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ABSTRACT: Accumulation of polonium in the common prawn Palaemon serratus and the sea perch
Serranus scriba was studied experimentally to clarify the relative importance of water and food as
sources of the high #'°Po concentrations usually found in marine organisms. A double-tracer technique
was used which enables differentiating the bioaccumulation of Po dissolved in seawater (as 2!°Po) and
the digestive transfer of Po from food (as 2°®Po). Accumulation of dissolved Po by prawns was found to
occur mainly through adsorption on the exoskeleton with a minor accumulation in internal tissues
through the intake of seawater for osmoregulation. In contrast, *®®Po in labelled food was readily
absorbed and accumulated in the internal tissues of prawns. Similar experiments with fish indicated
that *!°Po dissolved in seawater did not contribute directly to Po accumulated in internal organs.
Instead, nearly all internally bound Po resulted from the assimilation of **®Po-labelled food. Measured
Po absorption efficiencies were approximately 0.35 and 0.05 of the ingested dose for prawns and fish,
respectively, and roughly corresponded to the assimilation efficiencies of proteins from food. In both
prawns and fish, ingested **®Po distributed in the tissues in a manner similar to naturally occurring 2'°Po
in control organisms, whereas *'°Po dissolved in seawater partitioned differently. Modelling uptake
through both pathways demonstrated that Po in the food accounted for >97 % of the Po measured in
these 2 organisms. These experimental results suggested that, in nature, accumulation of Po by marine
organisms in higher trophic levels depends upon the previous Po binding to organic matter in lower
trophic levels; therefore, Po transfer through marine food-chains is primarily a function of the food
assimilation efficiency and feeding rate of the organisms. The double-tracer technique described here
is a useful experimental tool in the study of Po transfer pathways in marine organisms, and could also
be applied to the study of other aspects of Po biogeochemistry.
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INTRODUCTION

The naturally occurring polonium-210 (*!°Po) in sea-
water originates from the radioactive decay of dis-
solved *?*Ra and from the atmospheric deposition of
21%pp and ?'°Po. Several studies have illustrated the
accumulation of ?'°Po in a wide variety of marine
organisms (Hoffman et al. 1974, Heyraud & Cherry
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1979, Cherry & Heyraud 1981, Carvalho 1988a, b,
1990, Skwarzec & Bojanowski 1988) and have high-
lighted the exceptionally elevated concentrations in
some organs, e.g. the hepatopancreas of crustaceans
(Cherry & Heyraud 1981, Heyraud et al. 1988) and in
the liver and gonad of fish (Carvalho 1988a, 1990).
These elevated 2!°Po concentrations create the highest
known natural radiation doses in the biosphere
(Cherry & Heyraud 1982, Carvalho 1988a); neverthe-
less, the mechanisms involved in the buildup of ?!°Po
concentrations in marine organisms remain essentially
unstudied. Recently, the kinetics of ?'°Po and #°Pb
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accumulation from water and from food and water
were experimentally studied in benthic shrimp (Car-
valho & Fowler 1993). It was found that ?'°Po accumu-
lation in shrimp tissues was substantially increased by
the ingestion of labelled food, whereas the concentra-
tion of 2!°Pb was not significantly altered.

The interest in the accumulation of *'°Po in aquatic
organisms has broadened in response to the observa-
tion of enhanced *'°Po concentrations associated with
waste discharges from non-nuclear industries into
water bodies (Koster et al. 1992). Moreover, in view of
the potential use of ?'°Po as a natural tracer of the diet
of marine organisms (Heyraud et al. 1988, Cherry et al.
1989), as well as in marine biogeochemical cycling
studies (Broecker & Peng 1982, Fowler & Knauer 1986,
Todd et al. 1986), a better understanding of **°Po accu-
mulation and transfer in marine biota is necessary.

To investigate the pathways and rates involved in
2Py accumulation and to identify the relative impor-
tance of water and food as sources of this radionuclide
to marine organisms, we conducted a series of con-
trolled radiotracer experiments in the laboratory using
prawns and fish. For the study of Po bioaccumulation,
we have developed a double-tracer technique which
allows following, simultaneously, the direct uptake of
dissolved ?'Po in seawater and the accumulation of
208pg through ingestion of radiolabelled food. Such a
technique relies on identical chemical properties and
physiological behaviour displayed by different iso-
topes of the same element. The use of this double-
tracer procedure, beyond the cost of radioisotopes,
requires an alpha-spectrometer and skills in radio-
chemistry which are generally available in laboratories
equipped for radioactivity measurements.

MATERIAL AND METHODS

Radiotracers and radioanalytical techniques. A
standard solution of #°Pb (Ty, = 22.2 * 0.2 a) as
lead nitrate in 3 M HNO; was purchased from ORIS,
France. The specific activity of the Z2!°Pb was
0.737 MBq g~ of solution and the radionuclide was
in radioactive equilibrium with its progeny 2'°Bi (T},
= 5.01 d) and **°Po (T}, = 138.4 d).

A solution of pure *'°Po was separated from an
aliquot of the ?!°Pb-Bi-Po stock solution using an ion-
exchange (Dowex AG 1 x 8, 100-200 mesh) column
chromatographic procedure (Carvalho 1990). The
aliquot of stock solution was converted into chloride,
passed through the ion-exchange column, and %!°Pb,
210Bj and *'%Po sequentially eluted. The 2!°Po, eluted
with HNOj;, was reconverted into the chloride form. A
working solution of ‘unsupported’ #'°Po (i.e. free of the
parent radionuclides #°Pb and ?!°Bi) was then pre-
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Fig. 1. Alpha spectra of polonium isotopes plated on a silver

disc and obtained through a 300 mm? active surface silicon

barrier detector. Sample of stomach and pyloric caeca from
Serranus scriba analysed in the course of this work

pared in 0.5 M HCI for use in the experiments. The
purity of this solution was checked and the concentra-
tion of ?'°Po determined by alpha spectrometry.

Two other polonium isotopes, 2%®Po and 2°Po, both
artificially produced and non-existent in the natural
environment, were used in the experiments. 2°*Po
(Ty, =2.89 a) was purchased from Harwell (UK) 99.8 %
pure in 1 M HCI solution, and ?*°Po (T, = 102 a) was
obtained from Oak Ridge (USA) in 1 M HNO; solution.
Both tracers were checked for the presence of contam-
inating alpha emitters, and it was found that these con-
taminants accounted for much less than 0.1% of the
total alpha activity. Dilute working solutions of these
radioisotopes were prepared in 0.5 M HCI for the
experiments.

The use of the 2 polonium isotopes, *°®Po and %!°Po,
allowed simultaneously tracing uptake from 2 different
sources of polonium; the third isotope, 2°°Po, was used
as a yield determinant for radiochemical recovery. The
energies of the alpha-particle emmissions of these 3
isotopes are sufficiently separable to allow good spec-
tra resolution and the determination of the activity of
each isotope in the samples (Fig. 1). The addition of 1
artificially produced Po isotope, usually ?*®Po, as an
internal standard for the radiochemical yield determi-
nation is commonly made during the alpha analysis of
natural *'°Po (Fleer & Bacon 1984). However, because
of the wider separation of energies, *°°Po is the most
suitable for this purpose. Since both 2°®Po and **Po are
now commercially available, their simultaneous use
with ?!°Po was possible in our experiments.

For determination of Po isotope activities in the sam-
ples, following a standard addition of °°Po, the sam-
ples were completely dissolved with mineral acids and
Po spontaneously plated onto a silver disc in 0.5 M HCl
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and ascorbic acid (Flynn 1968, Carvatho 1988). Alpha-
radioactivity measurements were made on silicon sur-
face-barrier detectors connected to a multichannel
analyser. The detectors were calibrated with an elec-
troplated #*Pu reference source. Counting times of
samples were adjusted to obtain relative standard
errors of approximately 5%, and concentrations of Po
isotopes are reported per unit fresh weight of tissue.

Organisms and experimental procedures. Accumu-
lation of Po from water and food by prawns: The car-
nivorous common prawn Palaemon serratus (Pennant,
1777) (Palaemonidae) was chosen for the study
because it is capable of ingesting relatively large
pieces of food. All experiments were performed in a
temperature-controlled (14 °C) laboratory under a sim-
ulated 12 h day: 12 h night cycle.

In a preliminary experiment 3 prawns were placed
separately in individual 5 1 aquana to follow the
absorption of ingested polonium into the internal
organs. Soft tissues of mussels, previously exposed for
1 wk to unsupported *°Po-spiked seawater and fed
with labelled phytoplankton (mixed culture of diatoms
and dinoflagellates grown in *!’Po contaminated sea-
water), were used as food for the prawns. The average
activity of *'°Po in weighed rations of mussel flesh
(320 to 388 mg wet wt) supplied to prawns was esti-
mated based on previous measurement of 21%Po spe-
cific activity in mussels, 1.e. 212 Bq g~ . After the single
radioactive feeding, prawns were held in flowing sea-
water (30 1 h™!) and fed daily ad libitum with non-
labelled food. A measurement of ?'°Po eliminated with
the feces of the prawns was made daily for 5 d. In order
to complete the budget, on Day 6 prawns were sacri-
ficed and *!°Po analysed in the individual tissues.

In a second experiment a larger group of prawns
(mean individual wet wt 3.83 £ 2.35 g, n = 14) was used
to investigate the relative importance of food and
water as pathways for the uptake of polonium. Using
the solution of unsupported 2'°Po, the concentration in
the seawater medium was increased to 12+ 1.3 Bq 17},
i.e. 1.2 x 10* times the typical concentration of the nat-
urally occurring ?’°Po. Prawns were exposed for 22 d in
the spiked seawater medium which was renewed fresh
every 2 to 3 d. Analyses of water samples filtered
through 0.45 pm pore size membrane filters indicated
that, throughout the experiment, more than 85% of
21%pg was present in the dissolved phase. In addition,
during the experiment the prawns in the spiked sea-
water were regularly fed mussel soft tissue previously
labelled with ?®Po (via water and ingested phyto-
plankton). Eleven identical meals were supplied in this
way throughout 21 d. Aquaria were inspected twice
daily and feces removed to avoid radionuclide recy-
cling by prawns. The concentration of ***Po in the mus-
sel flesh was 2.5 + 1.6 Bq g~' and the corresponding

concentration of the naturally occurring *'°Po was 0.13
+ 0.06 Bq g! (n = 5 analyses) Periodically, 2 prawns
were sacrificed and their tissues dissected and bulked
in order to average Inter-individual variability in the
analyses of Po isotopes. The analyses of prawn tissues
at time zero provided information on the concentration
of the naturally occurring *'“Po.

Accumulation of Po from water and food by fish:
The relative contributions of Po from ingested food and
from the radionuclide dissolved in seawater were mea-
sured in the sea perch Serranus scriba (Linnaeus, 1758)
(Osteichthyes) following an experimental protocol sim-
ilar to that described above for the prawn.

An initial group of fish (Group [, mean individual wet
wt 23+ 3 g, n=12) was used to measure the absorption
of Po through the digestive pathway, as well as to ver-
ify whether Po absorbed via food could adequately
trace the distribution and turnover of natural 2'°Po in
the internal organs of fish. Prior to the start of the
experiment, fish were fed for 2 wk with a fresh supply
of natural prey, viz. euphausiids (Meganyctiphanes
norvegica) and small shrimp (Lysmata seticaudata).
These organisms contained, on the average, concen-
trations of natural *'"Po at ca 0.07 Bq g~} wet wt.
Therefore, the ingestion of such fresh food was
expected to help maintain the *'’Po content in fish
tissues at normal levels.

Artificially labelled food was prepared from shrimp
Lysmata seticaudata labelled for 1 wk in seawater con-
taining dissolved “**Po and fed Artemia sp. previously
labelled with 2°Po from water and phytoplankton.
Shrimp tissues, in particular the visceral organs, were
homogenized and food pellets were prepared from the
homogenate using gelatin as an agglutinant. Each fish
was subsequently fed 1 of these pellets, (0.8 ml volume
containing approximately 158 Bq ?°®Po) and then main-
tained under running seawater. Two days after inges-
tion of the pellets, fish were continually fed for 27 d
with non-labelled, pelletized L. seticaudata muscle
from a frozen stock. This food had a low content of nat-
ural ?1%Pg, approximately 0.008 Bq g !, and therefore
allowed the initial %'°Po level in fish to decrease
throughout the experiment. Analyses of Po in fish
tissues were made at time zero for determination of
natural level of *'°Po, and periodically throughout the
experiment for both **®Po and ?'°Po taken up.

A second group of fish (Group II, mean individual
wet wt 22 + 7 g, n = 16) was exposed to elevated con-
centrations of #'°Po dissolved in seawater and regularly
fed shrimp labelled with *°®Po, Before the start of the
experiment, fish were acclimated in individual 51 aer-
ated aquaria. During the experiment water was
renewed 3 times wk !, and the concentration of spiked
21%Po in seawater was maintained nearly constant at
8.3 + 2.1 Bq 17" for 26 d. Fish were periodically fed
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Lysmata seticaudata previously labelled with **Po as
described above. Each fish rapidly ingested 1 shrimp
approximately every 2 d (feeding rate 0.023 to 0.050 g
g ! fish d7'). The average concentration of 2°®Po in
these shrimp was 1.7 £ 0.5 Bq g~' wet wt and their nat-
ural ?1?Po content was 0.066 + 0.026 Bq g~! wet wt (n =
6 analyses). Repeated analyses of water indicated that
radiotracer cycling between food, water and fish was
negligible. At each sampling time, fish were sacrificed
with a lethal dose of anesthetic and dissected tissues
from 2 specimens were pooled for a single analysis of
the Po isotopes. The non-separated tissues (head, gills,
skin, scales, fins), termed remainder, were also
analysed to enable a reconstitution of the total body
burden of Po in the fish.

Modelling polonium accumulation in organisms. In
general, the kinetics of radionuclide and trace element
turnover in marine organisms can be fit to exponential
models (Pentreath 1973, Carvalho & Fowler 1985,
Swift & Pentreath 1988). In modelling the bicaccumu-
lation of radionuclides, it is necessary to take into con-
sideration the rates for uptake (both from water and
food) and the elimination processes (excretion, radio-
active decay). Growth and reproduction also con-
tribute to the change of radionuclide concentration
over time in organisms; however, the latter do not
apply to short-term experimental exposure periods
during which no significant changes in body size and
reproduction are observed. Therefore, disregarding
growth and reproduction, the kinetics of Po uptake
and elimination in an organism can be generalized
using the mass balance equation

dQ/dt = I, WC, + AFC,- (k+ A)Q, (1)

where Q, = activity of Po in the organism (Bq) at time
I = the uptake rate constant from water (ml g~' organ-
ism d~!) by all processes, viz. drinking and surface
adsorption; W = weight of organism (g}; C,, = Po con-
centration in water (Bq ml™!); A = digestive assimila-
tion efficiency (or absorption efficiency) of Po from
food; F = the amount of food ingested by an organism
per day (g d '}; C, = concentration of Po in tood (inBq
g~!); k = elimination rate constant of Po (d™') from the
organism; A = the radioactive desintegration rate con-
stant of Po (Aaip, = 0.00501 d™%; Auwp, = 0.000656 d 7).

In practice, the difficulty in modelling the biocaccu-
mulation of Po (or of any other element) in a specific
organism, and the subsequent Po transfer in marine
food chains, resides in the unknown contributions from
food and from water to the amount of Q, measured in
the organism. This difficulty can be circumvented
when each source is traced by a different isotope. The
kinetics of each isotope and the contribution from each
uptake pathway can then be resolved.

We can evaluate separately each termin Eq. (1). If we
consider the uptake from water only (making C; = 0),
the kinetics of Po in the organism is given by

dQ.dt = Iw WC\\.’ - (k + /\)Ql (2)

Holding the concentration of Po in water constant, a
steady state in exchange between water and organism
will be attained where input of Po into the organism
will be balanced by the output. Thus dQ,/dt=0, and Q,
is the steady-state Po body burden, Q. Therefore,

I, Cy W
Qs = T

and finally
Q = Qs (1-etriy (3)

Instead of Po body burden, this equation can be
transformed to Po concentration (C,) by dividing by the
weight of the organism (W). Hence,

I‘.v C
k+ A

= (4 =eikedlly (4)

The concentration of Po in the organism can then be
related to the concentration of Po in the water through
a concentration factor [CF = (Bq g~! organism)/(Bq
ml~ Y] by dividing Eq. (4) by C.,. If we take into account
any Po content in the organism at the beginning of the
exposure period, then

CF, = k["+" " (1-e k=AY 4 CF, e k+Mt (5)
where CF, = CF of Po in the organism at the start of
the accumulation period t.

When the accumulation period is interrupted and the
organism transferred to unlabelled seawater, the con-
centration of Po decreases with time by excretion and
radioactive decay. Therefore, with C, being the con-
centration at the start of the elimination period ¢

C, = Cye ke (6)

The plot of InC, against time enables the calculation
of {k + A) from the slope of the loss curve. Since the
radioactive decay constant of Po isotopes (A} is well
known, the biological half-life (T,,,) of Po in the
organism can be calculated by Ty, = (In2)/k. Often it
is observed that the retention of radionuclide is better
described by the sum of several exponential functions,
each one corresponding to the turnover of the isotope
in a different compartment,

We can also consider that uptake from water is neg-
ligible (I, = 0 or C,, = 0) and, from Eq. (1), the kinetics
of Po biocaccumulation from food will follow

dQ,/dt = AFC, - (k + N)Q,. (7)
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Table 1 Palaemon serratus. Concentrations of 2!%Po (Bq g~!

wet wt) and tissue % of the whole body wet wt in 3 specimens

analysed 6 d after a single feeding with *!°Po-labelled mussel flesh. Balance of ingestion and retention. TBB: total body burden

Tissues Palaemon 1 Palaemon 2 Palaemon 3 2po
average

% weight  “"“Po % weight 219pg “, weight 29pg % TBB

Hepatopancreas 1.5 118 2 125 2.6 50 53+£13

Gut 1.7 75 6.7 6 1.3 33 18t 6

Muscle 44 0.15 36.1 0.04 38.2 0.08 104

Exoskeleton 15.7 1.5 7.1 0.58 15.7 0.45 3215

Remainder 37 4 48 1.4 42.1 1.3 245

Whole body 2.535g 11.38 Bg 6.366 g  22.55Bq 7.027g 15.08 Bg

“1"Po in the meal (Bq) 82 80 68

Estimated intake (Bq)® 75 71 64

Measured in feces (Bq)® 152 18.4 18.6

% of intake retained in

tissues at Day 6 15 32 23

“By difference between the dose supplied and activity measured in the aquaria water after the feeding period

bTotal collected over 5 d following the ingestion of the labelled meal

It should be kept in mind that the ingestion rate of
food, F, is not constant throughout the lifetime of an
organism and, indeed, it is not even constant through-
out the year. Likewise, the composition of ingested
food (and thus Cj) is not constant. Nevertheless, it is
reasonable to assume that these parameters do not
vary considerably over short time periods.

Food is used for maintenance (energetic cost of
metabolism) and growth, but not all of the ingested
food is absorbed. Therefore, we can represent the
input of Po into an organism through the consumption
of food (L), by Iy = AFC; as used above (Eq. 7). At
steady state dQ,/dt = 0, and Q, corresponds to the
steady-state Po body burden Q, and Qi = AFC,
(k + A)~!. Dividing by the organism weight (W), this
equation can be converted into concentration (C)

Css = X — (8)

where F/W = feeding rate, F, (g food g~! organism d™1).
Therefore, for short time intervals we can calculate the
Po concentration in the organism (C,) obtained from
food by

A C
C, = F, (1 - e-tk+at), 9
! K+ A { € ) (9)

Thus, under the assumptions mentioned above,
determination of the rate constants for each Po accu-
mulation pathway will allow evaluating the contribu-
tions from food and water to the Po content in the
organism.

RESULTS

Accumulation of Po from water and from food by
prawns

Results from the preliminary experiment to examine
the digestive absorption of Po by Palaemon serratus
are given in Table 1. The highest concentrations of
2Py were measured in hepatopancreas and gut,
which together contributed to most (71%) of the
whole-body *'Po activity, whereas muscle tissue dis-
played the lowest Po concentration comprising only
1% of the whole body burden. All the concentrations
are, of course, much higher than concentrations of nat-
ural ?*°Po in the prawn (see concentrations for Day 0;
Table 2). Considering that prawns had been fed only
1 meal of *'°Po-labelled food and that they have a gut
transit time of the meal <24 h, the high efficiency of di-
gestive absorption of Po into internal tissues is appar-
ent. Six days after ingesting the labelled meal, *'°Po re-
tained in shrimp tissues was still 15 to 32% of the
ingested dose (Table 1). During the 6 d elapsed be-
tween ingestion and dissection, ?!°Po in feces egested
by prawns decreased over time with a first order rate
constant of ~0.30 d-!. In total, 20 to 29% of the in-
gested dose was measured in feces, whereas 42 to 64 %
was excreted with the urine and/or was redissolved
from solid excreta (Table 1). Using Eq. (6), the *'°Po
concentration retained in P. serratus at Day 6, and ap-
plying a biological half-life for '°Po of 10 d determined
previously in another decapod crustacean (Carvalho &
Fowler 1993), we computed the amount of *'°Po ab-
sorbed at time zero ((,) and estimated the absorption
efficiency (A) to be 0.35 of the ingested dose.
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Table 2. Palaemon serratus. Concentrations of ““Po and *'°Po (mBq g~' wet wt) in the tissues of prawns from the double-tracer experiment
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Day 22
.'l")PO

208P0

Day 16
fPo  *Po

R

Day 10
ZiuPO

“"‘Po

JlOpO

Day 7
2ipg

f’l\vpo

Day 4
;’ano

Z'inpo

Day 2
"Po

2Mpg

Day 0
Po

0B

Y% wet wt

x+1SD

Tissue

1000 2571

2208 2035

556
765

252 2038 734 583 844 1409 722
1400 5500 2300 3232

545

107

0

1.2+08

Gut

538

4286

1086

17 536

870

651

4 +1
39+ 7

Hepatopancreas

Muscle

46
98 4294

50
2366

866 6015
778 2404

22
127

58
1033
5017

29
1083
2600
1200

0.7
91

14
868
460
294

0.1

2100
1428
1052

39

35
150
228

14 &

Exoskeleton

3188

333 2290

67

74
185

47

75
60

42+ 10

Remainder

2230

73

21

100

Whole body

Results from the second experiment with prawns
enabled us to make a comparative evaluation of both
water and food as potential contributors to the accu-
mulation of Po by prawns (Table 2}. The change of
polonium concentrations in tissues over time showed
that 2!°Po dissolved in water was mainly adsorbed on
external surfaces and did not contribute significantly to
Po accumulation in internal organs. On the other hand,
208pg in the food was efficiently absorbed, as demon-
strated by increased concentrations in internal tissues
over time, whereas it contributed little to the Po con-
tent in the external surfaces (exoskeleton, remainder).

The relative contribution of each Po isotope to the
whole-body burden over time is shown in Fig. 2. Com-
paring the distribution of each isotope with the distrib-
ution of the naturally occurring *'°Po at time zero (con-
trol), it is evident that the distribution of ***Po absorbed
from food consistently reproduced the distribution of
naturally occurring *'°Po. Furthermore, the data indi-
cate that polonium dissolved in the water was not the
main source for the Po concentrated in internal tissues
of prawns. Clearly, it is the digestive absorption of Po
(seen here as 2"Po) incorporated in the organic matrix
of the food that results in the incorporation of Po in
prawn organs in the natural environment.

Whole-body CF of '"Po accumulated from seawater
by prawns are shown in Fig. 3. Accumulation took
place both in internal tissues and on external surfaces
(Table 2). ?!"Po accumulated in internal tissues is most
likely related to the intake of seawater for osmotic reg-
ulation as has been shown for benthic shrimp (Car-
valho & Fowler 1993). From measurements of the NaCl
extra-renal efflux in Palaemon serratus, 20 uM NaCl
h~! g~! (Spaargaren 1972), we estimated the drinking
rate of waterto be 0.74 mlg ' d™! at ca 13°C and 38%
salinity. This water intake rate would enable dissolved
21%po to accumulate in the internal tissues of prawns at
the rate of 8.8 mBq g~' prawn d-!. Taking into account
the biological half-life of “'°Po (10 d), the decay con-
stant of “'’Po, and the initial content of naturally occur-
ring “'"Po in prawns, we compute by Eq. (4) that the
intake of seawater would result in a “'"Po concentra-
tion of 114 mBq g~ ' 1in prawns after 22 d of exposure.
Considering model Eq. (5), this intake route would
lead to a whole-body CF of 9.5 at Day 22 (Fig. 3). This
predicted “"Po concentration can not be directly com-
pared with ?®Po measurements in whole prawns due
to the contribution of external adsorption. However, at
Day 22 ?%Po accumulated in the bulk of internal tis-
sues (i.e. hepatopancreas and muscle, taking into
account their relative weight and specific activities;
Table 2) was 113 mBq g ! and CF was 9.4. These val-
ues derived from measurements are in excellent
agreement with the model predictions. Moreover, the
higher than expected whole-body 219pg concentration
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measured in prawns (CF = 242 at Day 22; Fig 3) indi-
cates an important accumulation of ?'°Po by another
process. This process, accounting for 96 % of the ?°Po
CF observed at Day 22, corresponds to the adsorption
of 21%Po onto the external surfaces of prawns. In fact,
the percent contribution of exoskeleton plus remainder
(essentially external tissues) to the *!'°Po whole-body
burden is 96 to 98% from Day 10 onwards (Fig. 2).
Therefore, the input rate of “'"Po from water into
prawns, I, is in this case the sum of 2 components,
water intake and external adsorption which account
for ca 3% and ca 97 % of the I, respectively.

The accumulation of 2°8Po in prawns and their tissues
over time is presented in Fig. 4. Prawns were fed ad
libitum with labelled food, but the exact amount of
food ingested is not accurately known. Nevertheless,
the experimental points can be fitted (Eq. 9) assuming
a feeding rate of 5% of Palaemon serratus body wt d~!
and assimilation efficiency A = 0.35 as determined in
the first experiment with prawns (Fig. 4A). Fig. 4B
shows the change in **Po concentration in prawn tis-
sues over time, and demonstrates the rapid absorption
of *®Po from food into the hepatopancreas and the
slower accumulation of “**Po in muscle tissue.

The rate constants determined in these experiments
can be applied with the same models to the environ-
mental concentrations of #!"Po to predict the contribu-
tions of water and food to the natural “'"Po content in
prawns. Taking 1.0 x 10°°* Bq ml~' as the concentration
of ?’Po in seawater and assuming a CF,, = 265, the
resultant concentration in prawns would be approxi-
mately 0.3 mBq g~'. Through consumption of prey (e.g.
mollusc soft tissues) containing 2!°Po concentrations of
50 to 100 mBg g~ *, the whole-body steady-state con-
centration in prawns would be ca 12 to 23 mBq g!
supported by food. Therefore, the dissolved fraction of
21%pg in seawater would account for only about 1 to 2%
whereas food will contribute 98 to 99% of the total
body burden in prawns.

Accumulation of Po from water and from food by fish

Concentrations of 2®Po in tissues and in the whole
body of Serranus scriba fed a single meal of 2°®po-
labelled food are given in Table 3 along with concen-
trations of natural *'°Po. Three days after the ingestion
of a single ration, *°®Po was detected in all internal tis-
sues. The highest ?°®Po concentration was measured at
Day 3 in liver, accounting for about 85 % of the whole-
body burden of ?®®Po in fish. Following the concentra-
tion peak observed at Day 3, *®Po in liver decreased
rapidly (Ty12 = 1 d) during the following days followed
by a period of slower **®Po elimination (T, = 10 d).
This slow component of loss is comparable to the elim-
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Fig. 3. Palaemon serratus. Concentration factor (CF) for ?'°Po
accumulated from water by prawn. (®) Experimental data.
Solid line indicates curve adjusted through model Eq. (5) with
CF, = 17e &+ N4 265(1 - e ¥~ 3 where k = Po elimination
rate constant (0.0693 d~') and Azp, = radioactive decay con-
stant for ?'°Po (0.005 d~'). Dashed line indicates model pre-
diction through Eq. (5) for 2'°Po CFin prawns due to seawater
intake for osmoregulation, ‘O" Equation is CF, = 1.7e %41 4
9.8(1 - e '+ N S’ corresponds to the fraction of *'%Po CF ac-
cumulated through adsorption on external surface of prawns.
Both lines start at CF, = 1.7, corresponding to the initial *''Po
(21 mBq g™!) in prawns

ination of natural 2!°Po (Ty1,» = 11 d) in the same organ
(fit of a single exponential to *°Po data given in
Table 3). In gonad and bone, the trend of 2*®Po concen-
tration with time shows a slow increase due to the
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accumulation of 2*®Po being gradually transferred from
other internal organs.

The whole-body elimination curve of **®Po ingested
with food displays 2 components (Fig. 5). Component I,
Tvi2 = 0.6 d, based on a single point, corresponds to the
gut transit of unabsorbed labelled food. Gut transit
times in teleost fish range between 0.5 and 2 d for tem-
peratures from 15 to 24 °C (Kapoor et al. 1975). Com-
ponent II, Ty, = 5% 1 d, probably corresponds to the
cycling of *®®Po in liver and other internal tissues. The
y-intercept of the best-fit line of this component pro-
vides an estimate of the absorbed fraction (A), i.e.
0.048 + 0.024 of the ingested ***Po. However, from
Day 8 onwards, the 2°®Po elimination data further sug-
gest that another component may be involved in Po
retention in fish. This component (not shown) may
account for ca 15% of the absorbed ?*®Po (0.7 % of the
ingested dose) and would turnover much slower
(Toi2 = 25 d) than Component I. The biological half-life
of this long-lived component compares well with the
biological half-life of the elimination of natural #!°Po in
the same fish, 23 d (interval of fit O to 27 d), that can be
computed based on ?!°Po data in Table 3.

Concentrations of ?'°Po in tissues were highest at
time zero of depuration period, i.e. measured about 2 d
after the last feeding with natural food. These concen-
trations rapidly dropped, especially in liver and gonad,
following the change to food low in ?'°Po content. After
Day 6, *%®Po: 2'°Po ratios in whole body, liver and mus-
cle became nearly constant, indicating that both iso-
topes were eliminated or transferred to other tissues
at similar rates (Fig. 6). Gonad and bone displayed

20805 (mBq g)

10 15 20 25

DAYS

Fig. 4. Palaemon serratus. (A) Whole-body “"*Po concentration accumulated from labelled food over time in prawn. (W) Experi-

mental data. Solid line calculated through model Eq. (9), with k=0.0693d"", A =~0.00065d"!, A=0.35, F,=0.05g food g ' prawn

d' Dashed lines account for variation in “*“Po concentration in food, C; = 2.5+ 1.6 Bq g !, during the exposure period. Arith-

metically, dashed lines correspond to feeding rates of 8 and 2% of prawn body size, with all the other variables held constant.
{(B) 2°®Po concentration in the hepatopancreas (HP) and muscle tissue (M) of prawns, following uptake from labelled food
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increasing *®*Po: #!%Po ratio with time,
reflecting a gradual accumulation of
food-derived *™Po during the period

Table 3. Serranus scriba. Group 1. Concentrations of “"'Po and “"Po (mBq g~
wet wt) in fish following a single feeding with “"*Po-labelled food. *'"Po in fish 1s
the naturally occurring
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210

Po from fresh food fed to fish before the experiment

of observation.
These results confirm that in fish Po Day ~ Whole bIO)d)’“ ‘Li\’f'r) Cona% \1us(-h§ Bone

t (i 2) 2 208 2lup

is readily absorbed from ingested Po “"Po Po “Po Po “Po Po “"Po Po “Po
208 : : - -

food. “"*Po was rapidly incorporated 0 o 18 0 276 0 438 0 9 0 9
in fish liver and muscle and was 3 207 21 4100 161 82 440 2 3 6 20
metabolised (eliminated) at the same 6 168 20 850 109 18 62 5 9 10 14
rate as the naturally occurring *!°Po in 8 1213 90 103 38 79 2 3
those organs. However, the single 13 28 12 >7 72 70122 6 1 8
) gens. e sing’ 19 16 15 75 108 107 126 2 4 11 25
input of “**Po did not attain isotopic 27 9 8 27 3D 75 73 7 15 7 3
equilibrium in the organs with slower
turnover rates (gonad and bone) dur- “Reconstituted, excluding gut

ing the observation period. Neverthe-
less, the observed similarities in the
turnover of both Po isotopes in whole fish support the
assumption of their identical physiological behaviour.

In the second experiment (Group IIj, fish were ex-
posed to 2!%Po dissolved in seawater and were regu-
larly fed with **Po-labelled shrimp. Results of “**Po
and *'°Po measurements in fish tissues are presented
in Table 4. From Day 2 onwards, concentrations of
both isotopes were highest in the digestive tube, par-
ticularly in the intestine. High concentrations of *!°Po
in these organs are characteristically found in fish in
the natural environment (see ‘Introduction’). They are
partially due to incomplete removal of gut contents
before the analysis. Since Po levels in intestine are
highly variable and gut content is not considered as
part of the fish tissues, we did not include the intes-

tine when reconstituting the whole-body Po concen-
trations in fish.

Results from this experiment also show that **Po in
food was absorbed and rapidly accumulated in liver
and muscle, whereas the observed transfer to gonad
and bone was somewhat slower. On a whole-body
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lation of *!°Po from ingested seawater would likely be
much lower. Additionally, the naturally occurring '°Po
in the food, 66 mBq g~!, would have contributed a fur-
ther ca 1 mBqg g ! to the ?’°Po burden in fish. However,
the whole-body 2!°Po concentrations determined in
reconstituted fish (Table 4) are somewhat higher than
the estimate (8 mBq g~ ') given above based solely on
the drinking reflex and the natural *'°Po in food. This
observation suggests that some other uptake pathway,
e.g. surface adsorption, contributed to the *'°Po body
burden of these fish. In fact, the remainder portion of
the fish, which includes all external tissues that were in
direct contact with the labelled seawater, contained
42 to 82% of the ?%Po body burden from Day 5
onwards. Nevertheless, uptake from water by all
routes resulted in no more than a 2-fold increase over
the initial *'°Po concentration in fish (Table 4).

Data on the accumulation of ?°®*Po from food in Ser-
ranus scriba were fitted to Eq. (9) (Fig. 8). The %°®Po
concentrations are adequately fitted using the assimi-
lation efficiency of 0.048 determined in Group I fish.
The fluctuation in the observed fish feeding rate
(0.023 to 0.050 g food g~' fish d~') and the uncertainty
associated with the assimilation efficiency value
( 25%) result in the observed spread in the experi-
mental data shown in Fig. 8.

The contribution of Po sources to environmental lev-
els of 2!%Po in fish can be assessed by using the experi-
mentally determined rate coefficients and natural ?*°Po
concentrations in model Eqs. (4) & (9) above. Computa-
tions show that the contribution of ?!°Po dissolved in
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Fig. 8. Serranus scriba. Group II. Whole-body uptake of 2*Po
from food over time. (@) Experimental results. Solid line cal-
culated through model Eq. (9), with C;= 1.7 Bqg~', A =0.048,
F, = 0.036 g food g~! fish d~' Limits (dashed lines) were set
up with the following conditions: upper line, maximum food
ingestion rate observed, F, = 0.050 g food g~' fish d-! and
A = 0.072; lower line, minimum F, = 0.023 g food g~! fish d~!
and A =0.024
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seawater accounts for the accumulation of ca 4 uBq g
in fish. If we consider the food source, assuming the
ingestion of prey with a *'°Po concentration of 100 mBq
g~! (e.g. mussels), an average feeding rate of 0.20 g
food g~! fish d ! characteristic of predator fish in envi-
ronmental conditions (Caddy & Sharp 1986) and a
29pg assimilation efficiency of 0.05 results in a whole-
body ?'°Po concentration of 7.2 mBq g~! in fish. There-
fore, the uptake of dissolved ?!°Po would account for no
more than 0.1 % of the total ?'°Po measured in fish.

DISCUSSION AND CONCLUSIONS

Results from the radiotracer experiments with
prawns have demonstrated that Po bound to food is
efficiently absorbed (A = 0.35) and accumulated in
these crustaceans. Whereas Po supplied in the food is
absorbed and distributed in the prawn tissues in a
manner similar to the distribution of natural ?'°Po in
prawns, Po dissolved in water is mainly adsorbed on
external surfaces.

Experiments on the uptake pathways of Po in fish
furnished clear evidence that polonium dissolved in
water is only weakly accumulated either on external
surfaces or within internal organs. The principal path-
way for Po bicaccumulation in fish is through digestive
absorption, as shown by the absorption of ?%Po from
food which rapidly accumulated and distributed in fish
organs in a manner similar to the distribution of natural
210130.

Whereas surface adsorption of 2'°Po played a major
role in the experimental uptake of this radionuclide by
prawns, this was not the case with fish. Strong Po
adsorption onto prawn exoskeleton is most likely due
to chelation of the radionuclide by functional groups
on the chitinous portion of the cuticle as has been
found for other trace elements (Stumm 1992). In the
case of fish, surface adsorption of *°Po is far less
important, either owing to the different chemical bind-
ing properties of the mucous layer covering skin or
because of the continued renewal of this mucous.
Some gut absorption of 2'°Po from scawater occurs in
crustaceans through the intake of water for osmotic
regulation, whereas the drinking water reflex in
teleost fish does not result in significant intake of this
radionuclide. Particularly high concentrations of Po
were observed in fish intestine. Co-precipitation of Po
with carbonate and sulfate ions from ingested sea-
water in the lumen of the intestine (Conte 1969) is the
most likely mechanism for the buildup of Po in this
organ. White mucous corpuscles of Ca and Mg carbon-
ates containing very high concentrations of Cd, Zn, Cu
and Pb have been observed in fish intestine (Noel-
Lambot 1981). These corpuscles are regularly evacu-

ated and may constitute a defense mechanism to limit
the absorption of metal cations from seawater through
the intestinal wall (Noel-Lambot 1981). In any event,
all our data indicate that the main pathway of Po
uptake in both crustaceans and fish is through inges-
tion of food, which accounts for >97 and >99%,
respectively, of the ?'°Po in environmental samples.

In studies on Po absorption through the gut of
shrimp, prawns and fish, different procedures have
been used in the preparation of labelled food, ranging
from passive sorption of the radionuclide onto food
particles (Carvalho & Fowler 1993) to prolonged Po
incorporation from water and food into prey subse-
quently used to feed experimental organisms (this
study). Comparison of the results obtained using these
procedures indicates that following ingestion, Po
loosely bound to food particles is only partially
absorbed into internal tissues, whereas Po incorpo-
rated in the organic matrix of prey is efficiently
absorbed and its distribution in predator tissues more
closely matches the distribution of the naturally occur-
ring 2°Po. This observation suggests that the efficiency
of Po absorption and subsequent metabolism depends
upon incorporation of the radionuclide into the organic
matrix of food.

Our results are also in agreement with recent find-
ings which demonstrate that the assimilation efficiency
of metals and metaloids in copepods is directly related
to the concentration of these elements in the cytoplasm
(readily assimilable proteins) of phytoplankton used
for food (Fisher & Reinfelder 1991, Reinfelder & Fisher
1991). Protein assimilation efficiencies reported for
decapod crustaceans were spread over a wide range of
values depending upon the protein requirements of
the species, the enzymatic capabilities for digestion
and the degree to which the food can be digested. For
example, penaeid shrimp, like other crustaceans,
require diets containing 23 to 55% protein (Dall et al.
1990). In our experiment, mussel flesh used to feed
prawns contained approximately 40 % protein. As pro-
tein assimilation efficiency in Palaemon serratus 1s
reported to be 80 to 92% (Dall & Moriartry 1983). an
average absorplion coefficient of 0.34 (0.40 x 0.86) of
the food consumed can be estimated. In carnivorous
fish, the absorption efficiency of protein has been con-
sistently determined at 80%, although assimilation
efficiency is subject to the same constraints of the abil-
ity of fish to digest and absorb protein from food
(Cowey & Sargent 1972, Conover 1978, Smith 1989). A
natural fish food consisting of invertebrates can con-
tain up to 11.5% protein (Phillips 1976). In our fish
experiments, shrimp tissues fed to the perch contain
ca 10% protein (Waterman 1960) which results in an
approximate 0.08 (0.10 x 0.80} absorption coefficient
for food. Although these general figures are strongly
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dependent upon consumer species and food type, ten-
tatively they can be compared with the assimilation
efficiencies of Po determined in this study, viz. 0.35 for
prawns and 0.048 for fish. Regardless of the differ-
ences in food type, feeding strategies and digestive
systems of organisms from many different groups, it
seems plausible that the assimilation of Po depends
primarily on binding to assimilable organic molecules
and, more specifically, to proteins. Thus, the availabil-
ity of ?'°Po from different food types with respect to
protein content is clearly an important aspect for future
study.

Given that the food chain is the primary transfer
pathway for Po in the organisms tested, ?:°Po concen-
trations in these organisms should reflect the *'°Po con-
tent of their prey to a degree dependent upon the food
assimilation efficiency and the 2'°Po excretion rate.
The high assimilation efficiency of Po from food
observed in shrimp (Carvalho & Fowler 1993) and
prawns (this study) suggests that this is a common fea-
ture among crustaceans. Still higher Po assimilation
efficiencies may exist in zooplankton crustaceans (e.g
copepods, euphausiids, mysids), a fact which would
sactisfactorily explain the enhanced Po levels and the
high 2'°Po:?%Pb ratios (10 to 1000) frequently mea-
sured in these pelagic heterotrophic species. Although
this would require experimental verification before a
general conclusion can be drawn, the proposed useful-
ness of *!°Po as a natural tracer in diet studies of marine
macroorganisms (Heyraud et al. 1988, Cherry et al.
1989) is well supported by our findings.

Our experimental results and the modelling of Po
accumulation in prawn and fish also highlight the
importance of the feeding rate in governing the con-
centration of *°Po in marine organisms. In addition,
the fluctuation of ?'°Po concentration in the ingested
food, either due to changes in diet composition or to
variable 2'°Po concentrations in the prey, will result in
fluctuations of 21°Po content in predator organisms, as
has frequently been observed in different samples of
the same species (Carvalho 1990).

The simultaneous use of 2 Po isotopes in a simple
food chain allowed following the bioaccumulation of
208pg through the digestive pathway and *'°Po uptake
from the ambient water, with virtually no mixing or
interference between the isotopes. These initial results
will hopefully encourage further application of this
technique in studies on the biological cycling and
metabolism of Po. In particular, the double-tracer tech-
nique offers a means for examining more complex Po
transfer pathways in studies related to the enhance-
ment of environmental 2!°Po levels by non-nuclear
industries.

Another area of current interest in biogeochemistry
is the use of ?!°Po and %!°Pb as tracers of vertical flux

processes and mean residence time of particles in the
upper layer of the ocean (Fowler & Knauer 1986,
Ritchie & Shimmield 1991). For example, using the
double-tracer technique, “'"Po incorporation in bio-
genic detrital particles formed through zooplankton
grazing and molting could be compared with *!°Po
adsorption from water as competing mechanisms in
the overall process of *°Po scavenging in marine
waters.
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