities where the contamination was greater.

Chernobyl was the dominating source of radiocaesium in the marine environment
from the period April 1986 to October 1988. A pronounced increase in the
concentration of radiocaesium was observed along the Swedish south coast during
1988 indicating a southward transport of contaminated water.

Acknowledgement
This investigation was supported by the National Radiation Protection Institute
(SSI). We also thank Deutsches Hydrographisches Institut (DHI), Hamburg, for
logistic support on board RV "Gauss".

References
Aarkrog, A. (1985). Bioindicator studies in Nordic waters. Nordic Liaison Committee for

Atomic Energy, Report NKA REK-5B, Ris0, Denmark. 74 pp.
Aarkrog, A. (1988). The radiological impact of the Chernobyl debris compared with that

from nuclear weapons fallout. J. Environ. Radioactivity 6, 151-162.
Aarkrog, A., Bötter-Jensen, L., Chen Qing Jiang, Dahlgaard, H., Hansen, H., Holm, E.,

Lauridsen, B., Nielsen, S. P. and Sögaard-Hansen, J. (1988a). Environmental
radioactivity in Denmark in 1986. Riso-R-549. 272 pp.

Aarkrog, A., Carlson, L., Chen, Q. J., Dahlgaard, H., Holm, E., Huynh-Ngoc, L.,
Jensen, L. H., Nielsen, S. P. and Nies., H. (1988b). Origin of 9 9 Tc and its use as a
marine tracer. Nature vol 235, 338-340.

Aarkrog, A., Nielsen, S. P., Dahlgaard, H., Lauridsen, B. and Sogaard-Hansen, J.
(1988c). Slutraj.portering af Ris0s male-program (Fi se 3) i förbindelse med
Tjernobylulykken. Risö-M-2692.

Bojanowski, R., Fukai, R., Ballestra, S. and Asari, H. (1983). Determination of natural
radioactive elements in marine environmental materials by ion-exchange and alpha-
spectrometry. Paper No 9. Lab of Government Chemists London, RITS No 74.

DHI. (1987). Die Auswirkungen des Kernkraftwerkunfalles von Tschernobyl auf Nord- und
Ostsee. Meereskundliche Beobachtungen und Ergebnisse Nr 62. 67 pp.

109



Duniec, S., Carlson, L., Hallstadius, L. and Holm, E. (1985). Fucus vesiculosus L. as a
bio-indicator for Cs in the Baltic Sea and Kattegat. In: Proc. of Seminar on the
behaviour of radionuclides in estuaries.Commission of the European Communities.,
229-240.

Grimas, U., Neuman, G. and Nötter, M. (1986). Tidiga erfarenheter av nedfallet från
Tjernobyl. NationaJ Swedish Environmental Protection Board, Report 3264, 65 pp.

Holm, E. (1984). Review of alpha-particle spectrometric measurements of actinides Int.
Journal, of Applied Radiation and Isotopes, 35, 285-290.

Holm, E., Rioseco, J. and Garcia-Leon, M. (1984). Determination of Tc in
environmental samples. Nuclear Instruments and Methods in Physics Research 223,
204-207.

Holm, E., Rioseco, J. and Mattsson, S. (1986). Technetium-99 in the Baltic Sea. In:
Technetium in the environment. (G. Desmed and C Myttenaere, eds) Proc of a Seminar
on the behaviour of technetium in the environment, Cadarache, France, 23-26 October
1984. Elsevier Applied Science Publ. 61-68.

Holm, E., Duniec, S., Hallstadius, L. and Carlson, L. (1987). En radioekologisk studie av
Östersjön. National Radiation Protection Institute (SSI) Report 274:84. 22 pp.

Holm, E., Aarkrog, A., Ballestra, S. and Lopez, J. J. (1989). Fallout deposition of
actinides in Monaco and Denmark following the Chernobyl accident. In: Proc. of The
impact of nuclear origin accidents on the environment. Cadarache, France. A22-36.

IAEA. (1986a). Study of radioactive materials in the Baltic Sea. Vienna, IAEA TECDOC-
362. 189 pp.

IAEA. (1986b). Report by the International Nuclear Advisory Group. Vienna, IAEA.
Safety Series No. 75-INSAG-l.

Ikäheimonen, T., Hus, E. and Saxen, R. (1988). Finnish studies on radioactivity in the
Baltic Sea in 1987. Finnish Centre for Radiation and Nuclear Safety, Helsinki. Report
STUK-A82 Supplement 8 to Annual Report 1987. 35 pp.

Ilus, E., Klemola, S., Sjöblom, K-L. and Ikäheimonen, T. (1988). Radioactivity of
Fucus vesiculosus along the Finnish coast in 1987. Finnish Centre for Radiation and
Nuclear Safety, Helsinki. Report STUK-A83 Supplement 9 to Annual Report 1987. 36
pp.

Matsson, S. (1984). 137Cs in algae from the Swedish west coast, 1967-1983. In
Radiation-Risk-Protection (ed A. Kaul et ai), 901-4, Fachverband ftir Strahlenschutz
eV, Jiilich, BRD.

McAulay, I. R. and Pollard, D. (1988). Fucus vesiculosus as an indicator for caesium
isotopes in Irish coastal waters. In Radionuclides: A tool for oceanography (ed J. C.
Guary, P. Guegueniat and R. J. Pentreath) Elsevier. 304-311.

Mitchell, N. T. and Steele, A. K. (1988). The impact of Caesium-134 and -137 from the
Chernobyl reactor accident. J. Environ. Radioactivity 6, 163-175.

Persson, C , Rodhe, H. and De Geer, L.-E. 1986. The Chernobyl Accident: A
meteorological analysis of how radionuclides reached Sweden, Report RMK 55.
(Swedish Meteorological and Hydrological Institute, Norrköping).

110



Theses produced as monographs or collections of papers/manuscripts with summary at the
Department of Ecology, Limnology from 1978. Number refer to internal serial numbers.

1001. WILHELM RIPL. Oxidation of lake sediments with nitrate - a restoration method
for former recipients. 1978.

1002. GUNILL/ LINDMARK. Algal assay research in programs for eutrophic lake
management. 1979.

1003. STELLAN HAMRIN. Populationsdynamik, vertikalfördelning och födoval hos
siklöja, Coregonus albula L., i sydsvenska sjöar. 1979.

1004. GUNNAR ANDERSSON. Långtidsmässiga vattenkemiska förändring <• i några
svenska sjöregioner. 1980.

1005. GERTRUD CRONBERG. Phytoplankton changes in Lake Trummen induced by
restoration. 1980.

1006. MAGNUS ENELL. The phosphorus economy of a hypcrtrophic seepage lake in
Scania, South Sweden. 1980.

1007. MICHAEL COVENY. Phytoplankton production and transport of photo synthetic
carbon to bacteria. 1980.

1008. LENNART PERSSON. Food consumption and competition in a roach (Rutilus
rutilus) and a perch (Perca fluviatilis) population with special reference to
intraspecific resource partitioning. 1982.

1009. STANISLAW LAZAREK. Structural and functional aspects of epiphytic and benthic
algae in the acidified Lake Gårdsjön, Sweden. 1983.

1010. OLOF LESSMARK. Competition between perch (Perca fluvuatilis) and roach
(Rutilis rutilis) in south Swedish lakes. 1983.

1011. PER LARSSON. Transport routes of polychlorinated biphenyls (PCBs) in aquatic
ecosystems. 1983.

1012. LARS LEONARDSSON. N2 fixation by blue-green algae in two south Swedish
lakes - methodology and effects of sewage diversion and lake restoration. 1984.

1013. LARS COLLVIN. Effects of copper on perch Perca fluviatilis L. in freshwater
laboratory systems. 1985.

1014. LENA B.-M. PETERSEN. Field and laboratory studies of the biology of three
species of Hydropsyche (Tricoptera: Hydropsychidac). 1987.

1015. GUNNAR GAHNSTRÖM. Metabolic processes in sediments of acidified and limed
lakes with special reference to Lake Gårdsjön, SW. Sweden. 1987.

1016. CHRISTER MULLER. Studies on periphyton production and consumption. (Fil.
Lic.) 1988.

1017. LARS-ANDERS HANSSON. Structuring "orces for periphytic and planktonic algal
biomass development. 1989.

1018. LARS TRANVIK. Bacterioplankton in humic lakes - a link between allochthonous
organic matter and pelagic food webs. 1989.

1019. STEFAN E.B. WEISNER. Emergent vegetation in eutrophic lakes: distributional
patterns and ecophysiological constraints. 1990.

1020. LENA CARLSON. Effects of biotic and abiotic factors on the accumulation of
radionuclides in Fucus vesiculosus L.



Contents

Introduction

Seasonal variation in growth, reproduction and nitrogen
content of Fucus vesiculosus L. in the Öresund, southern
Sweden. 21

Seasonal variation of radionuclides in Fucus vesiculosus L.
from the Öresund, southern Sweden. 39

Uptake and release of 54Mn and ^Co in Fucus vesiculosus L.
and its epiphytes. 61

Effects of salinity on the uptake of radionuclides in
Fucus vesiculosus L. 77

Radioactivity in the Baliic Sea following the Chernobyl
accident. 95

ISBN 91-7105-007-8
SE-LUNBDS/NBLI-90/1020 + 112 p

Printed by
Grahns Boktryckeri, Lund, Sweden

1990


