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Abstract

The influences of cation concentrations (K+ and Na+) on radiocesium (137Cs) bioaccumulation in
two freshwater phytoplankton species (Scenedesmus quadricauda and Chlamydomonas noctigama)
were systematically investigated in batch-cultures monitored during two weeks. Both species were
cultured at 9 ,uE m-2 s-1 constant illumination at 20'C. The exponential growth phase lasted for more
than 100 hours (g z 0.02 h-' for C. noctigama and 0.03 h-' for S. quadricauda). Over cation
concentration ranges encountered in natural freshwaters ([K'] from 0.1 yIM to 3 mM, [Na+] from 20
,uM to 3 mM), a more than three order of magnitude variation was found for both uptake rate and
observed bioconcentration factors (BCF) at apparent steady-state (from less than 10 to 106 L (kg
C-'). For both species, the major effector on BCF and uptake rate was external [K'], which was
inversely proportional to these parameters over wide ranges (1-1000 ,M for S. quadricauda and
0.1 to 300 gM for C. noctigama). At concentrations above these ranges K' still reduced ' 37Cs
biouptake, but less effectively. A minor influence of external [Na+] on 37Cs bioaccumulation was
indicated for S. quadricauda, whereas no such influence was significant for C. noctigama. A
biphasic pattern for 137Cs bioaccumulation was discovered in C. noctigama. A rapid "quasi-steady-
state" with an effective equilibration time of less than 100 hours was approached during the
exponential growth phase. A surge in the uptake occurred when exponential growth ceased, and this
pattern was consistent over the range 30 gM to 1.4 mM external [K+]. Since depletion of external
[K+] was not detected for these treatments, this pattern can only be explained if there are at least
two different cellular compartments involved. Although less certain, a second steady-state BCF
appeared within two weeks, which seems to be up to one order of magnitude higher than the first.
Microcosm experiments with the freshwater zooplankter Daphnia magna were performed in order
to address the influence of [K+] (ranging from 4.6 to 300 gM) on the direct uptake of 137Cs from the
water in the absence of contaminated food. In other experiments (performed at 4.6 and 30 ,uM K+),
non-contaminated individuals of D. magna were transferred to Chlamydomonas cultures that had
approached steady-state BCF in order to address the relative importance of the different uptake
routes of 137Cs in freshwater zooplankton. Both direct uptake and food consumption contributed
significantly to radiocesium bioaccumulation in D. magna, and observed steady-state
bioaccumulation factors (BAF) were generally 2 -10 times higher than Chlamydomonas BCFs at
corresponding external [K+].
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Introduction

The ongoing contamination with radiocesium (134Cs and 137Cs) in the freshwater environments calls
for a deeper comprehension of the biotic and physicochemical factors controlling the fate of these
radionuclides in freshwater biota. In the Nordic countries, most of the recent ' 37Cs in the freshwater
environment originates from the Chernobyl accident in 1986, when considerable quantities of this
radionuclide were deposited over northern Europe.

Since cesium is an alkali metal, it is highly soluble in the water, and exists almost exclusively as the
monovalent cation Cs+ in aqueous solution (1). These properties of cesium dictate a high degree of
mobility and bioavailability in freshwater systems, in particular since the dissolved form is
chemically similar to the potassium (K'), sodium (Na+) and ammonium (NH4 +) ions (2-4). Despite
its chemical relativeness to the essential cations K' and Na+, there exists no known biological
function for Cs+ (4).

It is well-established that the biouptake of 137Cs is constituted by two major processes with different
predominance depending on the trophic position of the organism, i.e. the direct uptake from the
water (bioconcentration) and the uptake from contaminated food (5). Together, these processes
contribute to the net bioaccumulation in organisms at all trophic positions of the pelagic foodwebs.

The bioaccumulation of 13 7 Cs in pelagic foodwebs is highly dependent on the ability of the primary
producers to accumulate this radionuclide via bioconcentration from the water. Organisms at higher
trophic levels (fish) accumulate 137Cs mainly from the food, whereas zooplankton, smaller
invertebrates, and juvenile fish are suggested to represent an intermediate position, where both
bioconcentration and food consumption are important for the net bioaccumulation.

The steady-state net accumulation of 137Cs in aquatic organisms can be described in terms of a
bioaccumulation factor (BAF), defined as the ratio of the activity concentration in the organism to
the ambient activity concentration. One of the advantages in using BAFs over absolute values of
137Cs activity concentrations in organisms is that different geographical locations (lakes) become
comparable even if the ambient ;3Cs activity concentrations are significantly different.

Among phytoplankton and other autotrophs, BAF is equivalent to the bioconcentration factor
(BCF), since the net bioaccumulation in these organisms is a result from bioconcentration only.
Consequently, BCFs for organisms at higher trophic positions cannot be obtained directly from in
situ observations. Instead, these must be determined from controlled experimental studies.

Another interesting feature of radiocesium is that it lhas been reported to undergo biomagnification,
i.e. the steady-state activity concentrations of 137 Cs in organisms increase with the trophic position
in the aquatic food webs (6-9), and this standpoint has apparently most supporters at present. Very
few are supporters of the opposite scenario, i.e. "biodiminution" (10). In contrast to many organic
contaminants for which food chain biomagnification at presumed steady-state is a common
phenomenon, this does normally not occur for inorganic metal ions.

Data from field studies (11-14) show that CSBAF for a given organism varies significantly among
different lakes, and several in situ investigations have shown that this variation is significantly
related to conductivity, cationic strength and water hardness (11-13, 15). In particular, it has been
shown that among freshwater lakes CSBAF is inversely related to the K' concentration in the water.
However, little information has been available about the influence of other major cations, which is
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difficult to resolve from field data since [KI in freshwaters usually is strongly correlated with that
of other major cations.

The causal explanation to this pattern is so far attributed to the "nonisotopic carrier hypothesis" (16,
17), which suggests an inverse relationship between BAF of the radionuclide (e.g. 37Cs) and the
dissolved concentration of a chemically similar bioavailable nonisotopic analogue (other alkali
cations). This holds only if the concentration of the chemically similar analogue is several orders of
magnitude higher than the radionuelide, and that the analogue is homeostatically regulated in the
organism (e.g. K' and Na+) to a relatively constant concentration and thus relatively independent of
the external concentration. This theory is particularly relevant to the bioconcentration process, and
therefore its validity should be tested on phytoplankton and other micro-organisms only capable to
accumulate the radionuclide and its bioavailable analogues direetly from the water.

The intracellular concentration of K' in freshwater organisms is homeostatically regulated to about
100 - 150 mM (18-20). Since the [K'] in freshwaters typically ranges between 1 ,uM and 1 mM on a
global scale, this means that intracellular [K'] can be 100- to 100000-fold higher than the ambient.
In Swedish lakes [K'] is generally somewhat lower (Table 1). In freshwaters, Na+ is the "second"
cation with respect to intracellular concentrations, typically ranging between 5 -15 mM (21), and
intracellular [Na']/[K'] « external [Na']/[K'] over these wide ranges.

Table 1. Typical ranges, medians and means of [K'] and [Na+] in gM covering about 95 % of more
than 4100 Swedish lakes investigated during the year 1995 (Swedish University of Agricultural
Sciences, RI-95).
cation range (95 %) median (,uM) mean (,M)
[Na+] 18 - 790 82 183
[K+] 3 - 88 12 22

The concentration of stable (nonanthropogenic) cesium in Swedish lakes, i.e. ['33Cs'], ranges
between 0.02 and 0.2 nM (M. Meili, pers. comm).

Furthermore, two major different transport mechanisms operate in the uptake of K' by
phytoplankton as well as other aquatic plants. At external [K'] in the micromolar range (below 200
,uM), thermodynamically "active" uptake dominates, and this process is controlled by distinct
transport systems, also referred to as the high-affinity K+ transport systems (HAKT). These are
energised by either H+-ATPases or Na+-ATPases which both pump protons or Na+ out from the cell
via ATP-hydrolysis. The HAKT is highly selective for K+ and seems to discriminate strongly
against other cations (also Cs+ and Na+). The second major transport mechanism is characterised by
"passive" K' uptake via less specific K+ channels, also known as low-affinity K+ transport systems,
operating mainly at [K+] above I mM. This system discriminates less effectively against other
monovalent cations than the HAKT. Both major transport systems seem to operate in the range 200
to 1000 gM (22, 23), with a gradual transition from high-affinity to low-affinity upon inereasing
external [K+]. Taken altogether, this implies that the ATP-driven, highly selective HAKT should be
the dominant one in the freshwater environment.

Given these precautions, the "nonisotopic carrier" hypothesis can be expressed, provided that K+ is
the only significant analogue to 137CS, and that [K%] » [137Cs]w:

[137 CSi] steady-state[137 CS]organism

[K] ]w C [K]orgasm (eq. 1)
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where SCsIK denotes the discrimination constant or selectivity coefficient (Polikarpov, 1966)
between Cs+ and K', which should be constant as far as the K+ transport systems are identical over a
given range of external [K+]. This can be expected true at [K+] well below 1000 ,uM, since only the
HAKT should operate in this range. Since it is further assumed that also [K+]organism is constant over
this range due to homeostasis, rearrangement and log-transformation of (2) gives:

(steady- state [ 137Cs oraim _

log(SBCF) = log t-[137cSorganism constant -log [K+]w (eq. 2)

This theoretical expression (3) may be an oversimplification, not only because it ignores other
abundant cations (such as Na+), but also for the reason that there are several other environmental
parameters, which can further influence the 137Cs bioconcentration. Additionally, the Cs/K
selectivity may depend on the type of transport system, which in turn depends on external [K+],
implying that SCS/K may not be constant over the wide range of [K+] encountered in freshwaters.

The main scope of this experimental study is to determine to which extent the major monovalent
metal cations K' and Na+ influence the bioavailability of 137Cs in plankton organisms. Another
aspect of this study is to be able to distinguish between the relative contributions from
bioconcentration and food uptake of '37CS in zooplankton, which also gives a clue to whether or not
137Cs should undergo biomagnification in the first link of the pelagic food-chain. To achieve the
knowledge to all this, the experimental study was designed to understand the influences of varying
ambient [K+] and [Na+] on the bioconcentration kinetics in two freshwater phytoplankters
(Chlamydomonas noctigama Korsh. and Scenedesmus quadricauda Turp.) and the bioaccumulation
kinetics in a freshwater zooplankter (Daphnia magna Strauss).

Experimental Section

Three types of experiments were conducted in order to study the:
1. Bioconcentration of 137Cs by the rnicroalgae Scenedesmus quadricauda and Chlamydomonas

noctigama under the influence of varying ambient [K+] and [Na+]
2. Bioconcentration (only direct uptake) of 137Cs by the crustacean Daphnia magna under the

influence of varying ambient [K+] in the absence of contaminated food
3. Bioaccumulation of 137Cs by Daphnia magna under the influence of varying ambient [K+] in the

presence of contaminated food (Chlamydomonas noctigama)

1. Phytoplankton experiments

Axenic batch-cultures of Scenedesmus quadricauda (Turp.) and Chlamydomonas noctigama
(Korsh.) were spiked with 137Cs to a total activity concentration of about 100 kBq U'1.

The subsequent cellular accumulation resulting from direet uptake of 137Cs during the experiment
time (2 weeks) was described as the concentration ratio between the organism and the external
environment (BCR). From the temporal trend of BCR, the steady-state bioconcentration factor
(BCF) and rate constants for uptake, elimination and equilibration were evaluated.

Both BCF and BCR are here expressed on the basis of particulate organic carbon (POC),
equivalent to the frequently used Koc, with units of L (kg POCQ-. According to Olrik et al. (24), the
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carbon content of the wet biomass among chlorophycean microalgae is approximately 16%, which
roughly would yield a factor of 6 between Koc and a wet-weight based BCF. However, for
microalgae in general, a more conservative estimator of the wet weight based carbon content is 12%
(25), which instead implies a conversion factor of 8 between Koc and a wet-weight based BCF.

Experimental design. Uptake kinetics and bioconcentration ratios of 137Cs and major cations were
studied along combined gradients of [K'] and [Na+] in the culture medium. The Chlamydomonas
experiments consisted of:
A. Eight treatments where the sum of K+ and Na+ was 1.4 mM. The K+ concentrations ranged from

0.5 gM to 1.4 mM, and Na+ concentrations ranged from 20 gM to 1.4 mM.
B. Three treatments where Na+ was kept at 1.4 mMI gM while K+ concentrations were 4.5, 30 and

300 ,M.
C. Three treatments where K' was kept at 1.4 mM while Na+ concentrations were 20, 60 and 300

gM.

The Scenedesmus experiments consisted of:
A. Four treatments where the Na+ concentration was maintained at 2.9 mM, while K' ranged from

0.1 gM to I mM.
B. One treatment where the K' concentration was 2.9 mM while the Na+ concentration was

reduced to 40 gM.

This strategy was chosen to distinguish the relative effects of sodium and potassium without
substantially changing the ionic strength of monovalent cations in the medium.

The inoculated biomass was between 0.5 - 2 mg POC L', in order to allow for algal growth while
minimising ionic depletion of the dissolved phase. All ionic gradients were obtained by
modification of Lindstrorm's (26) algal culture medium 5*L16. All treatments were set up at least in
triplicates.

Algal cultures. Inoculated batch cultures of S. quadricauda and C. noctigama were allowed to
equilibrate with the culture medium for at least 24 hours in the laboratory before addition of 137Cs.
Both species were cultured at 9 gE m-2 s- constant illumination under fluorescent white light tubes
(Philips TLD 18W). The temperature was about 20OC in all preincubations and experiments.

Estimation of algal biomass. Measurements of algal biomnass concentration in controls prior to
incubation, and at all later sampling occasions, were performed on a Hitachi U-2000 double-beam
spectrophotometer, using the absorbance at 680 and 420 nm. From a standard curve of the
relationship between absorbance and mg algal POC L', the biomass in controls could be estimated
and expressed as mg POC L-'.

Sampling. The first aliquots were taken shortly after incubation (0-4 hours). At each sampling
occasion 10 mL were taken with a pipette from incubates and controls. Prior to sampling, the
culture flasks were irregularly shaken for 15 seconds in order to obtain homogenous cultures. The
aliquots were first transferred to polyethylene scintillation vials and measured with respect to total
radioactivity, then transferred to 15 mL styrene centrifuge tubes and centrifuged at 5000 rpm (4620
g) for 5 min. After that, the supernatant was removed and the pellet resuspended in clean medium,
thereafter centrifuged as above. This procedure was repeated once more to ensure that no remaining
radioactivity was present in the solution, as determined from pilot experiments. The pellet was then
resuspended in 10 mL and transferred to polyethylene scintillation vials. After allowing
sedimentation of the pellet to increase detector efficiency, the radioactivity was measured.
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2. Zooplankton experiments

2A. 137Cs bioconcentration in D. magna

Experimental design. To study the influence of [K'] on 13 7 Cs bioconcentration in D. magna, three
experimental treatments were performed, where the K' concentrations were 4.5, 30, and 300 ,uM
respectively. The Na+ concentration was kept constant at 1.4 mM.

Experimental procedures. Non-contaminated individuals of D. magna were transferred to sterile
spiked medium (100 kBq L') and the subsequent accumulation resulting from direct uptake was
recorded during 24 hours. Samplings for measurement of radioactivity and carbon biomass of the
animals were conducted at 1.5, 3, 6, 12, and 24 hours of exposure to 137Cs. The activity
concentration in the culture medium was also determined at each sampling occasion. The
experiments were performed in 1000 mL glass beakers with 200 mL culture medium. Each
treatment consisted of three replicates and each replicate originally consisted of 30 animals (150
ind. L 1 ).

Animals. The animals used in these experiments were about one week old (about I mm in length),
and were selected such that the distribution of their individual size was as small as possible prior to
the experiment start-up.

2B. 13 7Cs bioaccumulation in D. magna

Experimental design. To study the influence of [K'] on the 137Cs bioaccumulation in D. magna,
two triplicate treatments were performed, where the K' concentrations were 4.5 and 30 ,uM
respectively. The [Na+] was 1.4 mM in both treatments (cf section 2A).

Experimental procedures. Non-contaminated individuals of D. magna were transferred to dilute
(3.5 mg POC L1') and 137Cs contarrinated (100 kBq L-1) Chlamydomonas cultures, growing at 9 jAE
m-2 s- constant illumination (u z 0.02 h-'). The algal 137Cs activity concentration was in steady-state
with the activity concentration in the medium at the experimental start-up, i.e. at the time the
daphnids were added to the culture. The subsequent bioaccumulation resulting from direct uptake
and feeding on contaminated algae was monitored during 12 days and described as a
bioaccumulation ratio (BAR; L (kg C)-') in analogy with the term BCR. Control replicates of the
Chlamydomonas cultures with no animals added, but otherwise treated in the same way
(inoculation, light conditions and experimental volume), were used to estimate the initial growth
rate and to compare the temporal trend of '37Cs BCR with the grazed experimental cultures.
Samplings for measurement of radioactivity and carbon biomass of the animals during these 12
days were conducted after 3, 6, 12, 24, 48, 96, 192, and 288 hours of exposure to 137 CS.

Algal cultures. The algal cultures used in these experiments were prepared by inoculating the
spiked 4.5 jiM K' and 30 tiM K' media with cells from exponentially growing Chlamydomonas
cultures (9 gE m-2 s-1 constant illumination; g ,i 0.02 h-') that had accumulated 37Cs for four days
in the corresponding media. The cellular 137 Cs activity concentration was near steady-state at the
time of inoculation. The algal biomass in controls and animal batches was measured
spectrophotometrically at each sampling occasion according to the schedule above. Samplings for
measurement of algal 137Cs activity concentrations were performed at all timepoints except at 6 and
12 hours.
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Animals. The animals used in these experiments were one day old and relatively uniform in size
(about 0.5 mm in length) at the experiment start-up.

2C. Methods common to all zooplankton experiments

Sampling. The individuals were taken from the experimental vessels by pipette and placed into a
small sieve, allowing the ' 37Cs solution to run off. The specimen was washed by sequentially
dipping the sieve into six beakers containing clean medium. Then the sample was placed in a small
tin capsule using two pinches and dried at 95 'C for 48 hours. After drying, the tin capsules were
placed in scintillation vials for measurement of 137Cs radioactivity.

Estimation of carbon biomass. The carbon content in the Sn-capsules was determined in an
elemental analyser (LECO CHNS-932) after measurement of 137Cs radioactivity. For estimation of
growth rate it is necessary to estimate the carbon biomass of the individuals (gg C ind-'), which was
done by dividing the amount of carbon capsule by the number of individuals in the tin capsule.

Methods common to all phytoplankton and Daphnia experiments

Addition of 137CS. For the addition of 137Cs to the experimental media, 20 gL of a stock solution
(Amersham) with a specific activity of about I kBq (ng Cs)-' (34 gg CsCI mL-1, 33 MBq mV 1)

were transferred to 180 mL ultrapure deionized water (24 MQ2), resulting in a handy stock solution
of 3.7 MBq L'. At incubation, 2.5 mL of prepared 137Cs solution was added to each culture flask,
resulting in a total [Cs+] of 100 ng L' (8 10-4 gM), or about 100 kBq U' (31 ng L') of 137Cs.

Measurement of 137Cs activity concentrations. 137Cs activity concentrations were measured with
an Intertechnique Model CG-4000 gamma counter equipped with a 3.3 inch Nal crystal well
detector and an autosampler. Counting thresholds were set to 2*104 counts or 40 minutes of
counting time, although 100 minutes were usually set for samples presumed to contain very small
amounts of 137Cs. Background measurements were made by using blanks for at least every tenth
measurement to correct for background radiation. Long-term time series of blank measurements
(100 min. each) were also made to gain accurate statistics of the background activities and to ensure
that temporal variation was negligible. The resulting counting error was usually 1-5%. Readings
were corrected for sample geometry and converted to 137Cs activities by comparison with readings
from standard solutions.

Analysis of dissolved cations in the culture medium. After addition of stabilising agents (LaCI3
for Mg2+ and Ca2+; CsCI for K+ and Na+), the dissolved concentrations of K+, Ca2+, Na+ and Mg2 +
were analysed on a Shimadzu AA-670 AAS/FES spectrophotometer (AAS: Ca2+, Mg2+; FES: Na+,
K+) with reference to appropriate standard solutions.

Results

137Cs bioconcentration in C. noctigama and S. quadricauda

The overall results strongly indicate a biphasic 137Cs bioaccumulation in C. noctigama related to the
transition from exponential growth to the stationary growth phase. The exponential growth phase (,u
; 0.02 h-) lasted for about 100 hours in C. noctigama cu]tures, and during this timespan 137CS
bioaccumulation approached a "quasi-steady-state", having an effective equilibration time of about
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24 to 100 hours. The second phase of Cs accumulation was initiated after 100 hours, coincident
with the gradual decline in specific growth rate. A second steady-state of Cs accumulation, which
was about one order of magnitude higher than the first, seems to be approached within 16 days
when the specific growth rate was close to zero (Figure 1).

In the treatments where [K'] was initially below 10 pM, it is obvious that depletion of dissolved K'
in the medium as a result from biomass growth, results in an increasing uptake rate of Cs during
accumulation.

However, the biphasic pattern cannot be explained by depletion of K' since it occurred in all
treatments, and no significant depletion of K' was found for treatments above 10 gM initial [K+].
The biphasic pattern of Cs accumulation was thus independent of ambient [K'] at initial [K+] > 10
gM.

During the exponential growth phase, i.e. the first 100 hours, S. quadricauda accumulated about 3-5
times more Cs than C. noctigama when comparing similar treatments at external [K'] below 1000
gM. However, at 288 hours levels of Cs accumulation in C. noctigama were of the same order of
magnitude or higher than those in S. quadricauda at 100 hours. Also S. quadricauda seems to
exhibit a biphasic accumulation pattern of 137 Cs coincident with the transition from exponential
growth (,u z 0.03 h-') to stationary growth, but the experimental duration was not long enough to
reveal the second plateau of 137Cs accumulation. The exponential growth phase of S. quadricauda
cultures normally lasted for at least 170 hours, and a surge in the 137Cs uptake occurred also in this
case when growth rate declined after that timepoint. The effective equilibration time of 137CS
bioaccumulation in S. quadricauda was about 100 hours (before g declined) provided that [K+] did
not change during this time.

Due to higher productivity in Scenedesmus cultures than in those of Chlamydomonas there was a
more pronounced influence of declining [K+] on the temporal trend of Cs bioaccumulation in the
Scenedesmus cultures. In particular the depletion of K' at initial [K'] < 5 gM was significant during
the experimental time. Ambient [K+] remained virtually constant during the entire experimental
timespan only at K > 1 mM.

Net ' 37Cs accumulation in S. quadricauda at 100 hours (near steady state) expressed as BCR was
inversely related to ambient [K+] over the range I gM to 1 mM (Figure 2). Extemal [Na+] might
have an additional influence on '37Cs accumulation in S. quadricauda since BCR (100 hours) was
substantially higher at 2.9 mM [K+] ([Na+] = 40 gM) than at 1000 gM K+ ([Na+] = 2.9 mM).

In C. noctigama, net 137Cs accumulation at 48 hours (the first plateau) expressed as BCR was
inversely related to [K+] only over the range 0.1 gM to 300 jiM (Figure 2). Above 300 gM K+ still
reduced 137Cs biouptake, but less effectively. This pattern remains also at 288 hours when 137CS
accumulation approached the second plateau with the only difference that BCR were one order of
magnitude higher. No obvious influence from extemal [Na+] on Cs bioaccumulation in C.
noctigama was found at any of these timepoints (Figure 3).

The experimental results given in Figure 2 indicate the possible transition from a high-affinity K+
uptake mechanism to a low-affinity K+ uptake mechanism with higher Cs/K selectivity when [K+] is
increased above 300 gM (cf equation 2). Another, but less likely possibility is that the cells
accumulate more K' above this concentration without changing the Cs/K selectivity.
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137Cs bioconcentration in D. magna

The 137Cs bioconcentration in D. magna resulting from direct uptake during 24 hours was
significantly reduced upon increasing ambient [K+] over the range 4.6 to 300 ,uM (Figure 4).
However, the relationship between BCR and [K'] was far from an inverse, having a log-log slope of
about -0.5. Again, this pattern might be explained in terms of changing CsIK selectivity.

137Cs bioaccumulation in D. magna

Steady-state ' 37Cs bioaccumulation factors (BAFD) were not obtained in these combined
experiments since the algae showed an unexpected loss of cellular Cs (Figure 5). It was not until
after the animals were added (48 hours after inoculation) to the experimental vessels that the algae
began to release cellular Cs. The second inoculation with contaminated algae after 96 hours also
failed to maintain constant cellular 137 CS levels. However, the controls (with no animals added)
maintained the original levels of cellular ' 37Cs during the exponential growth phase in accordance
with previous results.

Nevertheless, the experimental results suggest that the 137Cs activity concentration in the food
significantly influences the net bioaccumulation in D. magna. When comparing the short-term
bioconcentration experiments with the combined experiments during the first 24 hours (Figure 6) it
is obvious that the feeding animals accumulated faster than the starving in the beginning (BARD >
BCRD), but also that the rapid decline in algal BCR during this time finally reduced the difference.
The most notable feature is the significant pulse in Daphnia BAR at 144 hours, i.e. after
reinoculation with C. noctigama cells at 96 hours. After that timepoint BARD declines to the levels
at 48 to 96 hours, while Chlamydomonas BCR fall to levels 10-30 times below the steady-states
levels in the controls. Thus, BARD at 48, 96 and 288 hours are likely equivalent to BCFD in the
absence of food. Taken altogether, it is obvious that BARD closely tracks Chlamydomonas BCR,
and it therefore seems that both uptake routes should be equally significant if the food has the same
bioconcentration factor as D. magna.

For this reason a rough estimate of the biomagnification factor for D. magna (BMFD) can be
obtained, although neither of the organisms have experimental 137Cs concentration factors in steady-
state. The steady-state definition of BAF in D. magna is

BAFD = BCFD + (BMiFD * BCFc)

where the indexes D and C denote Daphnia and Chlamydomonas, respectively. By this definition it
follows that

BMFD = BAFp - BCFD
BCFc

Since BCFD is approached within 96 hours combined with the fact that BARD closely tracks BCRc,
the following approximation give a rough estimate of BMF:

BMIF = BAFD - BCFD BARD (144 h) - BCFp
BCFc BCRc (144h)
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It is here assumed that BARD (48 h) and BARD (96 h) which are approximately equal, are mainly a
result from bioconcentration only and hence that the average of these can be set to BCFD.

This yields an estimated BMF (±SE) of 1.8±1.4 at 4.6 gM K' and 2.4±0.6 at 30 gM K'.
Consequently, if the Chlamydomonas cells would have maintained intracellular 137 CS levels
corresponding to the first steady-state, there would have been a significant contribution from the
feeding route to the Daphnia bioaccumulation at all timepoints.

The experiments fail to maintain steady-state levels of Chlamydomonas BCR but yet the results
confirm that Cs bioaccumulation in D. tnagna is significantly dependent on both uptake routes. The
most important implication is that the bioconcentration factors should contribute with at least half of
the net bioaccumulation factor in D. magna. On the other hand, availability to food should be an
important ecological factor with profound influence on the net ' 37Cs BAFs in zooplankton.

Conclusions

Microcosm experiments with the freshwater microalgae Scenedesmus quadricauda and
Chlamydomonas noctigama suggest that the concentration factor of i37Cs in freshwater
phytoplankton is inversely related to ambient [K'] over the wide range (1 gM to I mM) covered by
Scandinavian lakes. Over cation concentration ranges encountered in natural freshwaters ([K+] from
0.1 gM to 3 mM, [Na+] from 20 gM to 3 mM), a more than three order of magnitude variation was
found for both uptake rate and observed bioconcentration factors (BCF) at apparent steady-state
(from less than 103 to 106 L (kg C)-). Consequently, the bioconcentration factor of I37Cs in
phytoplankton can be expected to range three orders of magnitude among Scandinavian lakes.

For both species, the major effector on BCF and uptake rate was external [K'], which was inversely
proportional to these parameters over wide ranges (1 to 1000 jM for S. quadricauda and 0.1 to 300
jM for C. noctigama). At concentrations above these ranges K' still reduced 137 Cs biouptake, but
Jess effectively.

A minor influence of external [Na+] on 13 'Cs bioaccumulation was indicated for S. quadricauda,
whereas no such influence was significant for C. noctigama.

Concerning the first phase of accumulation, i.e. during the exponential growth phase, the algae
exhibit substantial differences in 1 37Cs bioconcentration kinetics. The effective equilibration time
during the first phase of accumulation is about 48 hours for C. noctigama (at [K+] > 3 ,uM), and
about 100 hours for S. quadricauda (at [K+] > 100 gM). A comparison between similar [K+]
treatments also shows that S. quadricauda accumulated 3 - 5 times more 137Cs than C. noctigama
during the first 100 hours at [K'] below 1000 gM.

The results from these experiments, dealing only with the influence of cation chemistry on 137CS

bioconcentration in phytoplankton, suggest that it is also very important to understand the influence
of growth conditions on 1 7 Cs bioconcentration kinetics.

Microcosm experiments with the freshwater zooplankter Daphnia magna suggest that both direct
uptake and ingestion of contaminated food contribute significantly to net bioaccumulation of 137Cs.
The 137Cs bioconcentration factors in D. magna are in the same order of magnitude as the
bioconcentration factors in the microalgae S. quadricauda and C. noctigama, ranging from 5i103 L
(kg C)-' to 5.102 L (kg C)-' when K' ranges from 4.6 jiM to 300 gM. The effective equilibration
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time appears to be about 48 hours. Steady-state 137Cs BAFs in D. magna, resulting from food
consumption and direct uptake can be expected to be about 2-fold higher than the BCFs resulting
from only direct uptake if the food (phytoplankton) has similar bioconcentration factors.
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Figure 1. The temporal trend of bioconcentration ratios (L (kg C-'; geometric mean + geometric
SD; n = 3) for 137CS in the freshwater microalga Chlamydomonas noctigama. The biphasic 137Cs
accumulation is illustrated by two treatments (4.6 gM and 1.2 mM K') covering the wide range of
[K+] found in natural freshwaters.
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Figure 2. Bioconcentration ratios (L (kg C)'; geometric mean ± geometric SD; n = 3) for 13 7 CS in
the freshwater microalgae Chlamnydomonas nocligama (48 and 288 hours) and Scenedesmus
quadricauda (approx. 100 hours) at apparent steady-state versus ambient [K+] in the culture
medium. Both phases are indicated for C. noctigama, i.e. the steady-state BCRs during the
exponential growth phase (g z 0.02 h-') at 48 hours and the BCRs at 288 hours (g p~ 0 h-])
approaching the second plateau. The solid line with a log-log slope -1 indicates the inverse
proportionality between BCR and [K+] according to the nonisotopic carrier hypothesis. Note the
deviations from this slope at [K'] outside the rangel gM to 300 gM. Scenedesmus: [Na+] = 2.9 mM
at all [Kl] up to 1000 gM and reduced to 40 ,uM at the highest [K'] (2.9 rM). Chlamydomonas:
[Na+] = 1 mM at all [K'] up to 300 gM, and reduced to 300 gM at the highest [K+] (1 mM).
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Figure 3. Bioconcentration ratios (L (kg C)-; geometric mean ± geometric SD; n = 3) for 137Cs in
the freshwater microalga Chlamydomonas noctigama (48 and 288 hours) at apparent steady-state
versus ambient [Na+] in the culture medium. The K' concentration is about I mM in all treatments
up to 300 jiM [Na+]. At the highest [Na+] (1 mM), the K+ concentration is about 300 ,uM (which
overlaps with Figure 2).
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Figure 4. The temporal trend of bioconcentration ratios (L (kg C-'; geometric means; n = 3) for
137 Cs in the freshwater zooplankter Daphnia magna during 24 hours of direct uptake versus ambient
[K+] in the culture medium. Note the deviations from the solid line (cf Fig. 2).
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Figure 5. The temporal trend of 137Cs bioaccumulation (BAR; L (kg C)'; geometric means; n = 3)
in D. magna feeding on C. noctigama and the temporal trend of bioconcentration ratios (L (kg C-';
geometric means; n = 3) for 137CS in C. noctigama at two different [K']. Note the unexpected
dec]ine in C. noctigama BCR after the animals were added. Also note the significant pulse in D.
magna 13 7 Cs bioaccumulation at 144 hours after reinoculation at 96 hours.
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Figure 6. The temporal trend of logBCR (L (kg C)'; means; n = 3) in D. magna resulting from
direct uptake only, and the temporal trend of logBAR (L (kg C-'; means; n = 3) in D. magna
resulting from an additional consumption of contaminated C. noctigama . Note that the feeding
animals accumulated faster than the starving in the beginning (BAR > BCR), i. e. before C.
noctigama 137Cs levels had declined too much to contribute to net bioaccumulation in the feeding
animals (cf Fig. 5).
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