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BIOINDICATORS FOR MONITORING RADIOACTIVE POLLUTION OF THE
MARINE ENVIRONMENT
Experiments on the feasibility of Mytilus as a bioindicator

in estuarine environments - with some comparisons to Fucus

Henning Dahlgaard

Abstract. Mussels (Mytilus edulis) are globally used as bio-
indicators for pollution of coastal and estuarine environments
by metals and radionuclides. The aim of this work has been to
improve the use of Mytilus edulis as a bioindicator by gaining
knowledge on its accumulation and loss of certain radionuclides
(GSZn, 57Co, 54Mn, 51Cr, 59Fe and 134Cs) under different field-

comparable environmental conditions.

A laboratory cet-up in which natural concentrations of suspended
phytoplankton are kept constant for weeks was evolved for the
accumulation experiments with mussels. It is argued that con-
tinuous feeding at very low (natural) levels is necessary if
field-comparable experiments are to be performed with suspension
feeding bivalves.

Accumulation via food intake was studied by comparing experiments
with different concentrations of contaminated phytoplankton
(Phaeodactylum tricornutum). This comparison showed no effect of
varying the phytoplankton concentration.
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Decreasing the salinity and increasing the temperature elevated
the influx (initial rate of accumulation) of the radionuclides.

During one year excretion experiments were performed by weekly
wholebody countings of laboratory contaminated mussels which had
been re-introduced in their natural environment. A seasonal ef-
fect on the biological half life was detected for §52n.

It is concluded that mussels are useful bioindicators provided
the variability due to environmental factors, e.g. season and
salinity, is taken into consideration.

Brown algae, expecially Fucus vesiculosus, were used to trace

the controlled liguid discharges (mainly 60Co, 58Co, 65Zn, 54Mn

110m

and Ag) from two Swedish nuclear power plants (Barsebdck and

Ringhals). Fucus showed higher accumulation than Mytilus.

Transfer factors between discharge and sample from a specified
location are presented. It is argued that these transfer factors
may be useful in estimating the magnitude of an uncontrolled ac-
cidental release of activity and its transport to man.
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ABBREVIATIONS AND UNITS

Ci:

CR:

CF:

SD.:

*x

becquerel: the unit of radioactivity in the SIl-system =

1 disintegration s 1 (= 27 pCi)

curie: the "old"™ unit of radioactivity used in this re-

port = 3.7 » 2010 Bq (= 2.22 » 1012 apm)
milli: 1073; mci = 37 x 10% Bg

mikro: 1078; uci = 37 x 103 Bq

nano: 10°2; nCi = 37 Bq

pico: 10712; pci = 0.037 Bq

pCi g~ of organism

concentration ratio: after a speci-

pCi m~1 of water
fied period of accumulation

concentration factor: CR at steady-state

X /2(§-x1)2
standard deviation: T
standard error:\/ —

n(n-1)

the significance test the following symbols were used:

probably significant (P > 95%)
significant (P > 99%)

***: highly significant (P > 99.9%)

In Appendix III the following symbols were used for counting
errors:

A:
B:

relative standard deviation 20-33%
relative standard deviation >33%, such results are not
considered significantly different from zero activity






1. GENERAL INTRODUCTION

The use of bioindicators in monitoring several pollutants in
aquatic environments is often described (see e.g. Philips 1977a;
Goldberg et al. 1978). In this context "bioindicators® are
organisms whose radionuclide or stable metal contents are used to
indicate the level of radicactive or trace metal pollution in the
sampling area. Several reasons for using bioindicators in stead of
water samples can be mentioned: 1) An integration of fluctuating

levels is made over a period of time, 2) due to accumulation, the

limit of detection is lowered, 3) an estimation can be made of
transfer to humans via edible organisms and 4) there is the highest

sensitivity for the most biologically available physicochemical

species, i.e., if a radionuclide exists on a certain form, which is
not accumulated in the bioindicator, it is - ideally - neither ac-
cumulated in species used for human food, and is thus less important
than if it had existed on a highly available form.

However, the period of integration and the rate of accumulation
and loss may vary, e.g. with season and location. Such variations
have often been stressed (cf. the discussion), but much work is to
be done before the mechanisms are so well understood that they can
he acrounted for in bioindicator programmes. FPurthermore, if tne
bioindicator is used to map the distribution of total concen-
trations in water, irrespective of chemical and physical form and
potential transport to man, the above mentioned point 4 is to be
congsidered as a possible source of error.

Irrespective of the relatively limited knowledge on different bio-
indicators' ability to concentrate different pollutants and on the
variation of their accumulation with e.g. season, location and
salinity, or, in other words, irrespective of lacking knowledge of
the radioecological sensitivity and sarjabjility (cf. Aarkrog 1979),
bioindicators are already widely used to identify polluted areas.
The American "Mussel Watch” (Goldberg et al. 1958) is perhaps the



most widely known example, but all over the world several other
projects are utilizing the common mussel, Mytilus edulis, as a
bioindicator. Jergensen (1975a) stressed the importance of field-
comparability in laboratory experimenrts on suspension feeding and
regretted that this point has often been neglected. The lack of
field comparability is even more obvious in experiments on metal
accumulation by suspension feeding mussels, conducted without feed-
ing and without control of filtering activity (cf. Chapter 2.4.1.).

The idea of the present work has been primarily to establish a
laboratory set-up in which food conditions are made relatively
field-comparable and in which mussels show natural filtering ac-
tivity; and secondly then to improve the available knowledge of
accumulation and loss of certain radionuclides by Mytilus edulis
in experiments which are as field-comparable as possible with re-
spect to food, filtering activity and metal concentrations. Fur-
thermore it was intended to evaluate the guality of the laboratory
work and to gain experience in the practical use of bioindicators
by running a field programme near two Swedish nuclear power plants
Barsebdck and Ringhals.



2. EXPERIMENTS ON ACCUMULATION AND LOSS OF $52n, 57co, S%mn,
Sicr, 3%e AND 134Cs BY THE MUSSEL MYTILUS EDULIS

é.1. Introduction

The common blue mussel, Mytilus edulis, is &4 sedentary suspension
feeder. It's food consists of particles above ~1 ym, e.g9. phyto-
plankton cells, which it filters out of huge volumes of water
(cf. Chapter 2.4.1). The water to be filtered is transported
through the large and highly specialized gills due to ciliary
movements, and the gills are also responsible for the particle
retainment and the transport to the mouth (Jergensen 1966).

The sedentary habit and the filtering activity are important
aspects when selecting Mytilus as a bioindicator organism. The
tendency to accumulate trace elements is also important although
other bivalves show higher concentrations (Brooks and Rumsby
1965, Goldberg et al. 1978, Harris et al. 1979). However, the
reasons why Mytilus has been chosen as an international bioindi-
cator in stead of other bivalves is, that it is nearly glohally
distributed except in tropical areas, it is commonly found in
very dense populations in coastal waters and it is found far into
estuarine areas and even in metropolitan harbours.

Another point sometimes mentioned is that Mytilus is a suitable
laboratory animal with relatively limited demands. This is,
however, only partly true. As will be further elucidated in the
discussion, nearly all previously published radionuclide and
metal accumulation experiments with mussels have been conducted
without intended feeding, and if the mussels are fed, it is not
done in a field-comparable way. The ease with which mussels are
brought to survive in long-term laboratory experiments has led
to numerous results. However, as a response to poor laboratory
conditions mussels may stop the water transport and even close
the valves for periods of time leading to results without interest
for natural field conditions.

In the evolved set-up, described in Chapter 2.2.4 and Appendix I,
the mussels are continuously fed low levels of phytoplankton, and
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their natural filtering activity is demonstrated by sesasuring the
rate of clearance. This set-up has been used to elucidate the
effect of different levels of food, temperature and salinity omn
the initial rate of accumulation of 6 radionuclides by Rytilus
edulis.

Loss studies should be made over very long periods of timse, at
least several months, in order to separate the very slov compart-
ments, which are indeed the most interesting from a bioindicator
point of view. As mentioned above, it is not easy to maintain
mussels under natural conditions in long term laboratory studies,
and most experiments on loss of radionuclides from mussels are
probably not cosparable to field conditions. In the study de-
scribed in this report, whole body loss measurements during one
vyear wvere made on aussels contaminated in the laboratory and re-

introduced to their natural environment (Appendix II and Chapter
2.2.6).

2.2. Materials and Methods

2.2.1. Sea Water

Sea water for the experiments was collected below the halocline
in the Kattegat near Hessele (56010°N, 11C47°E). Salinity was
28-34°/00 as measured by titration with AgNO; or densitometric.
The water was stored in 50 1 polyethylene containers with open
lids at approximately 5°C. Initially pH decreased to about 6 and
increased again to 7-8 before use. Immediately before use the sea
vater was diluted to the desired salinity with demineralized
(ion-exchanged) or glass-distilled water and if the pH was below
7.7, it was adjusted to 7.8-8.0 with NaOH.

Throughout the experiments the total radionuclide level was
measured by evaporating 5.00 ml samples of experimental sea water
on aluminium trays for y-spectrometric analysis (Chapter 2.2.7).
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rhavex 3:1-3-1- Pesopen - is were stoched by Byesws thewedy during the accliont ten ang
cupetinrats. Theve Boshets fitted iate Lhe Sussel Squorive IFiquee 1 bs Agpandis ).

2.2.2. Russels

Ccmmon blue mussels (Mytilus edulis) with shell lengths of 3-4 ca
were collected in Roskilde Fjord from the Rise-pier, at sxlinities
of 14-152/00 (cf. Table 2.2.8.2). It was the intention to conduct
all the experimerts with these animals, but this appeared to be
impossible as they stopped filtering at the low salinity (89/00).
Experiments at 8%/00 are thus conducted with animsls from the
southern part of @resund collected near Redvig at salinities of
9-109/00.

The water temperature at sampling varied between 3 and 20°C.
Epifauna and byssus threads were removed from the shells, and the
sussels were transported to the laboratory in sea water fros the



- 12 -

sampling location. Prior to the experiment, the animals were
"acclimated™ to experimental temperature and salinity for 3-4
days. During the acclimation, 6-10 animals on a Perspex basket
(Figure 2.2.2.1) were immersed in 1 1 of aerated experimental
sea water, which was changed 1-2 times pr. day. The animals had
attached themselves to thc Perspex baskets with byssus threads
before experiments started, and was not removed from it until
the time of sacrificing. Three baskets fitted into the mussel
aquarium of the set-up (see Figure 1 of Appendix I). Before

they were sacrificed, the mussels were washed in running
demineralized water and opened by cutting the posterior adductor
ruscle. The open animals were quickly washed and soft tissues
were removed from the shells. The soft parts were dried at 105°C
in glass vials for y-counting. FPresh and dry weight of soft parts
and dry weight and length of shells were recorded (cf. Table
2.2.8.2).

Stable metals were not measured during the experiments, but levels
of 2Zn, Mn and Fe in animals from the two locations were not atypi-
cal compared to the rest of Denmark (location 41 and 35 in

Philips 1977c and 1978),

2.2.3. Supply of phytoplankton cells: Chemostatic Culture

The supply of algal cells was provided from a chemostatic culture
of Phaeodactylum tricornutum. Stock cultures were kindly de-
livered by Dr. Grethe Meller Christensern, Marine Biological
Laboratory, Helsinger.

The culture was reared in 10 1 glass flasks (Figure z.2.3.1) and
kept at constant temperature (16-17°C) in a cooling bath. The
algae were continuously illuminated by 7 fluorescent light tubes
(Philips TL 20W/33). The spectral composition of this light
source is equivalent to common coastal water types at a depth of
6 m except for some additional radiation in the interval 400-
S00 nm (Steemann-Nielsen and Willemoés 1971). The light inten-

sity was approximately 7 k lux at the surface of the culture
flask as measured by a "H & B Beleuchtungmesser EBLX 3". The
chemostat was aerated and stirred by a constant flow of sterile
(0.22 um Millipore filtered) compressed air bubbling slowly
through the culture.
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Chemostatic set-up for phytoplankton culturing. Medium (6) is continuously pumped into the

Figure 2.2.3.1.

culture (2) by & peristaltic pump (5). The culture is aerated by 0.22 um Millipore-filtered compressed air
(3,4). A sterile air vent (7) and air inlet in the medium flask throuoh a 0.22 um Millipore filter (8)
prevents airborn infectiong, The culture flask is directly connected to the mussel feeding apparatus by

sterile tuoing (1) through a peristaltic pump.

The algal medium used was sterile N- and P-enriched stored
natural sea water. This simple medium, only providing relatively
slow growth but obviously supporting the basic requirements of
Phaeodactylum tricornutum, was used in order to minimize additions
of trace metals and complexing agents to the mussel experiments.
Sea water for the medium was collected and stored as described

in Chapter 2.2.1. After dilution with glass-distilled water to
the desired salinity (209/00), the sea water was filled into

10-2 glass medium flasks. If the pH was below 7.7 it was adjusted
to 7.8 - 8.0 with NaOH. The medium was sterilized by two heatings
to approximately 759C in a water bath with an interval of one
day. After cooling, 1 g NaNO3 and 0.2 g NajHPO4 were added as
sterile solutions. The medium was continuously pumped into the
chemostat by a peristalcic pump (Cole Parmer Masterflex).
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Only glass and silicone rubber was used for the chemostatic

set up. These materials have been found non-toxic to marine
phytoplankton cultures, whereas several other materials used

in laboratory equipment are more of less toxic (Bernhard and
Zattera 1970). All equipment used was sterilized by autoclaving,
and care was taken not to contaminate the chemostat when siphoning
off culture. During mussel experiments with the turbidostatic
set-up, the peristaltic pump for algal injection was connected
directly to the culture through sterile silicone tdbing. This
connection did not lead to contamination as the peristaltic
pump (Cole Parmer Masterflex) tightly closed the tubing. New
sterile tubing and clean sterile culture flasks were provided
when wall-growth or precipitation of algae occurred.

The growht rate of the culture was relatively slow. The mean

culture generation time during steady state growth:

ced

where w is rate of dilution (d~1) was calcuiated during one year
of culturing to 15.421.3 (SE, n=14) days. The corresponding
mean cell generation time calculated as

T= 1 1ln 2

was thus 10.7 days. The culture generation time and cell generation
time were calculated as indicated by Kubitschek (1970).

The culture and medium were contaminated by the same concentrations
of radionuclides as the sea water in the mussel experiments (Table
2.2.7.1). At some occasions it was observed that the addition of
radionuclides including carrier trace metals to a slowly growing
culture accelerated the growht rate for some days, implying that
one 6r more trace metals have been present in minimal amounts.
However, experiments conducted by D'Elia et al. (1979) do not
demonstrate a vitamin or trace metal requirement in excess of

that present in N- and P-enriched natural sea water. Unlike

other cultured diatoms, not even a silicium requirement could be
demonstrated. This can be explained by the cell wall of
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Phaeodactylum tricornutum which is almost entirely organic

(Borowitzka and Volcani, 1978).

Some authors considers Phaeodactylum tricornutum a poor bivalve
food and make an effort to avoid it in marine farming (D'Elia
et al. 1979), while Wilson (1978) claims it to be a desirable
food species in bivalve hatcheries. This is further supported
by Riisgdrd and Randlev (1981) who showed Phaeodactylum tri-
cornutum was able to support growth of Mytilus edulis éuccess-

fully in the laboratory.

2.2.4, The mussel feeding apparatus - a turbidostatic set-up

The evolution of an extremely sensitive turbidostatic set-up
designed for maintaining low and relatively constant levels of
phytoplankton in laboratory experiments with mussels was one of
the primary aims of this work. The idea of making this set—up
was inspired by discussions with Riisgdrd, who constructed an
improvement of Winter's (1973) apparatus (Riisgdrd and Mehlen-~
berg 1979). The benefits of using this type of set-up in pol-
lutant accumulation studies will be dealt with in Chapter 2.4.1
and Appendix I. It should only be underlined that the set-up
facilitates continuous feeding at low levels which assures an
optimal digestion of the contaminated food particles, and that
clearance rates are measured continuously, thus obtaining an
index of animal condition.

The design and performance of this set-up has been published
(Appendix I}, and will, therefore, be only briefly described
here.

The principle of the apparatus is a turbidostatic regqgulation of
the algal concentration. The experimental sea water is continu-
ously puﬁped through a 60-cm "cuvette” where the turbidity is
monitored by a photocell system. The turbidity is kept constant
by automaticly injecting phytoplankton cells from a chemostatic
culture (Chapter 2.2.3), By placing mussels in a small volume of
water which is exchanged several times per minufe, recirculation
of already filtered water is effectively prevented (see Appendix



I). Thus, in this set—up, the measured rate of clearance is
identical to the mussels' pumping rate. Clearance rates are cal-
culated from particle countings (Chapter 2.2.5) of the exper-
imental water and the phytoplankton culture throughout the exper-
iments and from the recorded amount of phytoplankton culture

injected during the time in calculation (see Appendix 1).

Figure 2.2.4.1 shows selected parts of a recorder track from one
of the experiments. Initially (Section A), the turbidity decreases
sharply due to the mussels' filtering of suspended matter in the
sea water. The apparatus cannot operate properly unless "back~
ground” turbidity is constant.. A decrease in the background
turbidity results in an increase in the phytoplankton concen-
tration, as the apparatus maintains a constant total turbidity by
regulating the injection of pinytoplankton culture. At zero time,
the automatic algal injection is started after the desired concen-
- tration is made up. During the rest of the experiment the actual
phytoplankton concentration is repeatedly measured by a Coulter
Counter (Chapter 2.2.5), and when deviations from the desired
level is noted, the turbidity controller is adjusted. Often a
decrease in algal concentration is observed indicating an in-
crease in the background turbidity. This may be explained by
resuspension of faeces or by coloring from mussel or phyto-
plankton excretion products. In an ultimate 3-week experiment

(see Appendix 1), this was equilibrated by continuously renewing
the water at a rate of 4.6 liters of the 30 liters per day. The
function of the apparatus will probably be further improved by
applying a more efficient settling aquarium for trapping the
faecal particles., The differences of Sections B and C illustrates
the flexible function of the apparatus, At the high total clear-
ance rate (25 animals), the injections are much more numerous

than at a lower clearance rate (4 animals), and the algal concen-
tration is thereby kept constant. After removal of the last ani-
mals, the turbidity was slowly increasing (Figure 2.2.4.1 - D)
partly due to resuspension or cell division of the plankton algae.
Based on the Coulter Counter measurements, a total negative "clear-
ance” of -4 ml/minute was measured. As compared to the 123 ml/min
measured with 4 animals in the set-~up, this is without importance.
Settling or resuspension should however be considered if the ap-
paratus is used with extremely low total clearance rates.
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rigure 2.2.4.1. Mussel feeding. Selected parts of a pen-recorder track shoving turbidity variations in the
water throughour an experiment. Increasing turbidity upwards (relative units). The sensitivity of the re-
corder is 5 times higher in bed than in a. Rectangels above the track show periods of phytoplankton injec-
tion, as 30 mussels are added to the experimental water at =16.5 hours. At zero hours, algal culture and
radionuclides are added. i-4 hours: disturbances followed by adjusting the turbidity level., b: 25 animals,
high total rate of clearance: $80 ml/min. c: 4 animals, low total rate of clearance: 123 ml/min. d: no
animals, after termination of the experiment turbidity slowly increased; a negative "clearance” of -4 ml/min,
wa= calculated from particle cnuntings.
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The sensitivity of the apparatus is very high. In one experiment
the sensitivity, expressed as the difference in algal concen-
tration before the injector pump started and after it stopped, was
106 * 19 (SE, n=7) cells per milliliter corresponding to 1.3 x
10~9 g organic dry substance per milliliter (Appendix I). In this
experiment the limit of performance was thus not determined by the
electronic units but rather by changes in background turbidity. As
suggested above, this might be improved. However, the current set-
up can operate at sufficiently low levels to maintain the mussels
at or even below the maintenance ration (Chapter 2.4.1). The appar-
atus and set-up are therefore significantly improved compared to
similar ones described by Riisgdrd and Moehlenberg (1979) and
Winter (1973).

2.2.5. Particle counting and filtration

The Coulter Counter

The concentration of phytoplankton cells in the chemostatic cul-
ture and in the turdibostatic set-up during the mussel experiments
was determined by an electronic particle counter, a "Coulter
Counter” model Zg. A counting tube with an orifice of 50 um was
found convenient for the size of Phaeodactylum tricornutum -
approximately 25 (um)3.,

During the countings, a lower and higher discriminator level was
used to minimize the number of non-algal particles counted.
Countings of the phytoplankton culture were performed on a 1:25
dilution with 0.45-um Millipore-filtered sea water of the same
salinity. The diluent was used for background countings, which
was very low: usually 2-10 particles per milliliter. The phyto-
plankton concentration in the mussel experiments was determined
directly by measuring 0.5 ml of the suspension. It is impossible
to correct for non-algal particles, e.g. detritus, in the size-
range covered, However, as countings of experimental water with
mussels and without algal injection showed considerably lower
values than the lowest algal concentration maintained, and as
the size interval measured is effectively filtered by the mussels,
this has probably not led to important faults. Furthermore, the
faults would result in an overestimation of the low algal con-
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centrations especially, that is, the difference in algal concen-
tration between the high-ccncentration and low-concentration
experiments would be underestimated. As the experiments showed
no effect of the algal concentration used (Chapter 2.2.3), this
is without significance.

Millipore-filtration

The fraction of particulate activity in the experimental sea

water was determined by filtration on 0.45-um Hilliporé filters
(type HA). One liter of water was filtered through 2 Millipore
membranes by suction. The filters were washed with 25 ml of sea
water and the difference in radionuclide concentration between

the two filters was used as a measure of the particulate activity.
This doubble filter technique has been used succesfully in radio—
caesium experiments to distinguish between activity associated
with phytoplankton cells and activity adsorbed on the filters
(Dahlgaard 1977). As the other nuclides included in this work has
a greater tendency to be associated with other particles (cf.
Chapter 2.4.2) this method is probably not feasible for the
measurement of these nuclides in phytoplankton. However, it has
been assumed that the technique is sufficient to distinguish
between activity associated with total particulate matter retained
by the filter and activity adsorbed on the filter.

2.2.6. Semi-field Experiment on Loss of the 6 Radionucledes by
Mytilus

As the method and results from this experiment have been pub-
lished elsewhere (see Appendix II), only a brief outline will
be given here.

Some mussels from 3 accumulation experiments were placed singly
in small perforated Perspex tubes (Fiqure 2,2,6.1 and Appendix
I1) and wholebody—~counted. The rate of loss was followed during

3 months for 12 animals, and during a whole year for 4 of them.
During the loss experiment the mussels persisted in their cages
which were placed in the natural estuarine environment from which
the animals were collected prior to contamination, i.e. the Rise
pier in Roskilde Fjord.
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Figure 71.2.8.1. Perfocated Perspen tube in which one sussel was placed during the one~year loss saperiment
in the lield. Overasll length is 75 an and inner disseter 24 am. RMussels were not removed (rom the tubdbe during
whole-body countings.

During the wholebody countings the Perspex tubes with the ani-
mals were placed in a holder inside a yvy-counting beaker and it
was assured that the mussel always had the same position rela-
tive to the detector. Furthermore, the detector was not very
sensitive for small changes in position of the mussel. During
countings the animals were out of the water and the valves were
closed. Salinity was very constant (14-159/00), but the tempera-~
ture changed during the year between ~20°C and 0°C (cf. Chapter
2,3.4 and Appendix 11).
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2.2.7. Isotopes and y-counting

In all experiments, radicisotopes of zinc, cobalt, manganese,
chronium, iron, and caesjum, as listed in Table 2.2.7.1, were
added to the experimental sea water. Low levels of carrier were
chosen in order not to elevate natural metal levels i the sea
water significantly.

All § radionucledes were measured simultaneously by y-spec-
trometry using a Ge(Li) detector and a 1024-channel analyser
(Figure 2.2.7.1). All activity levels were decay corrected to
the start of the experiments. The calculation of the activity in
the samples was computerized (Lippert, 1978). Three geometries
were used for the countings, each calibrated with solutions of
all 6 nuclides. The one geometry used for the mussel soft parts
and crushed shells was a 15-mm diameter glass y-counting tube.
The soft parts were dried in the tube. The other geometry was a
flat 36-mm disc used for water and filter countings. For water
countings, 5.00 ml of the water was pipetted into a thin alu-
minium tray and evaporated. A piece of lens paper prevented non-
uniform evaporation patterns. The effective filter diameter of
the 47-mm Millipore membrane filters was approximately 35 mm,
and the calibration for the water trays was adequate for the
filters too. The third geometry used for wholebody countings of

Table 2.2.7.1. Rytilus edulis laboratory experiments. Radionuclides and amount of carcrier added to the
esperimental ses water. 0. wl of stock-solution in 0.01 - 0.1 M NCl was added per liter of «7a wvater
and per isotope.

___taperimental ses woter

{sotope Chemicel Physical specific Mucl ide Carrier setal Zlewent in
form halt life, activity. concentra- added sea water.®)
days Ci/g of tion,pCi/1 »9/1
element »q/1
{Approx.) {Approx.) (Apprex. )
520 incl, 1418 2.6 1 0.4 4.9
57ca cocl, 170 104 2 9.0002 0.05
S%pn AnC i, 2.5 2 1 0.04 0.2
Slee cecly 1.8 360 10 0.03 0.1
5% recl, a“. s 2 0.4 2
134cq cscl 147,3 ’ ' 0.1 0.4 °*)

®) Reterence: Brewer, 197%.

) gea water vith » salinity of 34 O/on contains 3.8 x 105 uq/1 of the chemically
and physiclogically similar K.
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live mussels is described in Chapter 2.2.6. Generally, counting
times were chosen to assure counting errors (& 1 SD) of less
than S5%. However, in a few countings errors for certain isotopes
(mostly 134cs and 5'Cr) were up to ~20s.

2.2.8. Experimenta)l Design and Statistical Analysis
The radionuclide accumulation experiments were designed as a 23

factorial experiment, that is 8 ccxhinations of two levels of
food, salinity and temperature. Each single experiment vas
planned as a determination of a 72-hour accumulation curve (see
Chapter 2.3.3). Three to five mussels were sampled 2, 8, 24, 48,
and 72 hours after radionuclides and contaminated phytoplankton
was added. In addition, 6-10 mussels on one Perspex basket were
placed in the experimental set-up 24 hours after time zero in

order to evaluate effects of changes in the physicochemical state
of the radionuclides during the first 24 hours in sea water.
These mussels were sampled after 24, 48, and 72 hours of contami-
nation, and as no differences were observed, the results were
included in the main uptake curve (Chapter 2.3.3).

Before experiments started, the experimental plan depicted in
Table 2.2.8.1 was designed. The "high” level of algal concen-
tration is, in fact, a rather low concentration as compared to
similar experiments (Winter 1973, Riisgdrd and Mehlenberg 1979).

Table 2.2.8.1. Planned experimantal design. The 23 factorial
experiment was subdivided in 1): a, b, ¢, abc and 2): 1, ab,
ac, bc thus confounding the three-factor interaction against
seasonal variation between the two blocks. (After Davies,

1963).

C: Temperature 150¢C $oC

B: Salinity 20 ©/oo 8 9/00 20 %/o0 8 ©/00
A: Algal low 1 b c . be

concen~
tration high a ab ac abc
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The 8000 Phaeodactylum tricornutum cells per milliliter corre-
sponds to approximately 10~7 g organic dry weight per milliliter,
and this relatively low level was chosen in order not to exceed
the concentrations where the mussels start producing pseuvdo-
faeces (Riisgdrd and Mehlenberqg, 1979). The production of pseudo-
faeces would presumeably lower the uptake of activity from the
phytoplankton and other particulate matter, and thereby make a
comparison of the two phytoplankton concentration levels imposs-
ible. The low level was chosen as the lowest readily attainable,
and is approximately 2000 cells per milliliter, i.e. one fourth
of the "high”™ concentration. As discussed in Chapter 2.4.1 this
low concentration is apparantly very near the maintenance ration

for the mussels.

Salinity was chosen to be representative of the inner Danish
waters which can be considered as part of a vast estuary between
the Baltic (~8%9/00) and the North Sea (~34%/00). A high salinity
of 359/00, i.e. an atlantic salinity, would be relevant, but was
considered too difficult with relation to water supply and col-
lection of animals. Temperatures were chosen as a cowpromise
between natural levels in the area, which oscillates between

0°C and approximately 20°C (Fiqure 2.2.8.1), and available
laboratory equipment. A low temperature of approximately 0°0C
would be interesting and relevant, but was considered too dif-
ficult to attain. The data obtained were analyzed by three and
tvo sided analysis of variance as described in Chapter 2.3.3.

The 8 combinations of two levels of food, salinity and tempera-
ture (Table 2.2.8.1) were planned to be run at least twice in
order also to elucidate seasonal variations. As the performance
of 8 experiments is time consuming, thev were planned to be
performed in two blocks with 4 experiments in each (Table
2.2,8.1), so only the three-factor interaction was "confounded”
against the seasonal variation between the two sub-bloc's, i.e.
the single experiments were performed in a certain order assuring
that a seasonal variation between the two sub-blocks would not
affect the primary parameters investigated (food level, salinity,
temperature) or two-factor interactions among them (Davies 1963).
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However, the experiments turned out to be not that simple! All
experiments with the low salinity (8%/oo) were lost because the
animals sampled in Roskilde Fjord stopped filtering, and several
other experiments failed, e.g. due to spawning. The problems with
the low salinity were solved by sampling mussels in a low-salinity
area (see Chapter 2.2.2), but this introduced a new "confounding®,
namely salinity effect against sampling location, i.e. a signifi-
cant salinity effect could be explained alternatively as an effect
of sampling location. The animals from the two locations differed
in e.g. size and water content. This is shown in Table 2.2.8.2

which also depicts the actual experimental design.

In addition to these experiments, a single three-week experiment
(No. 790718) was conducted at 10°C and 149/00 salinity (Chapters
2.3.1 and 2.3.3). Animals for this experiment were sampled in
Roskilde Fjord and had a soft parts dry weight of 170 ¢ 6 mg
(SE, n=49) and a shell lengtih of 35 ¢ 0.3 mm (SE, n = 49),

2.3. Results

Laboratory Experiments

2.3.1. Activity in Water and Particles

Figure 2.3.1.1A shows the variation in the total activity con-

centration of the 6 radionuclides in the experimental sea water

during one of the ten accumulation experiments with Mytilus
edulis. It is seen that, except for 134cs, the concentration

is declining. The largest loss of activity from the water column
is found for 5lcr and 59Fe, and the decline is most pronounced
during the first day of the experiment. This is seen for all 10
experiments. A similar situation is observed in a single 3-week
accumulation experiment (Figure 2.3.1.2A), where the 30 t of
experimental sea water was renewed continuously at a rate of

4.6 t/day.

Due to the declining water activities, the concentration ratios
for Mytilus during the accumulation experiments (2.3.3) are cal-
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Figure 2.3.1.1. Mytilus edulie experiment 781201 (one of ten experiments). As Total activity in vater as
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culated on the basis of a time-weighted mean water activity. For
t* hours of contamination starting at t = 0 this is calculated as:

t:‘
V.+V. Rd N
) ]
Vs = (pCi m1™*%) ,
t:#

where Vj and Vj is the activity in the water tj and ty hours
after incubation, respectively, i.e. as the total number of "pCi
X hours" during contamination divided by length of contamination
in hours.

The particulate activity fraction collected by filtration through
a 0.45-ym Millipore membrane filter was generally increasing
during the experiments (Figure 2.3.1.1., B and C) except for 59%Fe,
the behaviour of which was somewhat variable. In the 3-week exper-
iment (Figure 2.3.1.2, B and C) the increase stops after approxi-
mately 4 days. Time-weighted means of the particulate (0.45-um)
activity fractions measured during the ten Mytilus experiments

are shown in Table 2.3.1.1. The values are calculated as:

Table 2.2.1.1. Particulate activity {0.4% um) as 8 of total activity during the Mytilus edulis experiments.

Time-weighted means of values measured 2, 8, 24, 48, 72, and 96 hours after addition of nuclides, for each
of ten experiments, an. the means of these values for high and low alaal concentration. {Cf., text and
tigure 2.3.1.7, B and C).

Temperature 159¢ 50¢
Salinity 20 °/oo 20 %/00 8 ©/oo 20 °/co 20 %00 B °/po
Experiment no: 790630 780605 781214 - 781008 790427 Mean ¢ SE{n=5}
Scr .10 4.18 7.26 1.5% 1.60 3.14 2 1,16
Low algal S4un 0,523 n.,24) 0.239 0.137 0.630 0.35 ¢ 0,09
concen~ $7co 1,49 0.687 0.101 0,132 0,321 0.5% ¢ 0,24
tration 59re 12.4 18,5 17.8 6.3a 8,51 12,7 ¢ 2.4
652n 0.310 0.368 0.238 6,093 0.1%3 0.21 ¢ 0.0%
‘IJCC, - - - - - -
Experiment nos - 781110 761201 790713 780708 790420 Mean t SE(ns5)
Ster 3,58 2.04 1,75 0.936 2.39 2.14 ¢ 0,43
High alqal  S4mn n.566 0,346 0.49 0.226 0.29% 0.38 ¢ 0.06
concen- $7co 0,348 0,248 1.86 0,391 0,217 0.61 ¢ 0,031
tration 5%7e 18.5 8.9 16.0 13.4 7.51 12,7 ¢ 2.1
652n 0,459 0.248 0.163 6.328 0,189 D.27 ¢ 0.06

134c, - - - - -
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where Aj and Aj are particulate activity fractions measured t;
and tj hours after incubation, respectively. From the mean values
it is seen that the particulate fraction is declining in the
order 5%Fe > Slcr > 57co > S54Mn > 65zn. Furthermore, it is noted
that no difference is measured between the experiments with high
and low algal concentration, although the two groups of exper-
iments differ by a factor of 3.1 in their concentration of con-
taminated phytoplankton. The causes and consequences of this lack
of difference is discussed in Chapter 2.4.6.

The mussel gill is a coarser filter than the 0.45 pym Millipore
membrane which is often used to define "particulate matter”. The
retention efficiency of the mussel gill is more comparable to a
5.0 ym membrane filter (see Chapter 2.4.1). The effect of filter
pore size on the measured particulate activity was therefore
investigated (fiqure 2.3.1.3). It is seen that a smaller pore
size (0.22 pm) increases the measured particulate activity, while
the decrease in particulate activity with increasing pore sizes
(0.8 pym, 1.2 uym, 3.0 pm, and 5.0 uym) is modest. The ratio between
particulate activity measured by the standard 0.45 ym filter and
a 5.0 ym filter, was determined for 3%Fe, 31Ccr, 57Co, 54Mn, and
65zn after two experiments (790427 and the 3-week experiment:
790718) as 1.7 ¢ 0.3 (sD).

2.3.2, Filtration Rate and Food Intake
As mentioned earlier (Chapter 2.2.4), one of the benefits of

using the automatic mussel-feeding apparatus is that the rate of
clearance is continuously monitored, thus applying an index of
animal condition to the experiments. In these experiments, the
rate of clearance is a measure of the filtration rate, as the
retention efficiency of the phytoplankton cells used, Phaeo-
dactylum tricornutum, is 100% in one passage of the mussel gill
(Mehlenberg and Riisgdrd 1978), and as water already filtered by
the mussels is not refiltered before its algal concentration has
been brought back to the desired level (Chapter 2.2.4 and Appen-
dix I).
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Table 2.3.2.1 shows two different values for the filtration rate
calculated during the mussel experiments and the rate of food
intake. As the number of animals in the set up changes due to
sampling, the mean rate of food intake during an experiment is
calculated as

C
Yin t) W

(cells min~! g~! dry)

where C is the total number of algal cells removed from suspension
by the mussel during the experiment (96 hours), | n t is the total
number of "animal-minutes”, and W is the mean dry weight (g) of
soft parts per mussel. From this rate of food intake, or "eating

rate”, a total rate of filtration can be calculated as

Ftotal = ii (ml min~! g1 dry)

where A is the mean algal concentration (cells/ml) during the
experiment. This total rate of filtration can be considered as a
time~weighted mean value including periods in which the mussels
. are disturbed, e.g. during sampling.

The optimal rate of filtration measured during periods of steady,
non-disturbed function, i.e., during periods with constant number
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of animals in the aquarium, has been calculated as

C
2 (—i - 1) (ml min~
t nW Cg

! q"‘ dry)

Foptimum T

where a is ml algal culture injected during t minutes, Cg 1s
algae/ml culture, Ce is algae/ml experimental sea water, n 1is
number of aninals, and W is mean dry weight of soft parts per

mussel.

The formula, which is adopted from Riisgard and Mehlenberg (1979),
allows for "dilution”™ of experimental sea water with water from
the algal culture. Furthermore, in the 3-week experiment, allow-
ance was taken for dilution due to the continuous water exchange

(Appendix I).

Mean values of this "optimal” filtration rate (Table 2.3.2.1) is
expected to be higher than the "total"™ value averaging the whole
experimental period if disturbances, e.g. during sampling, are
serious. A t-test shows the difference between the two filtration
rates to be probably significant (P > 95%) in experiments 790427,
781110, and 780708; of these 781110 happens to show the highest

value for the total filtration rate. The two values of the fil-

tration rate is equal in all other experiments implying that
disturbances has not been of major importance.

In Figure 2.3.2.1, the "total” filtration rates of Table 2.3.2.1
are plotted against the mean soft parts weight per animal (Table
2.2.8.2) showing a decrease in filtration rate per mg soft parts
with increasing weight. The rate of filtration is 2.5 times

higher at 1509C than at 5°C, based on values transformed to the
same dry weight (100 mg) by a ln-ln extrapolation with an exponent
of -0.28. This function, found in a systematic study of the fil-
tration rate versus animal size under optimal laboratory con-
ditions at 150C (Riisgdrd and Mehlenberg 1979), is included in
Figure 2.3,2.1. Obviously, most of the values measured at 15°C

are in good agreement with Riisgdrd and Mehlenberg's data although
the heavier animals (experiments 79063C, 780605, 790713, and
780708) show a somewhat lower rate of filtration than expected.
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No differences in filtration rate are seen between the high and
low algal concentration. Por concentrations slightly lower (less
than 1500 cells/ml), Riisqgdrd and Randlev (1981) observed a re-
duced rate of filtration.

2.3.3. Time-dependent accumulation of radionuclides in the mussels
Pigure 2.3.3.1 shows the accumulation of the 6 radionuclides in

one of the 10 72-hour experiments given as a “"concentration
ratio”™ versus time. The concentration ratio for an animal sampled
after t hours of contamination is calculated as
A
CRt-_t_ v

Ve

where A, is the radionuclide concentration (pCi/g fresh weight)
in the soft parts and V, is the time-weighted mean water con-
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centration (pCi/ml) during the contamination (see Chapter 2.3.1).
This value is often termed “"concentration factor” or "CF" (see
€.9., Pentreath 1973, Fowler et al. 1978, Anon. 1975). However,
by "concentration factor” several authors understand the concen-—
tration ratio attained in steady state field conditions e.g.,
with stable metals (see Lowman et al. 1971). The term “concen-
tration ratio” is thus an attempt to avoid common confusion.

It should be noted that the tice axis of the accumulation curves
(Figure 2.3.3.1) is 72 hours, whereas it is 96 hours for the
wvater samples (Figure 2.3.1.1). This difference is caused by

the 24-hour delay in contamination of some of the animals (see
Chapter 2.2.8). Comparisons of the rates of accumulation calcu-
lated for animals contaminated 24 hours after experimental start
and those present in the set-up at the time of radionuclide ad-
dition showed no significant differences. Therefore, the two sets
of data are collected in one.

Table 2.3.3.3. PMytilus edulis experiments. Rate of radionuclide accumulation expressed
as “radionuclide clearance™: sl h-! q~' dry soft parts. Cf. text.

Temperature 150C s
Salinity 20 %/00 20 9700 8 ©/00 20 /00 20 %/00 8 ©/oo
Enperiment no.: 7906 30 790605 71214 - 781008 790427
Stcr 3.67 3.40 79.7 4.95 11.9
Low Algal Slnp 6.12 0.850 16.4 2.28 12.1
concen- 57co 9.51 5.39 18.6 3.76 1.
tration 5% 0.9 14.4 204 33.4 72.8
657n 27.% .9 78.9 1.4 13.4
134ce 0.43 0.475 1.08 0.322 1.14
Lxpeciment no.: - %1110 781209 790713 780708 790420
Sicr 13.4 38.0 4.9) 1.18 8.29
High Alqal Sénp 7.26 22.0 3.1 1.32 S.18
concen~ 7o 9.59 28.9 5.52 2.27 6.66
tration S%e 9.0 148 $6.0 30.1 2.5
8525 13.6 104 13.3 1.6 21.3

134c, 0.541 1.45 0.327 0.277 1.12




The rate of accumulation shown in Table 2.3.3.1 is calculated as
the slope of the line of regression (Figure 2.3.3.1}. This method
is used because the accumulation curves are too short to show
equilibration tendencies. The unit of the slope and thereby of

the rate of radionuclide accumulation can be expressed as ACR/h,
i.e., the hourly concentration ratio increament. As CR can alter-
natively be expressed as milliliters of water containing the same
amount of the radionuclide as one gramme of mussel, ACR/h is
equivalent to a "radionuclide clearance”: ml h-! q", i.e., milli-
liter of water cleared for activity per hour and gramme of mussel.
The rate of accumulation is thus directly comparable to the phyto-
plankton clearance (see below). It should be noted, however, that
the values in Table 2.3.3.1 are calculated on a dry weight basis

due to differences in soft parts water contents (Table 2.2.8.2).

In some of the experiments, e.g. the one used as an example in
Figure 2.3.3.1, the 134¢cs curve apparentl: deviates from a
straight line; this can result in an underestimate of the initial

rate of accumuiaticn and an overestimate of the intercept.

Some of the differences observed in the rate of accumulation
(Table 2.3.3.1) might be explained by differences in animal size
(Table 2.2.8.2) as several physiological processes, e.g. meta-
bolic rate, are not directly proportional to animal weight.
Zeuthen (1953) describes the oxygen consumption as a function of
animal weight over several orders of magnitude with a power func-
tion, Y = axP, with b-values of ~ 0.7 - 0,9; these values are
equivalent to -0.3 - -0.1 for the oxygen consumption per gramme of
animal as a function of animal weight. Table 2.3.3.2 thus shows
the rates of accumulation per g dry weight extrapolated along the
line Y = k X~0:.28 found for the rate of filtration per gramme soft
parts in Mytilus edulis (Riisgdrd and Mehlenberg 1979, cf. Chap-
ter 2.3.2).

A three-way analysis of variance (temperature x salinity x algal
concentration) on the results from Tables 2.3.3.1 and 2.3.3.2
showed no effects of algal concentration on the rate of accumu-
lation (cf. Table 2.3.3.5). Results from the two algal concen-
trations and the two replicates are thus averaged in Tables
2,3.3.3 anc¢ 2.3.3.4 to show the mean rates of accumulation founa
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Table 2.3.3.2. Myt:ilus edulis esperiments. Rate of radionuclide accumulation extrapoiated

-1 9= dry.

to animals of Y00 mg iry weight (soft parts). "Racdionuclide cClearance™: ml n
Values from Tadble 2.3.).! naormalized to 100 mg By 4 In x In extrapolation on the line

Y = « x°0-28 (cf. rext, Fiqure 2.3.2.1 and Table 2.2.8.2).

Temparature 159C Soc¢
Satimiev 20 %/00 20 ©/oo 8 /oo 20 9/00 20 %no 8 ? oo
Experiment No.: 190630 780605 781214 - 781008 T90427
Stee 4.42 4.41 56.4 s.20 i1.0
Low Algal S4mn 1.38 1.08 i.e 2.40 11.2
concen- 57ca 1.8 6.83 3.1 3.9% 10.2
tratinn 5% ¢ 49.) 18.3 144 35.0 7.2
652n 13.2 27.8 55.9 12.0 30.8
134cq 0.519 0.602 0.768 0.118 1.08
Experiment no.: - 781110 781201 790711 780708 790420
Stey 14.3 21.8 5.73 1.46 7.6
High Alaal S4mp 7.7t 131.8 3.61 1.62 4.47
concen- 57ch 10.2 18.1 6.41 2.80 5.76
tration S%e 104 92.6 65.1 37.1 36.7
652n 35.7 65.1 15.4 14.2 19.4
134ce 0.575 0.9} 0.)80 0.342 0.971

for the four combinations of two temperatures and two salinities.
The mean temperature and salinity effects shown in Table 2.3.3.5
are calculated from mean values in Tables 2.3.3.3 and 2.3.3.4,
whereas the two-way analysis of variance (temperature x salinity)
has been performed on values from Tables 2.3.3.1 and 2.3.3.2 ig-
noring algal concentration. Generally, a higher rate of accumu-
lation is observed for higher temperature and for lower salinity.
However, the effects are lower for values extrapolated to 100 mg
dry. The interaction (temperature x salinity) observed for 134cs-
values extrapolated to 100 mg dry is explained by an "inverse”
temperature effect at 8°2/oo (Tables 2.3.3.2 and 2.3.3.4).

The regression analysis often showed a significantly positive
intercept with the Y-axis, especially for the 134Ccs accumulation.
Table 2.3.3.6 shows mean values from the 10 experiments. A t-test
showed 134Cs-values to be significantly different from zero

(P > 99%) and 55zn values to be probably significantly different
(P > 958). The interpretation of a positive intercept will be
discussed in Chapter 2.4.4 together with a discussion of the re-
lation between rate of accumulation and influx.



Table 2.).).). Rytilus expariagats. Nedn rates of accumslation ignering
tood levels. *Radionuclide clesrance®: al h~! ¢~! dry. Values frem

Table 2.).3.1. Grror teve: 2SE.

Tesparatuyre 159¢ seg

Salinity 20 ®/en 8 ®/ge 2% %0 8 ®/on

ases3) tn=2) (a =) (a e 2)

Sice 6.923.) s9e21 3. 7.2 1002
S8pn 4.722.0 1923 2.2:0.% )
$7co 8.221.4 2423 3.970.9 o2
e S122% 176228 018 ses1s
652n 2003 91e1) 1200 276

134ce 0.48%0.63 1.27°0.\0 9.31°9.02 1.13°0.0%

Table 2.3).).4. Nytilus experinents. Nean rates of sccumslation ignering
tood levels. “Radionuclide clesrance”: sl h~! ¢! dry extrapolsted to
100 mqg dry weight smimals (cf.tent). Valwes frem Toble 2.3.3.2.

Error term: tSE.
Temperature 159¢ se&
Salinity 20 ©/oo 8 /o0 20 °/o0 ® %/o0
(n s 3) (m o 2) n s 3) fn s 2)
Sler 7.723.3 20216 e.121.3 922
Sdpn 5.422.2 1301 2.520.6 (1%
57 o 9.5¢1.4 1623 4.421.1 or2
5%e¢ s7e28 119026 %210 $201%
65zn 3202 12 180y 326
134ce 0.3710.02 9.04t9.07 9.3520.01 1.0120.04
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Table 2.3.3.5. Mytilus edulis experiments. Effect of environ-
mental factors exnressed as ratios between rates of accumu-
lation from Tables 2.3.3.1-2.3.3.4.

Factor: Temnerature Salinity Algal con-
159C 8 ©/o00 centration
8§0C m high/low

Sler 3.9 5.6%¢ 0.64
S4mn 2.1 4.1° 1.0
Measured 57co 2.4° 2.6*°* 1.1
values S9re 2.2 2.5 1.0
65zn 2.9%0e 2.8%9¢ 1.1
134¢cq 1.3% 3. %00 1.1

Values Stcr 3.2 3.7° 0.64

extra- 54mp 1.¢ 2.8 0,93

polated 57co 2.1 1.8* 0.95

to 100 5%Fe 1.8 1.6 1.1

mg dry 652n 2.4 1.8 0.93

(cE.text) '34cg 1.2 thd 2.2 0.95

Analysis of variance significance tests:
®: P > 95%, **: P > 99%, ***: p > 99 9%
+++3 highly significant (P > 99.9%) interaction

Accumulation curves from the single 3-week experiment is shown in
Figure 2.3.3.2. For 57co, 54Mn, 59Fe and 3'cr the curves were not
deviating from straight lines, whereas 134cg- and 65zn-curves
could be fitted to exponential models (cf. discussion, Chapter
2.4.5).

As mentioned above, the rate of accumulation (Table 2.3.3.1) and
the rate of filtration (Table 2.3.2.1) is expressed in comparable
units, namely as amount of water "cleared"” for radionuclides and
algal cells, respectively, per unit time and per gramme dry soft
parts. As the retention efficiency for the phytoplankton cells
used is 100% (Mohlenberg and Riisgdrd 1978), this enables us to
calculate a retention efficiency for particulate activity (R)



- 41 -

Table 2.3.3.6. Mytilus experiments.
Mean values of the intercept with

the Y-axis from analysis of regression
expressed as “radionuclide clearance":
ml g“ dry soft parts. Cf. text and
Figure 2.3.3.1.

Isotope Mean t SE(n = 10)
Sicr 65 ¢t 29

54mn 43 2 20

57¢co -9+ 13

S9gpe 661 2 322
6525 246 ¢ 99°
134, 12.2 ¢t 3.6%°

Difference from zero:
®: probably significant (P > 95%)
*¢. significant (P > 99%)

under the assumption, that radionuclides are accumulated exclus-

ively from particles:

. A x 100
R = S XTF (%),

where A is the rate of radionuclide accumulation (ml/h/g) from
Table 2.3.3.1, p is the time-weighted mean particulate activity
from Table 2.3.1.1, recalculated to a fraction, and F is the
filtration rate from Table 2.3.2.1, recalculated to ml/h/g.

To assume an accumulation takes place from particles only is of
course erroneous, but it can be used to clarify some of the data.
1f one of the nuclides was actually accumulated exclusively via
particles, and if, furthermore, the particulate fraction sampled
by filtration on a 0.45 um membrane filter was exactly and com-
pletely retained by the mussel - neither more nor less - then a
retention efficiency of 100% would be calculated for that nuclide.
I1f, in addition to the accumulation via particles, the animal
accumulated a similar gquantity of activity from the "dissolved”
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Table 2.3.3.7. Mytilus edulis experiments.
Efficiency of retention for particulate
(0.45 um) activity (Table 2.3.1.1.)
pretending radionuclide uptake from par-
ticles only, i.e., an overestimate

(cf. text). Unit: § of algal retention.

Isotope Mean & SE(n=10)
Stcr 5.2 ¢ 0.9
S4un 20 2

57co 25 2

9pe 6.7 £ 1.2
65z 159 ¢ 25

pool, then the method of calculation used would give a “"retention
efficiency” of 200%, and if the accumulation of "dissolved" ac-
tivity was 9 times the accumulation from particles, then a "re-

tention efficiency” of 1000% would be calculated.

The lowest values of Table 2.3.3.7 are, however, far below 100%
indicating that the efficiency of retention of particulate ac-
tivity was much lower for the mussel than for the 0.45 um mem-
brane filter. This will be interpreted further in Chapter 2.4.2.

Field Experiments

2.3.4. Loss of Radionuclides from Mussels in the Field

The whole-body loss of 31cr, 54Mn, 37co, 359re, 65zn, and 134cs

was measured during 3 months on 12 individuals contaminated during
experiments 790630, 790713, and the three-week experiment, 790718,
Four of the animals contaminated for 3 weeks were monitored during

one year., During the loss measurements the animals were placed in
small perforated Perspex cages (Chapter 2.2,.6) in the natural
environment from which they were sampled prior to contamination.
The results from this experiment have been published (Appendix II)
and will therefore be only briefly summarized here,

The loss curves for the first 3 months, i.e., autumn 1979 with
temperatures decreasing from ~ 199C to ~ 59C, were resolved in
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Figure 2,3.4.1. Mytilus edulis. Whole body loss of 652n in the field (one of 12 animals). The loss curve
shown by triangles is resolved in two exponential compartments Dy analysis of reqression (cf. text).

two exponential components as exemplified in Figure 2,3.4.1. A
line of regression (1ln activity versus time) on the straight part
of the curve is subtracted from the results to form a new curve,
on which another analysis of regression is performed. Thus the
loss curves are satisfactorily described by the sum of two expo-

nential functions:

-\t e-x:t

Ay = b e +c
where A, is the percentage of initial activity after t days of
loss, the rate congtants A1 and A2 (d") are found as the slope
of the two lines of regression, and b and ¢ (%) are their inter-
cepts with the Y-axis and express the relative magnitude of the
two exponential components. The magnitude of a very fast
component, a, is found by subtractions

a =100 - (b + c) (3).
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As all activity concentrations are decay corrected to the start
of the experiment, the biological half life of the two exponen-
tial components are calculated as

Typ = -%Z (days).

Mean values of the biological half-lives and the magnitude of the

different components are shown as Table II in Appendix II.

The whole-body loss of 652n and 57co during one year is depicted
in Figure 2.3.4.2 along with a temperature curve. As indicated,
the year has been divided into 4 sections: in Section I Lhe fast
components are not yet washed out, whereas the loss of activity
in Sections II, III, and IV is considered as from one slow ex-
ponential compartment. For these periods the curves are thus not
resolved but the loss rates are calculated for each period separ-
ately by means of regression analysis (ln activity versus time).
Period I1 is autumn 1979 above 5°C, III is winter 1979-1980 with

temperatures below 5°C, and IV is spring and summer 1980.

From Figure 2.3.4.2 it is evident that the half-lives increase

during the winter, whereas they decrease again for 652n but not
for 37co during spring and summer 1980. The corresponding bio-

logical half-lives are shown in Table III of Appendix II. It is
seen that 94Mn behaves as °7co.

A possible explanation of the difference observed between 652n,
which shows a sea=onal variation in its biological half-life,

and 57co and 34Mn, which has shown an extremely slow component
after several months of loss, is shown in Table IV of Appendix
I1I: the major part of the 57co and 5%mn activity remaining in

the animals after one year of loss is found in the shell, whereas
most of the 652n activity is still situated in the soft parts.

It should be mentioned here that the description of the loss
curve or sections of the loss curve by exponential functions, and
the resolution of the loss curves in two exponential components,
and thereby the calculation of the biological half-~lives, is
based merely on the straight lines found in the semi-logarithmic
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plots of the loss curves (Figqures 2.3.4.1! and 2.3.4.2), indicating
that the loss is satisfactorily described by one or two exponen-
tial functions. The exponential “"components” or “"compartments”

are thus defined entirely mathematically and have not been corre-
lated to anatoamically or functional compartments.

2.4. Discussion

2.4.1. Feeding in Mussel Experiments

The natural way of life for a mussel is to continuously filter
huge amounts of water with low concentrations of phytoplankton.
As demonstrated, e.g., in Fiqure 2.3.2.1, a relatively small
mussel, say 100 mg dry soft parts or approximately 3 cm long,
can filter ~ 23 m]l of water per minute or more than 30 1 a day.
Thus, on a fresh weight basis, this small mussel filters an
amount of water corresponding to 45,000 times its own soft parts
weight daily. From this vast amount of water, the mussel com-
pletely retains particles as small as approximately 4 um, whereas
the retention efficiency of 1 ym particles has been measured at
approximately 50% (Mehlenberg and Riisgdrd, 1278).

One of the reasons for using Mytilus as a bioindicator, namely
the relatively high “"concentration factors” reported for several
pollutants (see, e.qg. Phillips 1977a), is probably correlated to
this fast and efficient filtration. However, 1n spite of this,
the rate of filtration, to my knowledge, has never been mentioned
in the large number of radionuclide accumulation studies published
till now. The amount of water actually "cleared” for particles in
laboratory experiments on particle retention may be considerably
lower due to an inconvenient set-up resulting in recirculation of
already-filtered water (Riisgdrd 1977) or due simply to bad water
quality. The filtration rate, or at least some indication of the
animal function, e.g. state of valve opening (cf. Jorgensen
1975b) is thus badly needed when evaluating laboratory experi-
ments on pollutant accumulation by Mytilus.

The most natural way of performing filtration rate measurements
is to feed the mussels phytoplankton cells and then monitor the
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particle clearance. However, in nearly all radionuclide accumu-
lation experiments pcrformed till now, mussels were not fed. The
accumulation is thus often referred to as "acrumulation from
water®” contrasting ®"accumulation via food"™ (Pentreath 1973,
Shimizu 1975). This strict differentiation is difficult to dr.w,
however, as normally filtering mussels, although rot fed by
intention, ingest natural narticles in the water, e.g. bacteria
and detritus, and thereby pollutants associated with these par-

ticles.

When mussels are not fed the rate nf filtration declines (Riisgard
and Randlov 1981) and the mussels may even close their valves for
shorter or longer periods of time. On the other hand, i1f mussels
are fed concentrations of phytoplankton that are too high they
react by creating “"pseudofaeces”, i.e., part of the filtered mate-
rial is discharged before entering the digestive tract. Further-
more, part of the food ingested during periods when particle con-
centrations are too high may pass the intestine without proper

digestion (Riisgdra and Mehlenberg 1979).

From two growth experiments performed by Riisgdrd and Randlev
(1981) during spring (March) and winter (January), approximatelv
800 and 2200 Phaeodactylum tricornu*um cells per ml, respect-
ively, can be considered to sustain "zero growth”™, i.e., these
concentrations can give rise to a "maintenance ration”. As heavy
pseudofeaces production has been observed at a concentration of
41,000 cells/ml (Riisgdrd and Moehlenberg 1979), field-comparable
laboratory experiments on metal and radionuclide accumulation
via food should preferably be conducted well below this con-
centration. A reasonable concentration range for such experiments
seems thus to be 1500~30,000 Phaeodactylum tricornutum cells per
ml, or apncvoximately 18-360 ug organic dry substance per liter.
As, furthermore, the food assimilation seems to decrease with
increasing concentration inside this range (Riisqdrd and Randlev
1981, Bayne et al. 1976}, food concentrations should preferably

be as stable as possible in order to decrease variability,

In addition to a decreased rate of filtration, starvation will,
of course, imply loss of weight. Phillips (1976a) and Simpson
(1979) suggest that the seasonal variatinn observed for metal
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concentration in mussels could be explained by a seasonal vari-
ation in weight combined with a relatively stable total msetal
lcad. From this we would infer, that weight loss in laboratory
experim»nts without feeding is associated with increasing setal
concentrations. Nevertheless, in some tank experiments the loss
in weight was associated with decreasing metal concentrations
(Pentreath 1973, Simpson 1979). If the metal load of the rearing
vater was comparable with that of the sampling area, this might
indicate anomalous metal metabolisa during starvation.

The reduced rate of filtration and possible anomalous metal
metabolism makes the field comparability of laboratory exper-
iments with starved mussels questionable. In this light, the auto-
matic maintenance of constant phytoplankton concentrations in
experiments on accumulation of metals and radionuclides by mussels
seems indispensable. Furthermore, by using the set-up described
here (Chapter 2.2.4 and Appendix I) the continuous monitoring of
the filtration rate applies an index of animal condition or

"function® to the experiment.

2.4.2. Compartmentalization and chemical speciation of the

Chemical and physical speciation of trace metals in sea water

The metal contents of sea water can be subdivided into several
“compartments” depending on chemical and physical species. This
subject is very complex and not fully understood. The following
summary of physical and chemical species of the trace metals
Zn, Co, Mn, Cr, Fe and Cs in sea water is based mainly on
Florence and Batley's (1980) review.

Physically, two main species can be distinguished, namely the
*dissolved” and the particulate fraction. These two fractions
are usually separated by filtration through a 0.45 um membrane
filter (Millipore or equivalent) (See e.qg. Piley 1975). The
"dissolved” fraction defined in this way contains most of the
smaller sizes of particulates, e.g. colloidal solids (Riley
1975, Parks 1975, Bowen 1979), but, on the other hand, the

0.45 ym Millipore filter retains part of these microparticulate
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and colloidal species expected to pass the filter (Davis et al.

1974). Thus, the division into particulate and dissolved metal

by membrane filtering is not clearcut.

Florence and Batley (1980) divide possible chemical forms of

metals in natural waters into several groups and indicate the

size ranges in each group (Table 2.4.2.1). A similar scheme is

presented by Stumm and Brauner (1975). Of the forms indicated

only ions and complexes are considered in true solution while

even colloids are mainly in solution according to msembrane filter

separations. Considering colloids to the particulate fraction,

the probable main dissolved species in sea water calculated for

the 6 nuclides added are listed in Table 2.4.2.2 according to

reviews by Florence and Batley (1980) and Stumm and Brauner

(1975). However, for 2Zn in particular some disagreements exist

in the recent literature (Florence 1980).

The 6 radionuclides are all added in the ionic forms as chlorides

(Table 2.2.7.1), but only caesium is likely to remain in this

form throughout the experiment. The divalent trace metals manga-

nese, cobalt and zinc can probably exist in significant pro-

portions in sea water as free metal ions, whereas the proportion

of free ions of the trivalent metals iron and chromium existing

in natural sea water is very small.

natural waters. (Fro~ Florence and Batley 1980).

Possible chemical forms (speciation) of metals in

Chemical form

Possible examples

Approximate
diameter (nm)

Particulate

Simple
Simple
Simple
Stable
Stable

hydrated metal ion
inorqanic complenes
nrqanic complexes
inorganic complexes
orqanic complexes

Adsonrbed on inorganic

colloids

Adsorbed on orqanic colloids

Retained by 0.45 um filter

Zntn,002*
In(H0)4C1"
Cu-glycinate
FDS, ZnCO3
Cu-fulvate

cu?*-re,0,,ca%*-nno,
Pb2*-humic acid,

2Zn2%-organic detrius

>450
0.8
1
1-2
1-2
2-4

10-500

10-500




- 52 -

Tadble 2.4.2.2. Prodable sai1n dissoived
species of the added metals in ses
water, according to Florence antd Batley
(1980) and Stumn and Srauner (1975).
(Calculated results).

Eleasent probable main species
n n?*, 2nC1*, 2nco,
Co co?*, coco,

mn(II) nnCi*, ma2*

rellll) Fel(ON);

Crllll) Cr(ON})

Cs cs*

In estuaries the concentration of dissolved iron decreases as

the salinity increases resulting in flocculation and precipita-
tion of iron originating from fresh-water run-off. Other ele-
ments, e.g. manganese, are coprecipitated and part of this com-
plex precipitate remains probably in colloidal suspension
(Florence and Batley 1980). The particulate activity measured
during the present experiments showed, however, no significant
differences with salinity (Chapter 2.3.1). This is not surprising
as only insignificant quantities of carrier metals were added to
the experimental sea water (Table 2.2.7.1), which was furthermore

diluted to the desired salinity with demineralized water.

In natural, oxygenated water the trivalent state of Fe is the
dominant over Pe(Il), whereas information on the distribution
between Cr(III) and Cr(VI) in natural waters is contradictory
(Florence and Batley 1980). However, the trivalent form added

is probably relevant for chromium too. The divalent manganese
added is unstable in oxygenated waters where it is oxidized to
Mn(IV) which precipitates as MnO;. The precipitation of MnO;

and the anoxic solubilization in sediments is probably important
for phosphorus and trace metal balances. The added amount of
carrier manganese is so low (cf. Table 2.2.7.1) that it does not
elevate the total concentration above normal levels of soluble
manganese in oxygenated waters. This is in agreement with the



- 33 -

low particulate 2%a fractions found in these experiments (Table
2.3.7.1). However, the actual ratio between an’, cclloidally
bound Mn(II) and colloidal MnO; in the "soluble® fraction is not
known neither in these experiments nor in the nceans {(Floience
and Batley 1980).

As all the radionuclides are in the ionic forms when added to the
sea water, the proportion of radiocactive to stable i1sotopes, li.e.
the specific activity, will probably be highest in the ionic
fractions and successively lower in other chemical and physical
species depending on rate constants. Piro et al. (1973} found,
that 652n2* added to sea water exchanged with ionic and particu-
late zinc, buct was not in equilibrium with complexed zinc even
one year after addition. This may be of significant importance
for the rate of uptake and will thus limit the comparability to
stable field conditions. Similarly, Jennings (1978) reports 55Fe
from nuclear test explosions to be accumulated approximately 2
orders of magnitude higher than stable iron by zooplankton in

the Pacific Ocean presumeably due tc differences in physical or
chemical speciation. This might also nccur when using bioindica-~
tors to monitor discharges from nuclear industries. Tn calculate
steady state conditions from stable metal data, i.e. to use a
specific activity approach in radionuclide accumulation studies,

is thus not necessarily feasible when studying binindicators.

Adsorption and formation of particulate activity during radio-

nuclide experiments and its significance for accumulation by

Mytilus
According to Table 2.4.2.1, the metal fraction not being in true

solution can be grouped in metals associated with conventional

particles retained by e.g. a 0.45 um membrane filter and in metals
associated to different forms of colloids. Colloids of the metal
species itself, e.q. new formation of pure collidal ironhydroxy
complexes, are thought to be not of major importance for the
radionuclide distribution in the present experiments, as maximally
a fev nario-moles of carrier metal are added per liter (Table
2.2,7.1).
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Generally, the total concentration of the radionuclides decreases
and the particulate fraction (0.45 um) increases during the lab-
oratory experiments except for 134cs (Chapter 2.3.1). Apart from
the significant quantities removed by the animals these obser-
vations can probably be explained mainly by sorption to aquarium
walls and other surfaces of the equipment and to existing sus-
pended particulate surfaces in the experimental sea water. The
similarity of the "size-spectrum®™ (Figure 2.3.1.3) for the 5
radionuclides detected in the particulate matter supports the
hypothesis that the formation of particulate activity should be
explained by adsorption to existing particles, and that floc-
culation of the individual metal species themselves are negli-
gible, at least in the filterable size ranges. However, these
"size spectra" are apparently modified by the filtering activity
of the mussels, as the "plateau" observed for membrane filters
above 0.45 um pore size could be expla‘ned by the spectrum of

particle retention observed for mussels (cf. Chapter 2.4.1).

A decreasing activity concentration in the water is a severe
problem in laboratory experiments (see, e.g., Shimizu 1975).
However, by using the time-weighted mean water level (Chapter
2.3.1) when calculating concentration ratios, the rates of accu-
mulation are probably not seriously biased due to this. The in-
creasing particulate activity fraction might be another source
of error when compared to natural conditions. Ideally, accumu-
lation studies should be performed under more stable conditions
concerning total activity concentrations and particulate activity
in order to increase fieid comparatility. This might be ac-
complished by using the procedure of continuous water exchange

from the 3-week experiment (Figure 2.3.1.2 and Appendix I) and

discarding animals present in the set-up during equilibration.
As no significant differences were found between animals con-
taminated 24 hours after experimental start and animals present
in the set-up at contamination (Chapter 2.3.3), the errors due
to these sources are probably not of majcr importance. As equi-
librium is not reached at 24 hours, and as the number of animals
was low and the variation high, an effect cannot be totally

ruled out, however.
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Although the phytoplankton concentration was unimportant in the
present experiments (Chapters 2.3.3 and 2.4.6), accumulation via
particles is probably of major importance. The “retention effi-
ciency" of particulate (0.45 um) activity by the mussels, as
calculated under the assumption of the exact and complete retention
of the fraction sampled on 0.45 um Millipore filters and negligible
uptake from other sources (Table 2.3.3.7), show the lowest values
(5-7%) for 3'Cr and 39Fe and the highest (160%) for 65zn. This
could indicat , that the accumulation via particles is relatively
important for 51cr and 39Fe, whereas the accumulation of ©3zn
from other sources, e.g. from 6SZn?*’, might be predominant.
Several suggestions on an explanation of the apparently lcw re-
tention efficiencies of particulate activity (Table 2.3.3.7) can
be made: 1) The difference between the standard 0.45 um Milli-
pore filter and a 5.0 uym filter, which should more closely re-
semble the mussel gill (cf. Chapter 2.4.1), is not enough, as

the ratio between 0.45 ym and 5.0 um filters was only 1.720.3
(SD) (chapter 2.3.1). 2) Assuming a transport time for the
ingested particles through the intestinal tract of a few hours,
an assimilation efficiency of the radionuclides below 5-10%
could, in addition to point 1, explain the results. However,
Nakahara and Cross (1978) reported 60co retention efficiencies

of up to 50% in bivalves from 3 phytoplankton species, and even
higher values have been reported (Amiard and Amiard-Triquet 1975).
3) Finally the results could indicate a retention of micropar-
ticulates or colloids not retained by the mussel gill even in

the 5.0 um Millipore filter. An adsorption of colloids to the
constituent materials of the Millipore filter with a relatively
low efficiency would be corrected for in the double-filter
procedure used (Chapter 2.2.5); however, if the retention of some
species is high this correction is insufficient. Davis et al.
(1974) found a high retention efficiency of sub-micron radio-
colloids (198au) by 5.0 um Millipore filters, thus supporting
this hypothesis. Davis et al. sugge3t the use of Nucleopore
polycarbonate membranes, which acts as a sieve, instead of
Millipore or similar "membranes", which are actually depth
filters.

Probably all the above-mentioned points should be considered
in explaining the values of particulate activitv retention.
However, it can be stated that the standard use of a 0.45 um
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Millipore membrane when defining particulate matter is question-
able. In future work more light should be shed on this problenm
as a better description of the physical as well as chemical
speciation is necessary when interpreting laboratory experiments

and when evaluating field comparability.

2.4.3. On stable metal concentrations

An "ideal® bioindicator accumulates metals and radionuclides in
direct proportion to the concentrations in water, i.e., the rate
of accumulation expressed as the concentration factor increament
per time unit and the concentration factor at steady state should
ideally be unaffected by metal concentrations. Organisms which
efficiently requlate metals at a fixed level irrespective of
environmental concertrations, as is seen for zinc in crabs
(Carsinus maenas) over more than an order of magnitude (Bryan
1971), cannot of course be used as indicators for stable metal
pollution. If they are used to indicate a radionuclide, e.qg. 652n,
it might, however, prove useful provided the concentration of the

stable metal is relatively constant in the monitored environment.

In the present studies stable metal concentrations were not meas-
ured due to lack of time and equipment. However, 1in order to main-
tain metal concentrations at relatively constant natural background
levels, water for the experiments was sampled below the halocline
in the Kattegat (Chapter 2.2.1); and minimal amounts of carrier
metals were added with the radionuclides (Table 2.2.7.1). Further-
more, Phillips' (1977c & 1978) data indicate that metal concen-
trations in mussels from the two sampling areas are equal and at

a natural level.

Bivalves are used to indicate point sources of metal pollution in
the environment, i.e., e.g. mussels, oysters, and Scrobicularia
from metal-polluted environments show higher levels than animals
from relatively clean areas (Goldberg et al. 1978, Phillips

1976b & 1977a, Davies and Pirie 1980, Bryan and Hummerstone 1978).
This shows that bivalves do not completely regulate metal con-
centrations. A lack of requlation has been shown for some metals
in laboratrory studies, too, although a tendency to non-linearity

is observed especially at high concentrations (Harrison 1973,
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Schultz-Baldes 1974, Unli and Fowler '979, George and Pirie
1980).

It is therefore assumed that the results reported here are un-
affected by metal levels. However, the possibility of metal
regulation has not been fully studied at or below background
levels. A change in the stable caesium level is probably without
effect as it is metabnlised as potassium (Bryan 1963). However,
the other 5 elements studied should be considered as trace el-
ements most of which are known to be essential (Bowen 1979) and
an increased accumulation at very low environmental levels cannot
be ruled out. In the future this point should be elucidated

further as it might lead to misinterpretations.

2.4.4, On the estimate of the radionuclide influxes

In Chapter 2.3.3 the accumulation of radionuclides in the mussel
soft parts was expressed by the inclination of a line of re-
gression calculated for a 3-day accumulation curve (see Figure
2.3.3.1). This inclination was termed "rate of accumulation”

and should be considered as a net uptake, i.e., the difference
between the total uptake of a radionuclide and the simultaneous
loss. In, e.g., compartment-mcdel calculations (cf. Chapter
2.4.5) the total rate of uptake or the "influx” is an important
parameter. As the 3-day curves of accumulation (Chapter 2.3.3)
did not deviate significantly from a straight line, the measured
rate of accumulation is probably only slightly smaller than the

actual influx.

In this estimate of the influx, the possible existence of a
component with a fast rate constant of the magnitude of 1 d~! or

higher, is ignored.

Such a component was indicated in the loss studies for all 6
radionuclides investigated (Table II of Appendix I1)., In the
accumulation studies, a fast component will result in a positive
Y-intercept. Of the 6 radionuclides only ©3zn and '34Cs showed a
significantly positive intercept (Table 2.3.3.6). In bioindicator
contexts a relatively small and very fast compartment is not
relevant as such but it may influence the results of short-term
laboratory experiments substantialiy, especially if the rate of
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accumulation is estimated assuming linearity. This is also the
case if an intercept should be explained by water adhering to
the animals when sampled. In this case the effect of water
adhesion is, however, insignificant as the intercepts, expressed
as ml water/g animal, ave different for different nuclides and
as the amount of adhering water should be greater than the total
sample in order to explain the intercept.

A positive intercept could, however, also be explained by a
significant loss even in the initial accumulation phase giving
rise to a non-linear 3-day accumulation curve. As the intercept
was significantly positive for '34cs and 65zn only (Table 2.3.3.6)
and as the 3-week accumulation curves for these two nuclides

were non-linear (Figure 2.3.3.2) this is probably the explanation
for at least part of the intercept for 134Cs and 652n. This will
result in an underestimate of the influx of 134cs and 63z2n. The
magnitude of this error is not known but as the 3-day accumu-
lation curves did not deviate from a straight line as a rule, it
must be limited. As the same procedure has been used in all ex-
periments, the evaluation of environmental variable effects
(salinity, temperature and food level) is probably not influenced.

Thus, ignoring the probable existence of a relatively small and
very fast compartment, the best estimate of the radionuclide

influx from these studies is the rate of accumulation (Chapter
2.3.3).

2.4.5, Compartment models describing the accumulation of radio-

nuclides

The exchange of radionuclides between water and aquatic organisms
is often conveniently described by exponential compartment models.
In this chapter a simple compartment model, which sufficiently
describes the accumulation of radionuclides in Mytilus soft parts,
is presented.

In chapter 2.4.4 it was argued, that an "intercept-compartment”,
i.e. a very fast compartment appearing as a Y-intercept on the
accumulation curves, exists in these experiments. Since its rate
constants are not known it will be included in the mpodel as a
congtant only. This is possible because the intercept-compartment
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is not included in the influx estimates (cf. Chapter 2.4.4). The
intercept compartment is indicated in Figures 2.4.5.1 - 2.4.5.3

as compartment No. 1.

Fiqure 2.4.5.1 depicts the simplest exponential model describing
radionuclide uptake and loss in an aquatic organism. Although
three compartments are included, only one of these is exponen-
tial, and the model is here termed “"one-compartment model” or

"mono-exponential model®, although it might alternatively be

Figure 2.4.%5.'. Compirtment model with one enponential compartment (mono-exponential model). Although three
compart~ents are inciuded 17 1s here termed “ane-compartment model”. Accumulation of a radionuclide in
rwonrdance with this model can be expressed as equation (1. Ct. Table 2.4.5.7 for symbois.

termed a 3-compartment model (Atkins 1969, Jaquez 1972). Compart-
ment 0 represents the radionuclide amount gy in the surrounding
experimental water. In these model calculations qo is assumed
"infinite”, i.e. the radionuclide pool in the water is so big
that it is not significantly influenzed by accumulation in the
animals. This has not been guite true in these experiments,
especially not for S9re. Compartment 1 which represents the radio-
nuclide amount q7 in the intercept-compartment is, as mentioned
above, considered constant. The single exponential compartment

in this model, compartment 2, contains the radionuclide amount
g2. Its exchange with qgo is described by the rate constants k20

and k02 (d"). In Figure 2.4.5.1 these exchanges are shown as
passing through the intercept-compartment. Whether this is a.tu-
ally happening is not known. In accordance with this mono-expo-
nential model the exchange of activity between the animal and the
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water, i.e. between compartments 2 and 0 of Fiqure 2.4.5.1 can be
described by the differential equation

d(qgy)

—dt = k2090 - ko292 (1)
where symbols are explained above and in Table 2.4.5.1. By inte-
gration (cf. e.g. Atkins 1969), the total amount of radionuclide
in the animal during accumulation, i.e. in compartments 1 and 2,
is thus described by

k2090 -kg2 t
2 (1 -~ e ) (2)

qi+2 a1 ¢
ko2

(cf. Table 2.4.5.1 for symbols). Dividing through by animal
weight 1g fresh) and radionuclide concentration in the water

(pCi/ml) gives the concentration ratio CR (cf. Chapter 2.3.3). As

k2090

qz * for t + =

ko2

the accumulation in accordance with the mono-exponential model

Table 2.4.5.1. Symbols and abbreviations used in the compartment
models.

6,1, 2, 3

Compartment number. 0 is surrounding experimental
water, 1 is "intercept-compartment” and 2 and 3
denotes expcnhential compartments.

90, 91,925 93 : Amount of activity in different compartments (pCi).
k20, Kpzs:--kjj: rate constant (e.g. a™1) for transport to com-
partment i from compartment j.

t : time (e.g. days) since start of contamination.
CRj

concentration ratio contribution from compart-
ment no. i, i.e. pCi in compartment i per gramme
of animal divided by pCi per milliliter of water.

CReont, : concentration ratio of total animal

CRt, CRSS t concentration ratios after t days of contami-
nation and at steady state, respectively,

ACRid" ¢t influx to compartment i (equivalent to ml

cleared d-Tg~") (cf. Chapter 2.3.3).
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(Figure 2.4.5.1) is thus described by

-k _t

CRY,y = CRy + CR§ = CR; + CR$S(1 - e 02 (3

tot

(cf. Table 2.4.5.1 for symbols).

This mono-exponential model or a similar one without the inter-
cept compartment is often used when describing radionuclide accu-
mulation (see e.qg. Pentreath 1873). Equation (3) can be re-

arranged to

t
CR - R
1n (1 - —tot= Ly = - kopt (4)
CR3S

(cf. Table 2.4.5.1 for symbols). If the model is correct, the
rate constant of the outflux, kpz, can thus be calculated from
an accumulation experiment by an analysis of regression on the
left side of the last equation against t, and the biological

half life of the exponential compartment can be calculated from

This mono-exponential curve-fitting procedure has been applied
to the 652n and 134cs data of the 3-week experiment (Figure
2.3.3.2). Intercept values (CRj) of 0.86 and 16 were used for
134cg and 65zn, respectively. These values were calculated by
regression (cf. Chapter 2.3.3). Guessing total steady-state con-
centration ratios (or concentration factors) of 12 for 134cs
and 500 for 65Zn, rate constants corresponding to biological
half lives of 4.4 days and 4.3 days, respectively, were calcu-
lated fitting experimental data up to 72 hours. The correspond-
ing accumulation curves are included in Fiqure 2.3.3.2 (broken
lines).

in the loss experiments (Chapter 2.3.4 and Appendix I1I) a 652n
compartment of comparable biological half life (6 days) was

identified. However, an additional slow compartment (Ty,/2p ~ 87
days) was also found indicating that the mono-exponential model
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Tigure 1.8.%.1. (ompartarat andel with Tun cspanential compartasats. This asdel ts net salved 1 the tent.
Ct. table 2.4.%.! lor syshels.

is not sufficient in describing long term experiments or in ex-
trapolations to steady-state. The necessary introduction of a
second exponential compartment in the model can be done in sev-
eral ways. Figure 2.4.5.2 shows an extra exponential compartmsent
(3) as exhanging only with compartment 2. As in the above-men-
tioned model, differential equations describing the change of
activity in the two compartments are easily arranged. The i..te-
grated solution of these are, however, more complicated and cannot
be tested on the experiments available. Furthermore, an excretion

directly from a slow compartment has been proposed (George and
Pirie 1980).

The model in Figure 2.4.5.3, containing two independent exponential
compartments exchanging with the surrounding medium, is therefore
proposed. The changes in activity contents in these compartments
are simply the sum of two differential equations similar to equa-
tion (2) above and the inteqrated solution can subsequently be ex-

pressed as

-kgat -kp3t
CRE . = CRy + CR3® (1 - e ) + CR§® (1 - e ) (6)
(cf. Table 2.4.5.1 for symbols). As for the one-compartment model
(cf. above) the amount of radionuclide at steady-state can, for
each of the two exponential compartments, be expressed as

k2090 s . k3090
and qg s
ko2 ko3

q3® =
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Figure 1.4.3.3. The “twa-campartowent andei® enemplified 1 the tent (dauble-vupanent 1l mode,’. Accusmg -
st an af & coftraneclide 17 Scrardesce with thiy andel con be supressed 5% eguation 18V, Cf. Tahle
2.8.%.7 tor symelsx.

i.e. as the ratio between influx (pCi/d) and the rate constant of
outflux (d-') for the respective compartments. From the present
experiments a rough estimate of the steady state concentration
ratio can now be made, assuming that the model (figure 2.4.5.3 and
equation (6)) is sufficient. The two equations above can be re-
calculated to

aCR,d™! ACR,d™!
CR3® = ————— and CR}S = — (N
kgz(d~T) kgj(a™!)

(cf. Table 2.4.5.1 for symbols). The total influx of %5zn (aCR, +
4CR3) in the 3-week experiment (Figure 2.3.3.2) was measured to
62.4 ml cleared per day and gramme of fresh soft parts, and from
the loss-study (Table II of Appendix II) the relative size of the
two exponential compartments ("medium®"/"slow® ~ CR2/CRj) was
estimated to 1.71 and the rate constanis of the two exponential
-1 anda 7.97 x
10-3 a-1, respectively. The two equations (7) can now be solved

compartments (kg, and kg3) were measured to 0.1136 &

giving steady state concentration ratios of 528 and 308, respect-
ively, for compartments 2 and 3 which, including the intercept
value of 16, gives a total steady-state concentration ratio of 852.
In Pigure 2.3.3.2 an accumulation curve in accordance with these
results and the double-exponential model (Figure 2.4.5.3 and
equation (6)) is included for 65zn (solid line). Apparantly the
fitting to the experimental values is not as good as for the
mono-exponential model (broken line), but it should be remembered
that rate constants and relative sizes of the two compartments
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are from 3 different experiment. It therefore demonstrates that
the fitting of a mono-exponential model to an accumulation curve
does not exclude the existence of a slow compartsent. Pentreath
(1973) fitted a mono-exponential model to his accumulation

curves for Mytilus and found lower steady-state concentration
ratios than expected from comparison with stable metal levels. He
concluded that the higher concentraticn factors in the field wvere
due to accumulation via food. In accordance with the above men—-
tioned findings and the insignificant accumulation via food in
these experiments (Chapter 2.3.3 and 2.4.6) the conclusion could
alternatively be, that a slow compartaent was not accounted for.

In Table 2.4.5.2 the above mentioned wmethod has been used to cal-
culate steady-state concentration ratios (or concentration fac-
tors) utilizing mean values from the loss study (Appendix II) and
10 accumulation experiments. The results should only be taken as
a calculation example. A comparison with natural stable metal
concentration factors is not possible as no comparable measure-
ments were made on the experimental animal population and the
corresponding sea water. It should furthermore be noted that
values are calculated on the basis of influx results obtained
with two different animal populations, two salinities and two
temperatures (see =.g9. Table 2.2.8.2) and tha* rate constants of
outflux and relative size of compartments are from a semi-field
experiment at 15 9/00 and changing temperature (Appendix I1).

Toble 2-6.5.2. Wytilus edulis, soft perts. Issmple of calculated steady-stote concentrotion ratios
(CHSS, fresh weight) ing two independw =9 ial toents (2 and 3) (cf. Pigere 1.4.5.)).
RBate cONSIANTS fn! and Telative sizes of compertaent I and ) are from the loss study (Appendia 1)
and intercept ond inflen are Aeen values of 18 esperierants (Tables 1.3.3.6 and 2.3.3.)) recolculated
to frash weight. f. tent and Table 2.4.35.7 for further detrils.

%3 "y cryremy inflex o off o) ey,
16-%) 1" wn] 4" Ve"! (Tnter
or 8 CR &V cept)

65zn a.11)8 7.97x10-) 1.7 128 » 1087 (37 1705
37¢co 0.133) 3. 0107} 1.26 .9 -1 208 109 o
Sémn 0.100% 3.20n10°? ¢.98 27.) s %8 13 ) 190
Stce 0.13%9 4.59x10°2 1.10 .2 [} ") b 1) "e
3% 0.1658 e.95x10") .18 200 ” £7Y] o”y F1Y ]
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Even if the model was assumed completely correct, the results
will never be better than the basic data put into it. In the
future more work should therefore be aimed at improving the

different rate constants under relevant environmental condi-

tions and at making the results more field comparable.

2.4.6. Effect of food, salinity, and temperature on uptake

The relative role of food and "water” in radionuclide accumu-
lation by marine organisms has been a very controversial subject
for years (see e.g. Polikarpov 1966, Lowman et al. 1971). One

of the main aims when designing the experimental plan was there-
fore to make a reasonable approach to this problem for the accu-
mulation of 5'Cr, 3%mMn, 57co, 59fe, 65zn, and 134Cs in mussels.

As discussed in Chapter 2.4.1 it is not convenient to separate
the routes of uptake in filter-feeding mussels between food and
water. The amount of water passing the gills is decreased, if
particle concentra:iions are too low, e.g. when the mussels are
not fed. Thus, when the mussels are starved, accumulation via
non-food particles and probably also from "solution®™ may be de-
creased. It was, therefore, decided to evaluate the role of
food in radionuclide accumulation by comparing experiments with

two relatively low food levels instead of with and without food.

As indicated in Chapter 2.3.3, the rates of accumulation of all

6 radionuclides were unaffected by food level. This finding is not
thought to be affected by the changed experimental plan (cf.
Chapter 2.2.8), as the two food levels for identical temperature
and salinity were run almost without simultaneous changes in
sampling locality and season. This indicates that accumulation of
the 6 radionuclides via Phaeodactylunm tricornutum is of minor im-
portance as a route of uptake in muss21s. Further studies should,
however, be conducted to establish the actual contribution, as
differences in rate of filtration made the differences in eating
rate smaller and more variable than intended (Table 2.3.2.1).
Furthermore, uptake via other algal species should be considered,
as Nakahara and Cross (1978) reported differences in the rnten-
tion of 60co by Mercenaria from 3 species of contaminated phyto-

planktor.Prom the present experiments it can, however, be concluded
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that accumulation via other sources than food, i.e. non-food
particles and radionuclides in "solution™, is likely to be the
main route of accumulation of the 6 radionuclides in Mytilus.

This conclusion disagrees with several authors (Pentreath 1973,
Preston 1971, Phillips 1977a, Lowman et al. 1971} who assumed
uptake from food to be the main route of metal uptake in mussels
as laboratory experiments with starved animals resulted in too low
a concentration factor as compared with stable metal field condi-
tions. This lack of comparability has been observed by several
other authors, but might alternatively be explained by, e.g.,
effects of starvation (cf. Chapter 2.4.1), bad laboratory condi-
tions, and, perhaps, poor modelling (cf. Chapter 2.4.5). It should,
however, be mentioned that no differences were observed in particu-
late (0.45 ym) activity between high and low algal concentrations
(Chapter 2.3.1), i.e., the particulate activity was mainly associ-
ated with particles other than food. It is not known whether this
situation is field comparable. If not, the above-mentioned conclu-
sion might be erroneous.

For all 6 nuclides tne rate of accumulation at 8 ©/00 was higher
than at 20 9/00,although the salinity effect for 59fe was not
significant (Table 2.3.3.5). However, due to the changed exper-
imental plan (cf. Chapter 2.2.8) the effect of salinity cannot
be separated from a possible effect of sampling location and
other parameters that were different at the two sampling loca-
tions (Table 2.2.8.2). Of these, the different sizes of animals
is thought to be the most important, as an increased rate of
accumulation and a higher concentration factor of several metals
have been reported for smaller sizes (Lucu and Jelisavcic 1970,
Schulz-Baldes 19/4, Boyden 1974 & 1977, Phillips 1977a, Fowler et
al. 1978, Cossa et al. 1979, Harris et al. 1979, Onli and

Fowler 1979). However, in stable field conditions the opposite
relationship with weight have occasionally been observed for
some metals (Bryan and Hummerstone 1978, Harris et al. 1979).

An increased rate of accumulation for small animals may be
explained by the higher metabolic rate (Zeuthen 1953) and the
higher rate of filtration (Riisgidrd aid Mehlenberg 1979) ob-
served per gramme of small animals {cf. Chapters 2.3.2 and
2.3.3). As the two parameters show a comparable relationship
with weight the measured rates of accumulation (Tables 2.3.3.1
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and 2.3.3.3) have been weight-normalized (Tables 2.3.3.2 and
2.3.3.4) by the function found by Riisqird and Mehlenberq {1379}
for the rate of filtration (Fiqgure 2.3.2.%). From the normalized
data a lower salinity effect appears indicating that size differ-
ences aight have biased the results. Still, however, a signifi-
cant effect is found for 5'Cr, 37Co, and 652Zn (Table 2.3.3.5).
The normalized data for '34Cs show a highly significant inter-
action between the effects of temperature and salinity due to an
"inverse® temperatu-e effect. However, for 15°C and 5°C separ-
ately, t-tests show a significant salinity effect on the accusu-
lation of 134cs.

The effect of salinity on the rate of accumulation and the con-
centration factor of metals and radionuclides in marine invert-
ertebrates is poorly investiqated except for caesium, wvhere an
increased concentration factor with decreased salinity seems

well documented (Bryan 1963, Wolfe and Coburn 1970, Lucu and
Jelisavcic 1970, Amiard-Triquet 1974). In contrast to these
studies, Phillips (1976a, 1977a, 1977b) was unable to see a sal-
inity effect in laboratory experiments on the accumulaticn of
zinc in Mytilus perhaps because of poor laboratory conditions.
Phillips (i977¢c and 1979) measured higher zinc concentrations in
mussels from the Baltic at low salinity than from the Swedish
west coast at high salinity in spite of similar levels in the
water, whereas the brown alga Fucus vesiculosus showed no differ-
ences. The conclusion was that Baltic phytoplankton concentrates
metals more than phytoplankton from higher salinities, as
Phillips assumed no true salinity effect on zinc accumulation in
mussels and that phytoplankton was the major route of zinc up-
take. As mentioned above none of these assumptions are consistent
with this investigation. However, in the field the salinity ef-
fect cannot be separated from other factors varying with sal-
inity. Although Mytilus edulis tolerates very low salinities, it
has a lower growth rate and a smaller maximum size than at higher
salinities (Seed 197€). Purthermore, animals with the same shell
size often have lower soft parts weight and higher water contents
at low salinities (see e.g., Table 2.2.8.2). As metal and radio-
nuclide concentrations often vary inversely with animal size

{see above), the high metal concentration in Baltic mussels
should thus be explained not only by a salinity effect but also
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by differences in the sampled animals, e.g. :zize and condition.
As a salinity effect is very important for bioindicator studies
in estuarine areas, a more determined effort should be aimed at

the effects of salinity and of physico-chemical state of the

metals which varies with salinity (see e.g., Mantoura et al.
1978 and Chapter 2.,4.2), and therefore probably explains part of
the observed effects of salinity on the accumulation of certain

metals.

For all 6 nuclides, the accumulation rates were higher at 15°C
than at 5°C, although only differences for 65zn, 134¢cs, and
57co were significant. This result is not surprising as meta-
bolic rates are temperature dependent (see e.g. Bayne et al.
1976), and as the rate of filtration at 150C was found to be
2.5 times higher than at 59C (Chapter 2.3.2). A positive tempera-
ture effect on metal accumulation by marine bivalves has pre-
viously been reported for caesium, cobalt, iron, arsenic, and
cadmium (Wolfe and Coburn 1970, Nakahara et al. 1977, Frazier
and Ancellin 1975, Unli and Fowler 1979, Phillips 1976a),
whereas Phillips (1976a and 1977b) found no temperature effect
at all on zinc accumulation by Mytilus. However, as suggested
for the salinity effect, Phillips®' results might have been
biased by laboratory conditions.

The "inverse” temperature effect observed for weight-normalized
134cs results at 8 9/o0 (Table 2.3.3.4) and thereby tihe signifi-
cant temperature-salinity interaction (Table 2.3.3.5) might be
explained by an artifact caused by the changed experimental plan
(cf. Chapter 2.2.8), as the two 159C experiments at 8 ©/oco were
performed with smaller animals than the experiments at 5°9C, and
as the 15°C experiments were performed in December, whereas the
50C experiments were performed in April. A seasonal effect or an
inaccuracy in the weight normalisation function might thus be the
explanation., The conclusion to be drawn from this woven expla-
nation is that it is very important to make a feasible exper-
imental g .an.

2.4.7. Radionuclide exchange in the field

In this study, measurements of the loss of radionuclides from
mussels were performed by repeated whole-body countings on
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animals reared in the field after contamination in the labora-
tory (Chapters 2.2.6 and 2.3.4 and Appendix II). The biological
half~lives were calculated for whole animals. Thus, the decrease
in concentration due to growth did not influence the results as
it would if the half-lives were calculated on the basis of ac-
tivity per gramme of animal. As mentioned in Appendix II, the
biological half-life of the long-lived component of 652n during
autumn 1979 (87 days) is identical with Young and Folsom's (1967)
results without growth dilution (82 days) measured in the field
whereas it is more difficult to compare with laboratory results
(Van Weers 1973, Baudin 1973). Most results obtained in the
laboratory are not directly field comparable (Patel 1975). Thus,
the biological half-life excluding growth "dilution" for cadmium,
mercury, and arsenic in mussels was found to be longer in labora-
tory experiments than in the field (Fowler and Benayoun 1974,
Fowler et al. 1978, Unli and Fowler, 1979), presumably

because of the higher metabolic rate assiciated with the higher
growth rate in the field. This is further evidence for the need
to establish natural food conditions in laboratory experiments
(cf. Chapter 2.4.1),

The growth rate of mussels during one year in this study (Table
I of Appendix II) is much smaller than the maximum growth rates
measured during summer months (Kierboe et al. 1981), but is in
good agreement with comparable measurements over one year in
several Danish Fjords (Theisen 1975). The results depicted in
Chapter 2.3.4 and Appendix II are thus thought to represent real

field conditions.

A seasonal variation of stable metal concentrations in bivalves
is often recorded and several explanations have been proposed
(Bryan 1973, Phillips 1976a and 1977a). Of these, differences in
soft parts weight and growth rates are probably important (cf.
Chapter 2.4.6). For zinc the rate of accumulatior declines with
declining temperature (Chapter 2.3.3) and the lcss rate is lowest
during winter (Chapter 2.3.,4). The combined seasonal effect of
this, if any, is unclear. Although the apparent correlation with
the temperature curve (Figure 2.3.4.2), could indicate a tempera-
ture effect, the long winter half-life for 65zn might as well be
caused, at least partly, by lack of food during the dark winter

resulting in low metabolic activity. This would be consistent
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with the above—-mentioned explanation that the different half-
lives in field and laboratory experiments found by Fowler and
co-workers could be explained by higher metabolic rate due to
normal food conditions in the field. Furthermore, it is supported
by the finding that the growth stop during winter resulting in
year-marks on Mytilus shells is not caused by low temperatures
but rather by lack of food as mussels feeding on suspended food
particles in tne vicinity of marine fish farms in northern

Norway grow all year irrespective of lcw winter temperatures
(Wallace 1980).

Odum and Golley (1963) supposed the loss rate of 652n to be so
tightly correlated with metabolic rates that it could be used

as a long-term "activity meter®™ in free-living organisms. This
might be supported by the discussion of seasonal variation of

the 652n loss rate above. However, Hoss et al. (1978) concluded
that the loss rate of 632zn is not a practical method for estimat-
ing field metabolism of fish as no correlation with, e.g., oxygen
metabolism could be established. As several parameters other than
temperature change with season, e.g. light, food amount and qual-
ity, growth rate, biochemical composition, and sexual activity
(Jergensen 1966, Zandee et al. 1980), the explanation of seasonal
variation in metal metabolism and concentration in bivalves is

probably complex.

In the future, an important task must be to elucidate the effects
of environmental and physiological variations on metal and radio-
nuclide accumulation, loss, and concentration in mussels and
other bioindicators e.g. Fucus.,

Contradictory conclusions should be elucidated by further data
as the problems are important for the interpretation of bio-
indicator data.
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3. BIOINDICATOR RESULTS ON DISTRIBUTION OF NUCLEAR POWER
PLANT RELEASES IN TWO ESTUARINE ENVIRONMENTS, BARSEBACK
AND RINGHALS, SWEDEN

3.1. Introduction

Since 1974-75 Sweden has operated nuclear power plants at
Ringhals and Barsebdck on the Swedish west coast, and in 1976
neutron activated corrosion products were detected in bioindi-
cators sampled in the estuarine environments near both sites
{Aarkrog and Lippert 1977). From 1977 and onwards the controlled
liquid discharges from Barsebdck and Ringhals have been utilized
to investigate the feasibility of especially Fucus vesiculosus
and Mytilus edulis as bioindicators of nuclear discharges. This
ongoing project is performed in cooperation with the Department
of Radiation Physics at the University of Lund and the National
Swedish Environment Protection Board, Drottningholm, Sweden.

The project is supported in part by grants from the Nordic
Liaison Committee for Atomic Energy (Nordisk Kontaktorgan for
Atomeneryispergsmil).

The main aim of these field investigations is to perform a
practical test of the use of bioindicators and thereby to collect
knowledge of their advantages and limits. It should be realized
that accumulation~ and loss-rates in the field are the "real
values" with which laboratory results should be compared. Mainly
due to excessively low discharges such comparisons have not yet
been satisfactory.

Primary results from the Danish part of this work are published
yearly (Dahlgaard 1978, 1979, 1980), and the results to be
discussed here are furthermore included in Appendix III.
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3.2. Materials and methods

Brown algae, benthic invertebrates, sediments and fish are
sampled reqularely at both sites. Samples were kept frozen until
preparation, which consisted in drying at 105°C and grinding.
Most fish samples were furthermore partly ashed {24 hours at
400°C). The grinded or ashed samples were packed in containers
of up to 1700 milliliter carefully calibrated for gamma-spec-
trometric analysis. The countings were performed, usually
overnight, with solid state detectors (Ge(Li)) connected to
multichannel analyzers (1024 or 2048 channels). The detectors
were placed in 10 cm lead shields. The activity concentration
of the y-active nuclides in the samples were calculated by
computer (Lippert 1978).

The power plant companies report controlled radioactive dis-
charges to the Swedish authorities monthly (Sydkraft, Vatten-
fall). The liugid discharge data were calculated from a pooled
sample of aliguots of all controlled discharges during the
month. These monthly discharge data were utilized to calculate
"transfer factors" to selected bioindicator samples. "Transfer
factor”® is here defined as a ratio between the activity concen-
tration in a sample from a specified location and the dis-
charge rate from the power plant averaged as indicated below.

In the present work two different transfer factors have been used:
the normal transfer factor (TF) and the decay-corrected transfer
factor (DTF).

The normal transfer factor is calculated as

A
TP = Ti- (pCi month kg=! mci-1)

! Dy

= 1lad

and the decay~corrected transfer factor as

Ai -1 -1
DTFy, = = (pCi (m months) kg mCi '),

-2 (1-3)
1 Dje
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where A; is the activity of a sample collected in month i (pCi
kq—1 fresh weight), D4 is the discharge during month j (mCi
month=1), m is the number of months in the calculation and A is
the radioactive decay constant (month~1). For the TF-calcu-
lations m is 12 months, whereas in the DTF-calculation m is chosen
as the number of months before sampling which must be included in
the calculation in order to make DTF-values for $C8Co and 38co
equal. The "integration-time"™ is defined as this last m-value.

If more months than the "integration time"™ are included in the
calculation, DTF for 60Co(T* ~ 1922 d) will be smaller than DTF
for the relatively short-lived 58Co (T§ ~ 71,3 d}, as also 60Co
releases not included in the sample, are included in the calcu-
lation, whereas the corresponding 58¢o discharges have already
mainly decayed. Calculation of the "integration time" by DTF-
values are thus made on the assumption that the algae cannot dis-
tinguish between the two cobalt-isotopes, i.e. they are assumed to
be in the same physicochemical state. Figure 3.2.1 exemplifies the

estimation of the ingration time (m months).

o 50(:0
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m
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Fiqure 31.2.%, Calculatian rxample showing the estimation of the integration time (M months! feom calcalations
NP the Arcavearrected transfer Factor (DTF) (cf. text). Values are narmalized to DTF rop 60es,
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Data on these transfer factors have been published previously
(Dahlgaard 1978, 1979, 1980) and the results will be summarized
and discussed below.

3.3. Results and discussion

Activity decrease with distance

The variation with distance is pronounced for the nuclides dis-
charged from the power plants. As an example Figure 3.3.1 shows
the concentration of v-active corrosion and fission products in
Fucus vesiculosus collected near Barsebdck as a function of
distance from the point of discharge. The plot illustrates not
only the dilution of activity with distance but also the differ-
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Figure 3.3.1, Effect nf distance from onint nf discharge on radinnuclide concentratinns in Pucus vesiculosus
tpCi/ka fresh) cnliected near Barsehiick Septemher 1977, ¢f, tent and Appendix 111,
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ence between transport southwards and northwards, and it helps

in the identification of sources.

The decreasing activity concentration northwards can, for 60co,
58Co, 34mMn and 65zn be described by a power function

A = k Xb

where X is distance from point of discharge in kilometers, k is
a constant and b is found as the slope of a2 line of regression
(1In activity concentration versus In distance). From the results
depicted in Fiqure 3.3.1 a2 mean b-value of - 1.33 was found.

The power function has been used to describe the decrease in
activity concentration 125 kilometers northwards from Barseback
along the Swedish west coast at several instances since 1977
with a mean b-value of - 1.4 * 0.1(SD) (Mattsson et al. 1980). If
the decrease in activity with distance from Ringhals is de-
scribed by the same power function, results from 1977 - 1979
{Appendix I11) give b-values of -0.79 2z 0.09(SD) till 6.3 km
northwards and -0.93 & 0.10(SD) southwards till 4.1 km.

Assuming that the changes in environmental parameters along the
Swedish west coast, e.g. the increase in salinity from ~10 9/00
to ~20 ©/00, are without significant importance for the accumu-
lation of the nuclides and assuming that changes in physical

and chemical form of the nuclides between 0.6 km and 125 km

from Barsebdck are also without importance, the above mentioned
function shows the approximate decrease in time-integrated radio-

nuclide concentration in the water along the Swedish coast.

Preliminary unpublished experiments indicate that the accumu-
lation of Co, Zn, Mn, Ag and Cs in Pucus vesiculosus might in-
crease with Jecreasing salinity as was the case for Mytilus (cf.
Chapters 2.3.3 and 2,4.6). This indicates that the decrease in
water concentration might be overestimated by the Fucus measure-
ments as salinity increases northwards from Barsebidck. An
increased accumulation in brown algae with distance due to a
time-dependent change in chemical speciation, as is demon-
strated for '23sb-discharges from Cap de la Hague (Ancellin and
Bovard 1979) is unlikely for cobalt, zinc and manganese as they
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show similar patterns whereas '10®ag behaves different {see
below). Provided the above mentioned effects are either insignif-
icant or well described, the Fucus measurements give us a method
of tracing water c:'rrents and pollutant dispersion. Figqure 3.3.1
shows e.9. that most of the activity is transported northwards
from Barseback. This is in agreement with hydrological measure-
ments (Anon. 1979).

A detailed knowledge of the decreasing activity concentration in
Fucus with distance can be used when calculating potential trans-
port to man of the nuclides discharged, as the distribution func-
tion is probably similar for edible organisms. A direct measure-
ment on fish samples from different locations along the coast would
be impossible due to the low concentration in fish. An important
problem in such a use of the Fucus measurements is that commercial
fish and Fucus might be representing different water masses es-

pecially near the point of discharge.

The pronounced decrease in concentration of 58co, 60co, 54Mn,
652n and 11°“Aq (Figure 3.3.1) with increasing distance from the
point of discharge identifies the source of these nuclides. For
137cs the source is identified as global fallout and Windscale
discharges whereas the origin of 1311 and 95zr is uncertain.
Although these nuclides could originate from the power plant,
Figure 3.3.1 shows this is not the case. For 25Zr the source was
probably recent fallout from Chinese weapon tests, whereas 131
was probably from hospital or laboratory discharges.

The transfer factor, TP

Table 3.3.1 shows mean values of the normal transfer factor (TF)
from 1977 to 1979, i.e. ratios between activity concentration in
Fucus {pCi/kg fresh) and mean discharge rate averaged over the
preceding 12 months (mCi/month). More detaiied data can be found
in Dahlgaard 1978, 1979 and 1980. In order to facilitate a com-
parison, the values are recalculated to the same distance north
of Barsebdck and Ringhals, respectively, by the power functions
mentioned above.
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Tabhle 1.1.]1. Transfer factors (TF) from discharge {(=Ci/month)
to Fucus (pCi/kq fresh). Mean values 1977-1979 recalculated
to 2,9 km north of Barsebdck and Ringhals, respectively

{cf. text). Data from Dahlgaard 1978, 1979, 1980,

nic: pCi month kg~! mCi~'. Error term: * SE.

ratio
Barsebiack Ringhals Barseback/
Ringhals

60co 21738 (n=10) 8.5¢1.7 {n=5) 26
58co 83*21 (n=10) 3.7+0.8 (n=z5) 23
54mn 138+18 {n=10) 9.7%3.1 (n=5) 14
652n 20438 (n=10) 26 *8  {n=5) 8
110mpq 23t 4 (n=7) 46 *28 (n=4) 0.5

The discharge from the nuclear power plants oscillates through-
out the year showing distinct peaks during and after the yearly
refuelling and servicing which normally takes place during late
summer at Barsebick and in spring and late summer at the two
Ringhals reactors. Apparently the transfer factors show a simi-
lar oscillation.This is not surprising as discharges in the
start of the period in calculation (12 months) are expected to
give a lower TF-value than discharges just before sampling, since
the TF-calculation does not correct for radioactive decay, di-
lution with growth, and loss of activity from the Fucus plants.
similar seasonal variations have been observed for stable metals
in Fucus (Van Weers 1972, Fuge and James 1973). It is thus not
simple to distinguish between the effects of seasonal variation
on metal or radionuclide accumulation, growth rate and other
eco-physiological parameters on one side and effects of the
yearly discharge patterns on the other.

However, from the present data (see e.g. table 3.3.1), the order
of magnitude of activity expected to be found in one kg of Fucus
after a certain release is known for Barsebdack and Ringhals.

In case of an accidental release of unknown magnitude these data,
together with the analysis of some Fucus samples, can be used to
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estimate the order of magnitude of the release and furthermore,
after comparison with exisiling data on activity ratios between
Fucus and edible organisms, quickly indicate if fishing restric-
tions are required on radiological reasons. Due to the above men-
tioned variation in the calculated transfer factors, giving
highest values within the first weeks after a discharge, an esti-
mate of an accidental release on the basis of mean values (e.g.
from Table 3.3.1) will be too high, whereas peak-values are ex-

pected to give a more correct answer.

As mentioned above the decrease with distance froes the point of
discharge is different for different sites, depending on local
hydrological conditions. Furthermore, Table 3.3.1 shows a
pronounced difference in transfer factors recalculated to the
same distance from Barsebdck and Ringhals, respectively. This
could perhaps be explained by differences in local hydrological
conditions, whereas the salinity effect (~10 9/00 at Barsebick
ard ~20 ®/oo at Ringhals) is probably too small to contribute
significantly. The difference between Barsebdck and Ringhals

is, however, not the same for different nuclides. This can only
be explained by differences in physical or chemical form of the
nuclides discharged from the two plants or perhaps partly by
different "speciation” patterns due to different water qualities.
This indicates clearly, that results obtained from one site
should not be used to describe another site, without supplementary
investigations.

One might get the impression from Table 3.3.1 that 110"‘Aq behaves
similarly at the two sites and that the other nuclides show greater
differences. If, however, hydrological conditions result in a
greater dilution at Ringhals than at Barsebdck, '10®aq is in

fact accumulated to a higher level at Ringhals than at Barsebidck
probably due to differences in chemical form. A hypothesis could
be that !''0Mag js released from Barsebdck in a less available
form than from Ringhals, and that the Barsebidck-silver during

its transport northwards along the Swedisn coast slowly "dis-
solves” to a more available form, as was clearly demonst~ated for
1253b released from Cap de la Hague (Ancellin and Bovard 1979).
This would be consistent with the slower decrease of activity
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in Fucus with distance from Barsebick observed for !10maq as
compared to 38co, 60Co, 652n and 3%Mn, all of which show a similar

dependence on distance, as mentioned above (Nilsson et al. 1981).

The decay-corrected transfer factor, OTF

As mentioned above some of the variation in the normsal transfer
factor (TF} is due to physical decay of nuclides released soame
months before sampling. As an example Table 3.3.1 shows that
TF-values for 2%co (T, = 71 days) are lower than values for

60co (T* = 1922 days). Assuming similar behaviour of the two
isotopes and therefore similar TF-values immediately after a
single release of activity, the explanation would be that the 58co
accumulated e.g. 5 months before sampling has decayed to approxi-
mately 25% (approximately 2 half-lives), whereas 958 of the

60co accumulated at the same time is still present. By calculating
the decaycorrected transfer factor, DTF (cf. Chapter 31.2), this
difference is utilized to make an evaluation of the period during
which the Fucus plants have actually “"inteqrated®™ the discharges
(m months). Values of the decay corrected transfer factor, DIFg
{pCi (m months) kg~! mci-) represent the radioactive concen-
tration (pCi kq" fresh weight) found in Fucus after a decay
corrected discharge accumulated over m months to one mCi. Thus,
DTIFy values will ideally show the transfer of the metals inde-

pendent of the decay constant of the specific isotope.

Table 3.3.2 shows values of the decay-corrected transfer factor
(DTFP) and the corresponding inteqration time (m months) calcu-
lated at several instances during 1977-1380 for one location
near Barsebick. It is seen that the integration time, m, varies
from 4 to 16 months and it is also seen that the DTF-~values show
a seasonal variatiorn which, as for the TF-values, might be ex-
plained partly by oscillating discharge patterns.

Preliminary, unpublished laboratory experiments indicate that

Co and Zn might be accumulated partly "irreversible” by Fucus
vesiculosus, whereas the loss of Mn, Cr and Ag is measureble. Ir-
reversible accumulation of Zn in brown algae has been suggested
earlier (Younq 1975, Skipnes et al. 1975, Gutknecht 1963, Bryan
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1969). Field experiments with Ascophyllus nodosum indicates how—
ever, that Zn is actually lost, at least from this species, but
with a very long half life {Eide et al. 1980). Wheather this is
also the case for Fucus remains to be documented, as none of the
above mentinned experiments were run for so lonqg periods of time
that biological half-lives above a few months could have been de-
tected. The biologi:al half-lives of Zn and Cn are, however, in
any case so long, that a dilution of the activity concentration
with new biomass due to growth is probably more important than a
loss of activity from the plants, at least during the spring and
summer. Thus Brinkhuis (1977) measured up to a 5-fold increase
in biomass of young Fucus vesiculosus plants during two spring
months and estimated the biomass to "turn over”™ twice per year
on average. If biological half-lives are measured on an activity
per unit weight basis in a growing population, this growth dilu-
tion is included in the estimate. In the above mentioned loss-

experiments growth dilution was not included.

The long biological half-lives indicate that the estimated
periods of integration (m in Table 3.3.2) might be correct. Much
more data should, however, be gathered and analyzed before a
proper evaluation of the DTF-method is possible. If the cross-
point determining the integration time (cf. Figure 3.2.1) should
actually fall in a period with extremely low discharges of radio-
cobalt, the estimate will be un-precise as the two lines will run
nearly parallel. Another prollem has been that in several samples
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from Ringhais the 38Co/9%Co ratio has been toc high compared uo
discharge reports (cf. Dahlgaard 1980). This miqht indicate
differences in speciation of the two cobalt isotopes froa this
plant or sieply inaccuracy in the reported discharges. For this
purpose discharge reports should be much more precise than re-
quired from a radiological protection viewpoint.

Mussel data

wWhen this project started it was the idea to coampare field
measurements with laboratory results tor mussels (cf. Section 2)
in order to explain observed variaticns in the field and in
order to evaluate the field comparability of data obtained in
the laboratory. It was, however, difficult to get sufficiently
larqe mussel samples near Barsebick, and discharges were too
small for distant seasurements. Mussel data from Ringhals are
summarized in Table 3.3.3 as a comparison with Fucus. It is

seen that even 632n, which is quickly accumulated to high levels
in mussels, is found in higher concentrations in Fucus. When
furthermore samples up to 5-6 kg (fresh) have been measured, it
is obvious that Fucus is much easier to sample and gprocess in

sufficient amounts for this purpose than Mvtilus.

Tadle 13.).3. Activity ratios on
fresh weight basis, Rytilus edulis
soft parts to brown alqae (Pucus
vesiculosus and Pucus sercatus)
collected at Ringhals 1977-1979.

Isstope Mean t SE

S8ca 0.19 £ 0.05 (na7)
so-, 0.17 ¢t 0.03 (n=®)
S4pn 0.08 ¢ 0.02 (ne=2)
32, 0.32 * 0.06 n=6)
110m,, 0.24 ¢ 0.16 (ns3)
'¥¢cs 0.38 ¢t 0.08 (neS)
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In order to improve the measurements on Mytilus, several thousands
of young individuals were filled in nettings developed for commer-
cial mussel farming (Behle 1974) and transplanted to buoys near
the discharae pipe at Barsebdck. The idea was to measure on a
population which had been present in the area during a well

known period of t‘~e and afterwards to measure excretion of the
nuclides after transplanting the mussels to a non-contaminated
area. This project failed as the mussels disappeared from the
nettings during periods with rough weather. In the future these
experiments should be reconsidered near Ringhals where conditions
for mussels are much better (higher salinity). Such studies will
facilitate an important evaluation of the excretion measurements
on laboratory-conicarinated mussels (cf. Chapters 2.3.4 and 2.4.7

and Appendix II).
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4. CONCLUSIONS

The experiments presented here have shown, that it is possible
to make accumulation experiments with Mytilus edulis in the
laboratory under reasonably natural feeding conditions, i.e. at
a constant, low concentration of phytoplankton. As the filtra-
tion (phytoplankton clearance) may stop or be decreased when
laboratory conditions do not fit the animals, e.g. if water
quality is bad or if no particles are present in the water,
natural food levels are indispensable in metal or radionuclide
accumulation studies on suspension feeding bivalves. Furthermore,
by maintaining a constant food level the clearance rate can be
calculated and used as a measure of natural filtering activity.

It was found that the accumulation of the € radionuclides via
contaminated food (Phaeodactylum tricornutum) by Mytilus was
insignificant as compared to an accumulation directly from water
and via non-food particles.

In laboratory experiments with Mytilus decreasing salinity and
increasing temperature elevated the influx (initial rate of
accumulation) of the nuclides. In the field, the biological half
life of 65Zn was longer during the winter than in spring and
autumn. The combined effect of these findings is to be studied
further. Bioindicator programmes with Mytilus can give useful
irformation. It can however be concluded, that seasonal effects
and local conditions, such as salinity, have to be taken into
account.

Field results have shown, that for low levels of radioactive
releases Fucus may be a more sensitive bioindicator than Mytilus.

Transfer factors from controlled discharges to Fucus can be used
to estimate the magnitude of an uncontrolled discharge, especial-
ly if a long time-series of data obtained with controlled dis-
charges can elucidate variation between seasons and years. Dif-
ferences between Barseback and Ringhals shows clearly, that data
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from one site should not be used for another site without

supplementary investigations.

Still much work remains to be done before the total effect of
environmental parameters on the performance of Mytilus and Fucus
as bioindicators can be satisfactorily described. The continu-
ation of this bioindicator reszarch will aim at describing the
effect of environmental parameters such as season and salinity-
conditions on the performance and limits of Mytilus and Fucus

as bioindicators for several radionuclides and metals. Much of
this future work has to ke done in the laboratory, but in order
to elucidate and improve field-comparability, as much data as
possible will be gained from biocindicator programmes utilizing
"tracers" originatinjy from nuclear power plants, fuel reprocess-

ing plants and testing of nuclear weapons.

It can be concluded, that in spite of some lacking data on the
bioindicator organisms, monitoring prodgrammes can give much
valuable information not only on the pollution to be monitored

but also on the organisms uced.
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A SENSITIVE TURBIDITY CONTROLLER FOR PHYTOPLANKTON
SUSPENSIONS APPLIED TO BIOACCUMULATION STUDIES OF MUSSELS

L. Better-Jensen and H, Dahlgaard
Health Physics Department
Rise National Laboratory

DK-4000 Roskilde, Denmark

KEY WORDS: Filter-feeders, Mussels, Mytilus, Phytoplankton,
Suspension, Turbidity, Bioaccumulation

ABSTRACT
An apparatus designed to maintain phytoplankton cell concen-
trations at a constant and very low level in long-term bioaccumula-
tion studies with suspension-feeding mussels is described, Phyto-
plankton concentrations of 2000 Phaeodactylum tricornutum cells/ml
(approximately 26 x 10-7 g organic dry weight/ml) can be maintained
for veeks, The set up facilitates continuous control of animal con-

dition by measuring the clearance rate, Circuit diagrammes are given
and results are presented to demonstrate the performance,

INTRODUCT ION
Marine and estuarine bivalves, especially the common mussel
Mytilus edulis, are wvidely used as "bioindicators" in monitoring

pollution of estuaries and coastal waters with redionuclides, metals,

59
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petroleum hydrocarbons and halogensted hydrocsrbons (Goldberg et al.,
1978, Phillips, 1977). The use of mussels as bioindicators demands
field~comparable experiments on the effects of envirommental vari-
gbles on accumulation end loss of pollutants by the mussels.

The natural way of life for 2 mussel is to filter huge volumes
of water continuously with low concentrations of phytoplankton, if
the concentration of particles becomes too high, the mussels react
by creating "pseudofaeces”, i.e. a certain part of the filtered
material is discharged before it enters the digestive tract. for
phytoplankton concentrations of 0.5 mg organic dry weight/1, heavy
pseudofaeces production has been observed (Riisgdrd and Mehlenberg,
1979). It is therefore necessary to maintain concentrations well
below 0.5 mg/1, and the apparatus described here was developed to
maintain concentrations as low as 2000 Phaeodactylum tricornutum
cells/ml, i.e. approximately 0.024 mg dry weight per liter.

Winter (1973) described an apparatus for maintaining constant
concentrations of phytoplankton cells in filtration experiments
vith Mytilus, and an improved set-up was described by Riisgdrd and
Mehlenberg (1979). The present apparatus was designed to operate
at even lower concentrations and for longer periods of time. In
addition to continuous filtration rate measurements, the apparatus
vas designed for radionuclide accumulation experiments (Dahlgeard,
1979). Thus it is possible to remove some animals from the set-up
to measure the radionuclide concentration without seriously disturb-
ing the running experiment,

A description of the instrument design is given and results

are presented to demonstrate its performance.



SENSITIVE TURBIDITY CONTROLLER 61

EXPERIMENTAL SET UP

The laboratory set-up used for radionuclide uptake experiments
with Mytilus edulis is depicted schematically in Figure 1. Mussels,
which are attached to perspex baskets by their byssus threads, are
placed in a small mu.sel-squarium containing spprox. 0.8 1 seswater.
The experimental water is circulated by a siphoning system from s
photoaquarium, via the mussel-aquarium to a settling aguarium at a
flow rate of 6.5 1/min. The water from the settling aquarium is

pumped back to the photoaquarium vis a glass heat exchanger that

FIG. 1. The leboratory set-up, schemstically., (1) Mussel-aquarium,
(2) settling aquarium, (3) phoaguarium, (4+5) siphoning system,
(6) heat exchanger, (7) antifreeze-liquid, (8) pump, (9) quertz
lamp light source, (10) beam aplitter, (11) measuring photodiode,
(12) level control amplifier, (13) peristaltic pump,
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keeps the water at a constant preset temperature (¢ 0.1° C). In-
cressing background turbidity and bad water quality is compensated
by a continuous injection of 4.6 1 of fresh seavater per day. The
total smount of experimental water is kept constant at 30 1 by an
overflow srrangesent. The water is aerated by bubbling with com-
pressed air.

The relatively large volume of the settling aguarium (approx.
17 1) provides for settling of faeces, The photoaquarium is equip-
ped with a photometric measuring system that controls the turbidity. -~
An clectronic turbidity control amplifier provides compensation for
declining turbidity caused by the mussels' filtering activity. It
controls a peristaltic dosing pump that injects phytoplankton sus-
pension from a chemostatic culture to the experimental water. An
algal concentration at a preset level is thus meintained. A coulter
counter, model ZB' is used for calibration of the apperatus to
selectively meintain the desired concentration of algal cells and
to further control this concentration throughout the experiment.

Materials in contact with the seavater are glass, silicone-
rubber snd perspex which have been found to be non-toxic to merine
orgenisms (Bernhard and Zattera, 1970). In additicn en Eheim aqua-
rium pump and nylon fittings are used.

The electronic turbidity controller system basically consists
of a photometric measuring system in connection vith a servo ampli-
fier. The photometric system which is attached to the photoaquarium
(see Figure 2) consists of & halogen quartz lamp in a cylindrical

housing, 8 beam splitter, focusing lenses, a reference photodiode
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FIG. 2. The photosquarium, schemstically. (1) Messuring photodiode,
(2) focusing lens, (3) petri dish, (4) suspension inlet, (5) photo-
aquarium, (6) opticsl bench, (7) experimental algsl suspension,
(8) suspension outlet, (9) petri dish, (10) besm splitter, (11)
reference photodiode, (12) diaphragm, (13) optics, (14) quartz lemp.

and a measuring photodiode; all are mounted on an optical bench
physically separated from the aguarium., The beem splitter pleced
in the light-path directs approx. half of the light to the refe-
rence photodiode; the remaining fraction passes the photoaquarium
before it is detected by the measuring photodiode. The difference
signal between the two detectors is @ measure of the turbidity end
is thus independent of veriations of the light source,

In order to minimize problems with dew, two perspex Petri
dishes containing a few dry silica-gel crystals were glued onto
the aquarium walls in the light path. The light pessing through
the aquarium is focused by optical lenses to optimize the light
quantity end to avoid interference with other light sources. The
set-up is shielded against direct sunlight,

The signals from the two detectors are fed to the level-con-
trol emplifier shown schematically in Figure 3. The two photodiode

signals ere amplified by identical input amplifiers with equsl am-
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FIG. 3. Circuit disgram of the level-control amplifier.

plifications thus correcting for errors caused by temperature drift.
The outputs are fed to a comparator that allows for an initial zero-
set by balancing two light-emitting diodes. An injection of algal
suspension produces a difference signal which is proportional to the
preset algal concentration. The difference signal is further ampli-
fied and fed to a final comparator which activates the algal dosing
pump via a solid-state relay when a selectively preset concentration-
level is exceeded. To obtain a graph of the turbidity variations »
separate amplifier provides an output signgl suitable for a recor-
der.

An opto~coupler on the injector pump counts the revolutions
which sre registered on an electromegnetic counterj this indicates
the injection rate.

The rate of phytoplenkton clearance (ml/min/animel) was cal-

culated from the formula
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vhere a is a] glgsl] culture injected during t minutes,

Cs = algee/ml culture, Ce = algae/m] experimental seswater,

n = number of animals and r = rate of water exchange (ml/min) (Riis-
gird and Mghlenberg, 1979). The formsla allows for dilution of ex-
perimental water with algal mediun and fresh seawater and for removal

of algal cells by overflow and water sampling.

PERFORMANCE AND RESWLTS

The function and performance of the set-up is exemplified by
briefly describing a radionuclide uptake experiment lasting for 3
weeks.,

Mussels (Mytilus edulis) were sampled at 17° € and were ac-
climeted to the experimental temperature (16° C) for 2 days only.
Salinity was 14 0/0c in the experiment and in the sampling area as
well. The mean dry weight of soft parts wvas 170 mg. 24 mussels on
pcrspex baskets were placed in the aguatrium the day before algal
injection, The initial decrease in experimental seawater turbidity
cauced by the mussels filtering activity is of the same order of
megnitude or even larger than the increase in turbidity caused by
the added shytoplankton cells. Consequently & constant phytoplankton
concentration is maintained only after this drop in seawater tur-
bidity has equilibrated. Radionuclides vere added at time zero and
phytoplankton concentration was brought up to the desired level by

adding algal culture, After an initial zero setting of the ampli-
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fier, the algsl injector wes tuzned on. During the rest of the ex-
perimant, the spperstus maintsined a corstant turbidity.

Clesrance rates calculated during the 3J-week experiasnt sre
shown in Figure 4. A linesr snelysis of regression shows thet
'tle-r-\cesdonot chaoge with tisg. The rate of clesrance is thuse
not affected by the number of snimals or by the duration of the
experiment .

Phytoplankton cells were taken from a chemostatic culture of
Phesodectylus tricormutua, According to Riisgird and Mehlenberg
(1979), the orgenic dry weight of cells in the ssse stock culture
wes 12.0 x 10712 g/cell.

The sensitivity of the turbidoststic equipment to changes in
turbidity and its sccurscy in meintaining s constant algsl concen-
tration when "beckground turbidity™ ia constent, can be expressed
as the difference in slgel concentration before the start and
sfter the stop (4 start/stor) of the peristaltic pump injecting
slgel culture. In the actusl 3-week experiment 4 start/stop wes

gso - -
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F1G. 4. Clesrence retes for Mytilus edulis messured during s 3-
wesk experiment. The line of regression is indicated.
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431 2 39 (SE, nz12), algel cells/al, which is 18% of the msen con-
centration mintained during the experisent (2391 cells/al). The
sensitivity appeared to be dependent on an accurate cslibration
of the lamp and the optical unit. An earlier experiment showed a
4 start/stop of 106 ¢ 19 (SE, n=7) cells/m]l, which is &% of the
controlled mean concentration (2371 cells/ml}. This sensitivity

is very high as 106 Pheeodsctylum tricornutus cells/ml correspond
to 1.3 x 10”7 g organic dry mstter/ml.

Tre exact measurement of the filtration rate is based on the
assumption that the mussels do not recirculate water which has al-
ready been filtered by other mussels. Results depicted in Figure
S demonstrate that the total rate of clesrance, measured with the
actual set-up, is independent of the pumping rate. Recirculation
is thus effectively prevented by pumping at a rate of 6.5 1/min

through. a small mussel aquarium (0.8 1).

QISCUSSION

The benefits of using the apparatus described above in long-
term filtration experiments with suspension feeding bivalves are
obvious. The apparatus is also excellent for the study of pollutant
uptake via particles as the filtering activity of the mussels is
continuously recorded.

High sensitivity and stability are obtained by the establish-
ment of the relatively long light path (60 cm) and the use of an
optical bench system combined with the specislly designed noiseless

servo gmplifier,
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FIG. 5. Totsl rate of clesrance as 8 function of flow rate through
the sussel aguarium,

As the background turbidity is kept constant by the settling
srrangement anC the continuous renewal of the experimental water,
the set-up vill maintain an ultra low concentration of algal cells
even in luwg-term experiments. Furthermore, this arrangement meets
the need for an acceptable and constant water quality, The preven-
tion of recirculation, see Fiqure 5, is very important. If mussels
recirculste already-filtered water, the clesrance rate will conse-
quently be lower. This mey give seriously misleading results in
filtration experiments (see e.g. Riisgird, 1977). In pollutant ac-
cumulation experiments recirculation not only decrease the uptake
via perticles but also incresse the individual variation,

We have considered 8 more efficient settling tank formed as
s cone with continuous removal of the precipitate from the pointed
bottom, Furthermore, the sensitivity and stability of the turbi-
doststic equipment can be raised by 1) reflecting the light beam
by @ mirror whereby the light path is doubled and 2) by installing
the measuring photo-diode in the same metal block ss the reference
photo-diode to avoid opersting the two photo-diodes st different

smbient temperatures.
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oSS OF *!cr, **mn, °’co, ®°Fe, ®3zn and '%“Cs BY
THE MUSSEL Mytilus edulis.

ABSTRACT

The loss of 3!Cr, 5*Mn, *’Co, 5%e, ®52n and !3%Cs fram
naturally growing mussels (Mytilus edulis) was followed in
a temperate estuarine enviromment - a Danish fjord - by in-
dividual whole-body countings on a Ge(Li)-detector. The mussels
accumilated the radionuclides in the laboratory fram food and
water and were brought back to their natural enviromment in
small plastic cages.

The loss curves for 12 animals fram July-August 1979 tili
November 1979 (20-5°C) were resolved in a slow
with 140-215 days biological half-life for 7Co, S*n, !'Cr and
5%Fe, and 87 days for %°Zn, and a medium campartment with a
biological half-life of 4 to 7 days for all nuclides.

The long-lived campartments of ®°Zn, 37Co and *“Mn were
followed in 4 individual animals fram August 1979 to August
1980. For %52n a seasonal effect was clearly demonstrated as
the biological half-life was prolonged fram 87 days during
autum 1979 to 347 days in the cold period (0 - 5°C), where-
as it decreased again during the sumer of 1980. For *’Co and
S“Mn the long-term excretion study revealed an extra-slow
canpartment, as the long half-life in the cold period {~ 600
days) persisted during the sumer of 1980. This is explained
by association with the shell.

1. INTRODUCTION

The cammon blue mussel. Mytilus edulis, is widely used
as a bioindicator when monitoring several pollutants in coastal
marine and estuarine envirorments [1,2]. Measurements of pol-
lutant levels in mussels or other bioindicators are often pre-
ferred for water analysis as fluctuating levels are integrated
in the bioindicator tissues over a period of time and as levels
are higher due to accumilation. Furthermore, for radiocactive
pollutants dose comitment to humans can be calculated, as
Mytilus is edible.

Uptake and excration of pollutants may, however, vary
under differing envirommental conditions, e.g. season. Knowl-
edge of such variations fram field or field-camparable experi-
ments are very important when bioindicator data are to be in-
terpreted. This paper reports a study of loss of several radio-
nuclides fram mussels contaminated in the laboratory and trans~
forred to the natural enviromment, where the excretion fram
individual animals was followed for one year.
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2. MATERIALS AND METHODS
2.1. Accumilation of radiomuclides

The excretion experiments described here were conducted

as the temination of a series of accumlation experiments
in the laboratory. Mytilus edulis averaging 3.5 am in length
were collected in Roskilde Fjord at a sallmty of 14-15 o/oc0
and kept in the laboratory for3da at exgenmental ten-
perature and salinity before 3'cr, **mn, 37co, ¢52n and

3%Cs were added in the chloride farm. ’I\uoanmalswerecm—
taminated 2 hours at 5°C, 20 o/oo, 6 animals were allowed to
accumuilate the radionuclides for 3 days at 150C, 20 o/oo, and
4 animals accumilated for 21 days in 10°C, 14 o/co. The ani-
mals accumilated the radionuclides fram both water and food.
A constant and low level of contaminated phytoplankton (Phae-
odactylum tricormutum) was maintained during the accumilation
by means of a turbidostatic set-up described elsewhere [3].
Thus, the radiomiclides were accumilated in a more field-cam-
parable way than in experiments without feeding, and the con-
dition of the animals was continuously controlled by calcu-
lating the filtering activity (phytoplankton clearance).
sults fram the experiments on accumilation of the 6 radio-
nuclides as a function of salinity, temperature and food level
will be published elsewhere.

2.2. BExcretion and whole-body counting

After accumilatici, the animals were washed in running
water, prior to the start of the first whole-body comting.
All activity concentrations have been decay corrected to the
beginning of the experiment and are calculated as a percent-
age of the initial counting. The animals were recounted after
1-2 hours, 1 day, 3 days, 1 week, and after that weekly. After
accumilation the animals were whole-body counted and reared
in small cages with sufficient holes to ensure free passage
of water. The cages were constructed of 75-mm long Perspex
tubings, imner diameter 24 mm, with 12 10-nm holes. The erds
were secured with a grid of nylon threads or plugged with a
holed polypropylene cap. The caged animals were placed one
meter below mean water level in Roskilde Fjord at Rise Natio-
nal Laboratory. The animals were out of the water only during
the weekly counting for 1-2 hours., The whole-body countings
were performed on a Ge(Li)-detector comnected to a 1024-chan-
nel analyzer ensuring resolution of the different radionu-
clides.

The 4 animals contaminated for 3 weeks had accumlated so
much of the radionuclides that the excretion could be follow-
ed for one year. Growth data for these animals are reported
in Table I where they are campared with 15 animals originally
fram the same experiment and originally also with the same
shell size. Assuning exponential growth the growth-constant
for the soft parts during one year was 0.0034 d-1 based on
fresh weights fram Table I. However, as the excretion was
measured by a total whole-body counting, the growth dilution
does not contribute to the biological half life. The reamain-
ing 8 animals in the experiment were killed in the autum of
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1979, as activity levels were too low for comtinuous counting.

During the loss measurements from July/August 1979 to Au-
gust 1980 salinity in the Fjord was 14-15 o/oco. A temperature
curve is shown in Figure 1. Fram the middle of December to the
end of February the Fjord was mainly ice-covered and the water
over the mussel-cages were prevented fram freezing by a flow
of cawpressed air.

3. RESULTS

Biological half-lives based on weekly whole-body countings
of 12 individual mussels fram July/August till November 1979,
(20 - 59C) are reported in Table II.

Caesium was accumilated to "concentration factors" of ap-
praximately 10 and was lost so rapidly that the excretion could
be followed for a few weeks only. Half of the activity was lost
with a biological half-life of 7.6 days, whereas the rest was
lost very quickly.

The other muclides showed "concentration-factors” (soft
parts, fresh weight basis) after 3 weeks of uptake of up to
100 for *“Mn, 450 far ®5zZn and %7Co, 1500 for 5!Cr, and 2500
for %°Fe. As indicated in Table II, 15 - 40% of this initial
activity was lost very quickly with half-lives below 1 day.
The remaining loss curve was resolved in two campartments
with medium and slow loss rates. The medium campartment com-
prising 20 - 55% of the initial activity s..ows a biological
half-life for all nuclides of 4 - 7 days, whereas the slow com-
partment including 15 - 40% of the initial activity shows bio-
logical half-lives of 87 days far ®5zn, and 143 - 214 days for
57C°' Sbm' 51& alﬂ s’k.

The duration of the period of accumilation, from 2 hours
to 21 days, had no effect on the biological half-lives of the
different campartments, but a longer period of contamination
increased the relative tude of the long-lived compartment
of ¢52n, 57co, 5*Mn and !%*Cs approximately by a factor of 2.
For 3!Cr and $°Fe no effect was observed. The material is,
however, too small for a proper elucidation of this problem.

Figures 2, 3 and 4 show whole-body loss-curves for 4 ani-
mals during one year fram August 1979 to August 1980. The bio-
logical half-lives for the slow canpartment have been calcu-
lated for 3 pericds as indicated on the excretion curves and
the temperature curve (Fig. 1). Period II, autum 1979, is
the same period as for the slow campartment in Table II, i.e.
for tamperatures above 5°C. Period III, the winter of 1979-80,
shows tenmperatures below 50C, and the last period, spring and
summer of 1980, has water temperatures of 5 - 20°C.,

The biological half-lives calculated fram the regression
lines indicated in Figures 2, 3 and 4 are reported in Table
III. For ®°Zn the biological half-life is seen to increase
during the winter and decrease again during spring and summer
1980, i.e., a seasonal effect on the loss rate of *3Zn is
clearly demonstrated. For 37Co and *“*Mn the biological half-
life is also increased during the winter, but it does not de-
crease again during the warm period. This indicates that the
remaining activity is bound in a campartment with longer half-
life than the siow compartment calculated during the autum
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1979. This is further elucidated by Table IV showing the distri-
bution of the remaining activity between soft and shells
after 364 days excretion. It is seen that for *’Co and 3“Mn the
najor activity is associated with the shell, whereas most of

the %5Zn activity is found in the soft parts.

4. DISCUSSION

loss of the radiomuclides fram Mytilus was adequately de-
scribed by exponential functions:
_ -kt
At = Aoe
where is the activity at time t, A_at zero time, ard k is
the elimination constant. Asthemuftsaredecaycorrected,
the half-life calculated fram the k-value by

is denoted the biological half-life. As mentioned earlier
(Table II) elimination constants and biological half-lives
for two campartments could be calculated for most isotopes.
The radioactive nuclides decay after the same equation, and
the cambined loss in activity due to physical decay of the
miclides and the loss of the radioactive metals fram the ani-
mals, i.e. the effective half life, T, \, eff.’ can be calculated
fram e

1 _ 1 .1 .

Ty eff. Th,biol. Tk, phys.

The dilution of the activity concentration due to growth of
the anima’l tissues is not included in the biological half-
lives described here, as results fram the whole-body coumtings
are calculated as total activity in the animals. However, di-
lution of the activity due to growth (cf. Table I) can be in-
cluded in the calculation of the biological half-lives if
necessary. In a bioindicator and radio-protection programme,
the relevant parameter is the effective half-life including
growth dilution.

The biological half-life for ®5Zn is the one most readily
campared with published results. Young and Folsam (4] trans-
located 100 kg of Mytjlus californianus fram the vicinity of
the contaminated Colambia River to California, where the loss
of *52n was followed for one year, during which the mussels
lived in a natural enviromment. Fram this study a biological
half-life excluding growth dilution of 82 days was found for
the soft parts and probably samewhat higher for the shells.
However, as the activity in the soft parts makes up for the
major part of the whole-body activity this figure is cam-
parable with the biological half-life for ®5Zn reported in
Tables II and III. Except for the cold period the similarity
is remarkable. In laboratory experiments with Mytilus, van
Weers found a samewhat lower biological half-life for *32n:
48-60 days (5], while Baudin [6], found a biological half-
life for the slow campartment of 214 days. Also for ¢°Co, van
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Weers [5] reported a lower biological half-life, 57-72 days,
than found in this study. It is, however, difficult to campare
the long-term laboratory studies wi:h field conditions, as, for
instance, feeding in laboratury stucies is usually not field
carparable. However, several other perameters may explain the
differences, e.g. size, salinity, temperature and water quali-

ty.

For Mya aremaria und Crassostrea gigas long-lived campart-
ments of radiocesium have been demonstrated [7,8]. The lack
of a similar campartment in these investigations might be ex-
plained by the relatively low !3“Cs contamination resulting
in loss curves which are too short.

For the loss of ®52n a seasonal effect was clearly demon-
strated (Table III and Figure 2). Seasonal oscillations in the
contents of metals in marine organisms are often observed (see
e.g. [9] and may be explained by growth dilution. However, as
the effect of growth dilution is eliminated in this study, the
actual rate of loss fram whole animals was lower - perhaps be-
cause of diminished physiological activity due to low tampera-
tures and low food supply during the winter. The long bhiologi-
cal half-life of %’Co and 3“Mn during the winter persists
during the summer of 1980. This indicates that the remaining

apparently situated in the shell as the major part of the
activity of 57Co and *“Mn after ane year of excretion was
found here (Table IV).

Due to the uncertainties in separating the seasonal effect
observed for ®5zn fram the long-term effect of a very slow
campartment observed for *’Co and *“Mn, the very slow cam-
partment has not been resolved from the rest of the loss curve,
This may result in biological half-lives of the "slow campart-
ment” in Table II that are too long.

The high contribution of the shell to the total activity
of 57Co and **Mn is a drawback in this study as the soft parts
of animals are the most interesting fram a biocindicator
and radio-protection viewpoint. However, as the only absolute-
of making field-camparable experiments is to con-
duct them in the field, the results fram this and similar stu-
dies can at least be seen as 3 demonstration of the possibili-

of the methods described here. These studies should there-
fore be followed up by similar field studies where groups of
animals are dissected during the period of loss.

:
]
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Table I. Mytilus edulis. Growth data for 4 animals (no 20-23) in the
364 days excretion experiment. Mean values. Exror term : + 1 SE.

. soft parts shell
length
fresh weight water ocomt.
qg. % mn
aagust 1979 ( n = 15) 1.1040.07 84.940.5 351

August 1980 (n = 4) 3.80+0.40 81.341.3 4611
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bioclogical half-lives (days) July/

Mrtilus edulis. Whole-body
August till November 1979. Whole-body countings and resolution of loss-
axves wvas performed on 12 individual animals reared in Roskilde Fjord
after contamination in the laboratory. Exror term : + 1 SE.

Slow compartment Madium campartment Fast com-
partment
Isotope

Th’ b' d. ‘ Tk’ b, do ‘ ‘
652m 8745 2843 6.120.5 4842 24
oo 202435 3843 5.240.7 4843 14
4 214431 4245 6.940.9 2042 38
Sley 151415 2642 5.140.6 5445 21
re 14349 1581 4.240.5 415 38
134, - - 7.6+1.4 4945 51
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Table ITI. Mytilus eduljs. Whole-body hiological half-
lives (days) in “slow campartment" for three periods
during one year. Whole-body countings on 4 individual
animmls reared in Roskilde Fjord after contamination
in the laboratory. Refer to Fig. 1 - 4. Error temm :
+1 SE.

65 57 54

Period Animal Zn Co Mn
no -
S ¢ ¢ 20 99 83 84
Autumn 21 82 132 135
1979 22 101 185 260
> 59 23 72 117 136
Mean 89+7 129+21 154+38
111 20 322 610 645
Winter 21 377 696 741
79/80 22 413 553 617
< 5% 23 276 472 551
Mean 347430 583447 638+40
v 20 112 243 281
Spring- 21 166 486 577
summer
1980 22 238 930 891
> 50C 23 118 656 8is8

Mean 159+29 5794145 642+138
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Table IV. Mytjlus edulis. Activity in soft
parts as a percentage of whole-body activi-
ty after temmination of the 364 days excre-
tion experiment. (cf. Table III).

Animal 652!1 57c° 54Mn
No
20 79 19 0.0
21 53 4.5 0.3
22 53 9.4 0.3

23 64 7.9 0.2
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Figure 2. Mytilus edulis. °52n whole-body loss cuxves for 4 individual
animals. Regression lines for 3 periocds indicated (cf. Table ~:T).
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APPENDIX III

Selected bioindicator data from Barsebiack and Ringhals 1977-1979.
Data from Dahlgaard 1978, 1979, 1980 (cf. Chapter 3).

12°50°E 13°00°E

55°50°N — — \ 55°50°'N

55°L5'N p— - . — 55°4(5'N
|
i
0 2 L 6 km
e i 11 }
1
12°50'E 13°00'E

Piqure 111.1. Sampling locations at Barseblick. The discharge pipe is located between the two reactors
(crosses).
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ladagd | | 1 L1 8
|

12°00°E 12°05°'E 12°10'E

Pigyre Ji1}.2. Sempling locations at Ringhals. The discharge pipes are shown opposite location 7,
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figure I111.3. Sampling locations in the Sound.



Table IIl.}l. Gamma-emitting radionuclides in Fucus vesiculosus collected at Barsebdck 1977 (Unit: pCi kq~!

fresh weight)

Date of 15 June 22 October 6 December
sampling

Station 22 24 25 26 21° 23 22 24 25 26 21 23e 22 24
Distance

from 0.6 1.4 2.9 4.0 1.5 2.8| 0.6 1.4 2.9 .0 1.5 2.8 0.6 1.4
outlet

in kn

60¢co 3,790 2,540 609 285 182 164 | 29,600 11,200 4,070 2,320 2,130 1,190 | 30,500 13,400
580 2,490 1,450 394 196 33 32| 8,710 3,150 1,130 69¢ 576 340 | 5,710 2,560
%n 465 387 108 60 39 32| 1,660 585 248 136 157 61 | 1,840 757
Szn 851 57 164 82 sS4 82| 7,480 2,690 989 530 476 299 | 7,840 3,270
110m,, 67 A 4B 123 - - = 361 129 9 - 75 - 302 -
Slc, 144 B 2B - - = = - - - - - - - -
137, 57 47 91 82 80

1, 51 A BA - - - = - 112 57 98 118 87 - -
Sgr 234 132 115 372 211 173 - - 107 150 115 126 - -

*South of the outlet.
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Tahle (11.3. Canma~emitting radinauclides 1n Fucun vesiculosus callected at Raraeblich 1n 1978
et i W°! freah weren)

it 1?7 Aprid 15-16 June 8 September 10 Decmber
Sravion 2 2 23 P nr e 2 Ty n 2° 2 2 15 2 e e 24
free (' FOC S 7% S I S WS N | 0.6 1.4 2.9 4“0 2.0 0.6 1.4 2.9 4.0 LS 2.8 1.4
:‘l-.‘

“Cb 1,09 2.720 1.8 [ 31 195) b3 )Y 9,)% 5,470 1,600 780 406 24,600 14,700:1,200 3,320 1},4% 1,710 667 36,800
Yoo w 220 T Y] 3 M. 2,320 1,070 N 14,540 9,040:740 1,870 663 1,060 408 8,300
“h 333 14 [ 2] 3 2% 10.4 S76 2 108 [ 2} a3 a 1,400 77%: 47 172 10} 153 53 1,300
S2a a0 n e " 1) 1,300 79 67 144 4,760 2,640:320 65 219 212 144 7,920
11w, s 1va FTY) 215
ey mn ”a » 1.080

137, ” n s .« 10 13 Y 7 Y] s M " u 0 &

wy ) M 2 16 20 . se n

bl ™ B I I .

¢ lecatieons ssuth of the cutlet) the other locations were situated north of the ocutlet.

Qat -



Table 1I11.3. Gamma-emitting radionuclides in Fucus vesiculosus collected at Barseblick in 1979
(lnit: pCi ka~! fresh weight)

Date of

sampling 6 April 19 June 7 January 1980
:;“‘°“ 24 210 23 22 24 25 26 21 23° 24 23°

weight ]

frashsdry 4.40  3.26 4.08 5.60 $.52  4.68 5.13 4.85 $.39  7.14  4.52
Distance

from outlet 1.4 1.5 2.8 0.6 1.4 2.9 4.0 1.5 2.8 1.4 2.8

in km

6000 25,100 2,530 1,470 9,140 9,270 2,0H0 1,520 1,730 S5  §,530 431

8o 2,050 184 118 685 464 111 75 78 SS 708 EJ

un 716 103 S5 A 708 386 86 s¢ 65 31 373 25

Ssn 4,270 490 282 1,380 1,410 327 230 240 78 1,680 84

11om,, 122 88 62 A 28

Sl 1,080 188 B

1374 7 90 60 6 70 81 4 7

* Locations south of the outlet; the other locations were situated north of the outlet.
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Table 1il.4. Camva-emitting radionuclides in Pucus vesiculosus (Fu.ve.) and Pucus serratus (Py,.ne.)
cnllected in the Sound in 1978, (Uajty pCi kg™! freah weight)

2::;;?:9 % April 7 april 19 April 19 June 7 January 1980
Location lko:::zvod Ven Mikkelborg MNelsinger Gillele)e lko::::vod Helsingborg Helsinger Limhamn
:::::;dry 'Rz 3.02 .4 .83 1.49 5.%0 6.12 6.0 ')
Distance

from outlet  20.0 22.4 30.2 19.6 0.2 20.0 39.0 3.6 17.8
in km

Species Pu,.se. Pu.ve. Fu.ve, Fu, se, Fu,ve, Pu.ve, Fu,ve, Fu.se, Fu.ve,
$0¢q 7 2 1s.9 3.4 4.2 29,7 16.5 1.8
%n 9.0 A .0

1374 e 40 9 w0 18 0 s 51 69
131, 7N A

$8¢co 11.0 »

13 10.2 A
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Table 111.3. Gasma-emitting radionuclides in Pucus vesiculosus (Pu.ve.), Pucus serratus {(Pu.se.) and
Ascaphyllum nodnsua (AS.n0.) collected at Ringhals in 1977, (uUnic: pCi uq~! freah weight),

Date of =9 July 10 Novembsr

sampling

Station ? ¢ s . 12 100 ' e 13° ? 6 s ’ 12 '
Species As.no. Fu.ve. Pu.se. Pu.ve. Pu,ve. Pu.se, PFu.se. Pu.se. PFu.8e. [As.n0o., Yu.se. Pu.se., Pu.ve., JFu.ve, Pu.se.
Distance

et 02 1 61 &8 €3 o 11 19 4l |02 e 41 w0 63 1
in

$0co 4,320 02 92 400 237 2,460 1,150 1,080 152 {4,940 1,460 es2 287 46 1,800
Be, 9,480 1,270 1,160 908 s92 3,260 2,380 2,390 213 |1,890 64s 0 147 139 1,020
e 1,670 s2s 152 19 102 s0s N 1 « 72 193 113 o 58 20
¢32a 376 us 1) ¢ - 503 209 204 s ale,260 2,500 1,000 439 260 2,7%0
110mpg - - - - - - - - - 22 - SOA - - ”"
Sic, - - - - - - - - - |1,000 - - - - -
137, 13 53 " e 14 oA " o - 103 “ 72

134, 132 248 22 29 - 58 @ 3 - - - - - - -
‘)1! - - - - - - - - - - - - 18 A - -
B 294 (11) s 822 920 264 420 236 126 118 120 100 120 178 m

*Locations south of the cutlet; the other locations were situated north of the outlet.
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Table 111.6. Gamma-emitting radionuclides in Fucus vesiculosus (Fu.ve.) and
Fucus serratus (Fu.se.) collected at Ringhals May 20, 1978,
(Unit: pCi kg~! fresh weight)

Statlon 7 6 5 8 12 10¢ 9+ 11+ 13¢
Species Fu.se. Fu.ve., Fu.ve, Fu.,ve, Fu.ve., Fu.se, Fu.se. Fu.se, Fu,se,
Distance

from

outlet 0.2 1.9 a.l 4.8 6.3 0.9 1.1 1.9 4.1
in km

60c0 2270 373 267 118 67 887 530 896 145
3800 951 155 120 52 26 192 309 167 8 A
34un 233 52 T 21 16 61 56 88 17 A
652n 2810 413 242 113 76 1300 517 1034 185
110m, 241 25 A 102 51 A

1374 s8 53 46 105 51
13, 23 A

Bar 22 A 8 A 37 46 A 65A 59 A

* Locations south of the outlet; the other locations were situated north of the outlet.
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Table LLl.7. Camma-emitting radionuclides in Fucus vesiculosus (Fu.ve.),
Fucus spiralis (Fu.sp.) and Ascophyllum nodaogum (As.nn,.) collected at Ringhals September 3,
(nit: pCi kq~1 fresh weiqht)

Fucus serratus (Fu.se.},

Norrloh 7 gast 7 East 7 South 7 South 7 South 6 s1e 370
Species Fu.ve. As.no, Fu.8p. Fu.se. Fu,ve. Fu.ve. Pu.ve,
Distance

from 0.2 0.2 0.2 0.2 1.9 2.0 19.4
outlet

in km

6%¢o 2,070 3,830 1,950 2,170 274 T 12.0 A
38¢o 1.010 s91 901 551 s 187 9.8 A
4% 267 115 367 203 38 54

¢S2n 14,560 11,830 10,400 6,650 389 1,560

110w, 1,580 1.190 660 $30 52 72 A 15 A

Sler 110 66

137c. 54
131, 292 159 2308 69 12

Bzr 9) 7 57 A1) A

®* Locations south of the outlet;

the other locations were situated north of the outlet.
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Table 111.8. Gamma-emitting radionuclides in Fucus vesiculosus (Fu.ve.), Ascophvllum nodosum

(as.nn.) and Fucus serratus (Fu.se.) cnllected at Ringhals may 12 and 13, 1979, (Uinits pCi kq-!

frosh weight)

Station

ey 7 7 6 s 8 12 9e 11° 13° 13e 37
feedhyary 440 S.63 3,64 3.9l 332 4,65 413 425 385 464 3.7L
Species Fu.ve. As.no, Fu.se. Fu.se., Fu.se, Fu.ve. Fu,se. PFu.se, lFu.se. Fu,ve, Fu.se.
Distance

from outlet 0.2 0.2 1.9 4.1 4.8 6.3 1.1 1.9 4.1 4.1 19.4
in km

$0co 712 846 398 200 175 53 404 320 70 34 19,8
38¢o 603 99 135 88 61 24 A 246 68 21 '
Mun 112 18 A 38 17A 20A 8RB 35 20A 11 A 7 B
632n 1409 1039 682 407 268 75 805 916 187 71 A

137, 66 74 58 62
110m, 98 100 T 28A 184 52 Q

* Locations

south of the ocutlet; the other locations

were situated north of the outlet,
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Table 111.9. Gamma-emitting radionuclides in Pucus vesiculosus (Pu.ve.),
Pucus - rratus (Pu.se.) and Aacnphyllum nodosum (Aa.no,) collected at Ringhale
November 15, 1979, (Unit: pCi ka~! fresh weight)

Station

. 7 7 . . M 12 9o 13e
','::::)‘" .87 416 442 4.2 364 3.0 486 4.
Species Fu.ve. Fu.se. Fu.ve. PFu.se, As.no., PFu,ve., PFu.ve., PFu.se.
Distance

from outlet 0.2 0.2 .8 "8 “s 6.) 1.1 ‘1
€0 2,260 2,360 140 187 1) 102 02 171
8o " 60 020 a8 . 15.0 70 )
o 820 o 1 27 209 “ 31 A
¢32n 26,700 36,100 2080 1230 764 793 3200 1470
137, 138 101 101 1)
Hom,, 270 30 22A 138 2 27

134, VA 27 A

® Locations suuth of the cutlet; the other locations were situated morth of
the outlet.
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