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nuclides via different pathways: seawater (all of them), food (shrimp and bivalves) and sediment (bi-
valves). Our results indicate that the studied tropical species accumulate Cs similarly than species from
temperate regions whereas retention capacities seems to be greater in the tropical species. Bio-
accumulation capacities of the two oysters were similar for all the exposure pathways. The alga, and to a
Bivalve lesser extent the shrimp, concentrated dissolved Cs more efficiently than the bivalves (approx. 14 and 7
Alga times higher, respectively). Assimilation efficiencies of Cs in bivalves and shrimp after a single feeding
Shrimp with radiolabelled food were comprised between 7.0 + 0.4 and 40.7 + 4.3%, with a variable retention time
Radionuclide (half-life —Tp12— ranging from 16 + 3 to 89 + 55 d). Although the clam lives buried in the sediment, this
Biokinetics exposure pathway resulted in low bioaccumulation efficiency for sediment-bound Cs (mean transfer
factor: 0.020 + 0.001) that was lower than the two oyster species, which are not used to live in this media
(0.084 + 0.003 and 0.080 + 0.005). Nonetheless, Cs accumulated from sediment was similarly absorbed
(61.6 + 9.7 to 79.2 + 2.3%) and retained (Tp1j2: 37 + 2 to 58 + 25 d) for the three bivalves species. Despite
the poor transfer efficiency of Cs from food, the use of a global bioaccumulation model indicated that the
trophic pathways was the main uptake route of Cs in the bivalves and shrimp. In shelled organisms,
shells played a non-negligible role in Cs uptake, and their composition and structure might play a major
role in this process. Indeed, most of the Cs taken up from seawater and sediment was principally located
on the hard parts of the bivalves and shrimp, with the exception of G. pectinatum, where Cs was mainly
distributed in the soft-parts.
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1. Introduction coastal areas receiving radioactive inputs. Marine biota can be

directly impacted by waterborne contamination. It was particularly

Since the 1950s, marine ecosystems were sporadically subjected true after the accident that occurred in the civilian nuclear power

to the release of radionuclides (such as 134Cs) from industries, nu- plant of Fukushima where an important amount of radioactive Cs

clear accidents and fallout from nuclear weapon testing was released in the marine environment (Bailly du Bois et al., 2012;

(Friedlander et al., 2005). Although this radioactive contamination Chino et al., 2011). After this accident, Cs isotope concentrations

has tended to decrease (e.g. Ito et al., 2003), it is still a concern in increased by up to 10—1000 times over prior levels in coastal waters
off Japan (Buesseler et al., 2012).

Studies on Cs accumulation in marine biota have been subjected
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mechanisms explaining high accumulation capacities reported for
certain marine organisms have yet to be unraveled (Hamada and
Ogino, 2012; Buesseler, 2012). Hence, levels reported from the
field and questions about contamination pathways or depuration
capacities of contaminated organisms need to be investigated
further.

Laboratory characterizations of bioaccumulation parameters
under controlled conditions are key to better understand the sig-
nificance of field measurements and some studies already high-
lighted the importance of some factors (e.g., salinity, temperature,
individual size/age) that influence Cs bioaccumulation (Carlson and
Erlandsson, 1991; Ke et al., 2000; Topcuoglu, 2001) or the relative
importance of the different exposure pathways (e.g. Metian et al.,
2010). Indeed, laboratory studies allow (1) comparing the bio-
accumulation capacities of different marine organisms in fairly
comparable contamination conditions, (2) informing about food
chain transfer, (3) delineating the major uptake pathway(s) through
computation of the data, and (4) providing a clear insight of major
biological mechanisms that are activated during pollution events.
In the past, a series of experimental studies have investigated the
bioaccumulation of radio-cesium in different phyla (e.g.
Bustamante et al., 2006; Hattink et al., 2009; Warnau et al., 1996a)
focusing on food and/or seawater exposures. Some of these works
suggested that Cs might be potentially biomagnified through ma-
rine food chain (e.g. Mathews and Fisher, 2008; Mathews et al.,
2008; Zhao et al., 2001). Although few studies have tested the
contribution of sediment in the global accumulation (Berretzen and
Salbu, 2009; Bustamante et al., 2006; Metian et al., 2011), limited
knowledge about Cs transfer from sediments is available.

Due to the documented influence of temperature on the Cs
uptake (Carlson and Erlandsson, 1991; Ke et al., 2000; Topcuoglu,
2001), bivalves from tropical regions are expected to accumulate
more Cs than those from temperate regions. However, limited in-
formation is available on radio-cesium bioaccumulation in tropical
areas, although previous radioactive contamination events have
occured there (e.g. Mittelstaedt et al., 1999). Furthermore, no in-
formation is available regarding the relative importance of the
uptake pathways in these warmer areas.

In this context, the aim of the present study was to investigate
the bioaccumulation of Cs in tropical marine organisms via
different exposure pathways (seawater, food, and sediment): the
bivalves Gafrarium pectinatum (previously called Gafrarium tumi-
dum), Isognomon isognomum and Malleus regula, the Pacific blue
shrimp Penaeus stylirostris and the brown alga Lobophora variegata.
When more than one exposure pathways was investigated, we also
assessed the relative contribution of these pathways.

2. Material and methods
2.1. Sampling and acclimation

All the organisms examined originated from New Caledonia. The
Pacific blue shrimps P. stylirostris were obtained from the Ifremer
experimental farm (Station d’Aquaculture Ifremer de Saint-Vincent,
New Caledonia) in 2002. The clams G. pectinatum were collected by
seashore fishing in Dumbéa Bay (22°11'2.50"S, 166°24'3.80"E), the
two oysters I isognomum and M. regula and the brown alga, L.
variegata were collected by SCUBA diving in Maa Bay (22°12'0.29”
S, 166°19’0.42” E) in 2002.

All the organisms were then shipped to IAEA-EL premises in
Monaco, where they were acclimated to laboratory conditions
(open circuit, 400—3000-L aquaria, water renewal: 30% h~'; T°:
25 + 0.5 °C; salinity: 36 p.s.u.; pH: 8.0 + 0.1; light/dark cycle: 12 h/
12 h) for 2 months prior to experiments. During this period, clams
and oysters were fed daily a mixed algal diet (Isochrysis galbana,

Heterocapsa triquetra, Thalassiosira pseudonana, Emiliania huxleyi;
total cell density: 10 cells mL~!) and shrimps were fed daily pre-
cooked mussels (Mytilus edulis).

2.2. Radiotracer and counting

Uptake and depuration kinetics of Cs in organisms were deter-
mined using a high-specific activity radiotracer purchased from
Isotope Product Lab ('*Cs chloride — 0.1 N, Ty, = 2 years). Tracer
was counted using a high-resolution <y-spectrometer system
composed of 5 Germanium (N- or P-type) detectors (EGNC 33—195-
R, Canberra® and Eurysis®) connected to a multi-channel analyzer
and a computer equipped with a spectra analysis software (Inter-
winner® 6). The radioactivity was determined by comparison with
standards of known activity and of appropriate geometry. Mea-
surements were corrected for counting efficiency and physical
radioactive decay. The counting time was adjusted to obtain a
propagated counting error less than 5% (Rodriguez y Baena et al.,
2006; Metian et al., 2008).

2.3. Experimental procedure

Independent experiments were carried out to investigate Cs
bioaccumulation in three bivalve species, one decapod crustacean
and one alga. Depending on the species, one to three different
exposure pathways were studied: seawater, food and sediment.
Details of the experimental conditions are provided in Table 1. In all
experiments, for individual recognition, bivalves were tagged on
the shell, alga and shrimp were kept individually in a cylindrical
PVC container (160 mm height x 80 mm diameter) covered above
and below with 300-um mesh size net (to allow free water
circulation).

2.3.1. Seawater experiments

For each species, ten to twenty two individuals were placed in
70-L glass aquaria (T°: 25 + 0.5 °C; salinity: 36 p.s.u.; pH: 8.0 + 0.1,
light/dark cycle: 12 h/12 h). Organisms were exposed from 24 d (for
the shrimps) to 28 d (for the other species) to the >4Cs radiotracer
with a nominal activity of 1-1.6 kBq L™! (added radiotracer was
dissolved in 0.45-um filtered seawater according to the method
described by Warnau et al., 1996b). Seawater exposures were
realized in close-circuit aquaria constantly aerated. For each
experiment, no change in pH was detectable after tracer addition.
In order to keep radioactivity in seawater as constant as possible,
seawater and spike were daily renewed during the first two weeks,
then every second day. Activity of the radiotracer in seawater was
checked daily, and before and after each spike renewal in order to
calculate time-integrated activities (114 + 0.19 Bq mL~! to
1.62 + 0.13 Bq mL™!). Immediately before each renewal of seawater
and spike, bivalves and shrimps were fed briefly (30 min) with
mixed algal diet (10* cells L!) and mussels (ad libitum), respec-
tively, in clean — unspiked — seawater. For each experiment, or-
ganisms were collected at different time intervals to be whole-body
radio-analyzed. For bivalves, some organisms (n = 3) were sacri-
ficed at the same time intervals for dissection and determination of
134¢s distribution between soft-parts and shells. At the end of the
exposure period, 3 to 5 individuals of bivalves and shrimps were
sacrificed for fine dissection (up to 5 body compartments for
shrimp). Each body compartment was then weighed and radio-
analyzed and activities of these compartments were summed up
in order to get compartments presented in Table 3 and to determine
134Cs body distribution. The remaining animals (n = 7—10 per
species) were then placed in non-contaminating conditions (open
circuit, water renewal: 50 L h™!, T°: 25 + 0.5 °C; salinity: 36 p.s.u.;
pH: 8.0 + 0.1, light/dark cycle: 12 h/12 h) for 43 d (shrimp) to 59 d
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Table 1

129

Experimental conditions used for the different independent experiments. The conditions of exposure were similar the one from to acclimation period (T°: 25 + 0.5 °C; salinity:

36 p.s.u.; pH: 8.0 + 0.1; light/dark cycle: 12 h/12 h).

Species Experimental conditions Seawater Food Sediment
Uptake Loss Loss Uptake Loss

G. pectinatum Number of individuals 221 15 12 20 15
Size (Range, mm) 35-40 35—-40 35—-40 35—-40 35—-40
Time (d) 28 59 64 35 49
Nominal activity (Bq g~ or Bq L) 16 - — 1 —

I. isognomum Number of individuals 10 7 6 10 7
Size (Range, mm) 70-95 70-95 70-95 70-95 70-95
Time (d) 28 59 64 35 49
Nominal activity (Bq g~' or Bq L") 1.6 - - 1 -

M. regula Number of individuals 10 7 6 10 7
Size (Range, mm) 70-95 70—-95 70-95 70-95 70-95
Time (d) 28 59 64 35 49
Nominal activity (Bq g~' or Bq L") 1.6 - - 1 -

P. stylirostris Number of individuals 20 20 20 - -
Wet weight (Mean + SD, g) 72 +1.1 72+ 1.1 72+1.1 — —
Time (d) 24 43 39 — —
Nominal activity (Bq g~ or Bq L™1) 1 - - - -

L. variegata Number of individuals 12 12 — — —
Wet weight (Mean =+ SD, g) 1.7 £ 0.7 1.7+0.7 — — —
Time (d) 28 62 - - -
Nominal activity (Bq g~ or Bq L) 16 - — — -

Table 2

Parameters (mean + ASE, n = 6—22) of the whole-body uptake and/or depuration kinetics of '*Cs in three bivalves species (G. pectinatum, I. isognomum and M. regula), one
species of shrimp (P. stylirostris) and one alga (L. variegata) exposed to the radiotracers via seawater (A) and/or food (B) and/or sediment (C). Uptake parameters: CFss: con-
centration factor at steady state k,: uptake rate constant (d~!); E: exponential model. Depuration parameters: AOs and A0;: activity (%) lost according to the short- and the long-
lived exponential component, respectively; Ty,,: biological half-life (d) [Ty, = In2/ke]; O and T: one-component and two-components exponential models, respectively. ASE:

asymptotic standard error; R?: determination coefficient of kinetics.

Experiment Species Uptake Loss
Model CFg/TFss + ASE Ky + ASE R? Model AOs + ASE Tbiss + ASE  AO; + ASE TbY + ASE  R?
A. Seawater experiment  G. pectinatum E 0.80 + 0.03***  0.19 + 0.04*** 0.63 T 46.6 + 5.5"* 0.5+ 0.2** 533 £4.2%* 224 3% 0.69
I isognomum  E 1.29 £ 0.52**  132+032"* 062 T 65.8 + 89" 32+ 12* 356+ 88" 405" 0.51
M. regula E 121 +0.04** 081 +021"* 063 T 64.4 £ 22" 56+33N 381+243N 138" 0.68
P. stylirostris ~ E 826 + 021™* 112+ 0.06"* 093 O - - 81.8+ 13" 10+ 1" 094
L variegata  E 15.6 + 1.0"* 1.24 + 0.09** 083 O — - 965+ 1.8 13+ 1" 088
B. Food experiment G. pectinatum — - — - T 593 + 95" 04+02M 407 +43" 89+55" 025
I isognomum  — - - - T 90.9 + 1.0"** 0.2 +0.0** 91+05 53 +11** 099
M. regula — - — — T 93.0 + 0.8"** 02+ 00" 7.0+04* 39+8"* 099
P. stylirostris  — — — — T 61.8 £ 51" 1.2 +02"* 38.5+2.3"* 16 + 3*** 0.76
C. Sediment experiment ~ G. pectinatum E 0.020 + 0.001***  0.32NS 053 T 20.8 £33 0.6+04N 792 +23" 3712 079
I isognomum  E 0.084 + 0.003*** 0.05+ 0.02** 063 T 348 + 11" 42+25™ 63.1+11.8%* 58+ 25* 0.76
M. regula E 0.080 + 0.005** 0.04+0.02N° 037 T 373 93" 33+17M 61.6+£97% 4715 074

Probability (p) of the parameter estimation.
NS Not significant: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

(bivalves and alga) in order to follow the depuration kinetics of
134Cs from the organisms. Three individuals of each species (except
for I. isognomum) were collected at the end of the depuration period
and dissected as previously described.

2.3.2. Food experiments

Preparation of the radiolabelled food for shrimp was carried out
by exposing commercial mussels (M. edulis) for 3 weeks via natural
seawater spiked with 3 kBq **Cs L~ For the bivalves, phyto-
plankton (I. galbana) was exposed for 6 d to the radiotracer in a 5-L
glass Erlenmeyer using the same activity as the one used for the
seawater exposure experiment (viz. 1.6 kBq L™1). At the end of the
exposure period, phytoplankton was centrifuged at 2500g for
20 min in a Sorvall® RC28S ultracentrifuge, then re-suspended in
clean seawater and the cell density was counted. The radioactivity
of I. galbana and its spiked medium was y-counted before and after
the cellular centrifugation.

Ten to twenty individuals of bivalves and shrimp were placed in
70-L glass aquaria (one per species; open circuit, water renewal:

50 Lh~1, T°: 25 + 0.5 °C; salinity: 36 p.s.u.; pH: 8.0 + 0.1, light/dark
cycle: 12 h/12 h). After one week of acclimation in these aquaria,
organisms were allowed feeding on radiolabelled food (2 h for bi-
valves; 3 h for shrimp; pulse-chase feeding method; see e.g. Metian
et al., 2009, 2010). In parallel, non-exposed individuals of shrimp
and empty shells of bivalves were placed in the same aquaria
during the feeding period. The latter ones were used as a control for
any possible radiotracer recycling from seawater due to radiotracer
leaching from the contaminated food or, later on, from depuration
from the exposed animals. At the end of the feeding period, each
individual (including controls) was whole-body y-counted alive.
From then onwards, organisms were regularly radio-analyzed to
follow the radiotracer depuration kinetics over 39 d (shrimp) to
64 d (bivalves). At the end of the depuration period, 3 to 6 in-
dividuals of each species were dissected.

2.3.3. Sediment experiments
Sediment (3 kg dry wt), collected in Sainte-Marie Bay, New
Caledonia, was placed for 7 d in 3 L of seawater and daily spiked
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Table 3

Body distribution (%; mean + SD) of 134Cs in three bivalve species (G. pectinatum, I. isognomum and M. regula) and one species of shrimp (P. stylirostris) during seawater (after
24—28 d of exposure and after 43—72 d of depuration), feeding (39—72 d after feeding the organisms with radiolabelled I. galbana for bivalves and M. edulis for shrimp) and
sediment (after 35 d of exposure and after 49 d of depuration) experiments. Weights were expressed as a percentage of total mass. Weight proportions (%) are provided such as

the number of individuals (n) dissected each time (under brackets).

Species compartments Seawater experiment

Food experiment

Sediment experiment

End of uptake End of loss

End of loss

End of uptake End of loss

Weight (%) Distribution (%) Weight (%) Distribution (%) Weight (%) Distribution (%) Weight (%) Distribution (%) Weight (%) Distribution (%)

G. pectinatum

Whole soft-parts 16.1 + 0.86 64.0 + 12.6(5) 11.0+23 758 +153(3) 100+0.6 857+79(6) 100+ 1.1 224+426(5) 127+14 63 +1.1(5)
Shell 83.9 +0.86 36.0 + 12.6 (5) 89.0+23 242 +153(3) 90.0+0.6 143 +79(6) 90.0+1.1 77.6+42.6(5) 873 +14 937+ 1.1(5)
I isognomum
Whole soft-parts 113+£25 245+29(3) 56 71.0 (1) 6.5+0.7 249 +347(3) 32+07 04+03(3) 67+24 16+02(3)
Shell 887+25 755+29(3) 944 29.0 (1) 93.5+0.7 75.1 +34.7(3) 968 +0.7 99.6 +03(3) 93.7+24 984 +0.2(3)
M. regula
Whole soft-parts 79+09 17.1 +4.8(3) 51+03 586+381(3) 398+09 71.7+11.7(3) 3.0+09 1.1+0.6(3) 50+21 14+05(3)
Shell 921+09 829+48(3) 949+03 414 +38.1(3) 96.02+09 283 +11.7(3) 970+09 989+0.6(3) 950+21 98.6+05(3)
Beginning of loss (4d) End of loss (43d)

P. stylirostris
Cephalothorax 453 +44 451+3.6(3) 399+1.6 18.1+3.8(3) 416 +1.7 247 +85(3) na. n.a. n.a. n.a.
Abdomen* 547 +44 549+36(3) 60.1+16 829+38(3) 584 +1.7 753 +£85(3) na. n.a. n.a. n.a.

Muscle” 786 +22 875+18(3) 751+92 94.7+04(3) 769 +0.9 72.8 +22.4(3) na. n.a. n.a. n.a.

n.a.: information not available.
2 This compartment includes muscle, digestive tract and cuticle.
b Deveined muscle.

with 1 kBq L™ of 134Cs, according to the method described by Danis
et al. (2003) and adapted by Hédouin et al. (2010). Sediment was
then placed in a 70-L aquarium to form a continuous, 2-cm thick
layer. Weakly bound radiotracer was allowed leaching overnight
under flowing seawater. Bivalves (n = 10—20 per species) were
then placed in the aquarium (flowing natural seawater, flux:
50 Lh~!, T°: 25 + 0.5 °C; salinity: 36 p.s.u.; pH: 8.0 + 0.1, light/dark
cycle: 12 h/12 h) for 35 d. All individuals of each species were
regularly radio-analyzed during the exposure period. Sediment
samples were also regularly collected and y-counted to verify that
the radiotracer activities remained constant. At the end of the
exposure period, some individuals (n = 3—5 per species) were
collected and dissected for determining '>4Cs body distribution.

Remaining individuals were transferred for 49 d into a new
aquarium (same conditions as previously described, but with clean
— unspiked — sediment) in order to follow the depuration kinetics
of 34Cs. The radioactivity in sediment was regularly checked in
order to ensure that no tracer recycling occurred in the sediment.
Although no radioactivity was detected in the sediment, the whole
sediment was renewed after one week. At the end of the depuration
period, some individuals (n = 3—5 per species) were collected and
dissected for determining >4Cs body distribution.

2.34. Cs release during ecdysis of the Pacific blue shrimp
P. stylirostris

During both depuration period following seawater and feeding
experiments (see 2.3.1 and 2.3.2), few moulting events occurred for
the studied shrimp. Associated release of Cs was studied although
this was not the scope of the present paper. A description of the
collection methodology can be found in Metian et al. (2010) and a
brief analysis of the results is available in the Appendix.

2.4. Data analyses

Uptake kinetics of 134Cs were expressed in terms of change in
concentration factor (CF, viz. ratio between whole-body activity —
Bq g~! wet wt — and time-integrated activity of radiotracers in
seawater — Bq g~ ') over time for the seawater exposure and in
terms of change in transfer factors (TF: ratio between the whole-

body activity — Bq g~! wet wt — and time-integrated activity in
the sediment — Bq g~! wet wt) over time for the sediment
exposure.

Kinetics were best described using a simple first-order expo-
nential kinetic model (Eq. (1)):

CF = CF55(1 - e*kef) (1)

where CF; and CFg are the concentration factor at time t (d) and at
steady-state, respectively, and k. is the depuration rate constant
(d~1) (e.g. Whicker and Schultz, 1982).

Depuration kinetics of 134Cs in seawater, food and sediments
experiments were expressed as the change in the percentage of
remaining radioactivity (radioactivity at time t divided by the initial
radioactivity measured in organisms at the beginning of the
decontamination period * 100) over time. The depuration kinetics
were best fitted using either a simple-component (Eq. (2)) or two-
component exponential depuration model (Eq. (3)):

Ap = Agse ket (2)

Ap = Agse ket 1 Agekat 3)

where k. is the depuration rate constant (d~1), A; and Ag are the
remaining activities (%) at time t (d) and 0, respectively; ‘s’ and ‘I’
subscripts stand for the short- and long-lived exponential compo-
nents, respectively. A biological half-life (Tp,s and Tpy) may be
calculated from the corresponding depuration rate constant (Keg
and kej, respectively) according to the relation Ty, = In2/ke
(Whicker and Schultz, 1982). Model constants and their statistics
were estimated by iterative adjustment of the model using the non-
linear curve fitting routines in the Statistica® software 7.0. The level
of significance for statistical analyses was always set at o = 0.05.
The relative contribution of each pathway (seawater, food and
sediment) was determined using a global bioaccumulation model
as detailed in Hédouin et al. (2010). The equation of the model has
been modified to integrate each exposure pathway (seawater, food
and sediment) as necessary (sediment was not considered for
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shrimps). The parameters used in the global bioaccumulation
model were the biokinetic parameters obtained from our experi-
ments as well as the ingestion rate of each species (g~! d~!, wet wt
basis; from a preliminary set of experiments on bivalves and on
shrimp) and the partition coefficients in phytoplankton (Kdg;
calculated as Concentration Factor after 6 d of exposure — n =3 —,
right before feeding organisms). Partition coefficients in sediment
(Kds) was obtained from the litterature (IAEA, 2004).

3. Results
3.1. Seawater experiments

The whole-body uptake kinetics of 134Cs from seawater in the 5
investigated species are depicted in Fig. 1A. They were best
described by a first-order exponential model. In both oysters
I isognomum and M. regula, >*Cs was taken up in a similar manner,
reaching whole-body concentration factors at steady state (CFss) of
1.29 + 0.52 and 1.21 + 0.04, respectively, after 28 d (Table 2). 134Cs
was accumulated more efficiently in the non-bivalve taxa. Indeed,
after 24 d and 28 d of exposure, the shrimp P. stylirostris and the
alga L. variegata reached whole-body CFss of 8.3 + 0.2 and 15.6 + 1.0,
respectively.
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Fig. 1. Uptake kinetics (A) of Cs in three bivalve's species (G. pectinatum, I. isognomum
and M. regula), one species of shrimp (P. stylirostris) and one alga (L. variegata) for
24-28 d to dissolved radiotracers (n = 10—22) and their following depuration kinetics
(B) when thereafter maintained for 43—62 d in clean seawater (n = 7—15). All values
are mean + SD and equations of kinetic models are described in Table 2.
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Fig. 2. Whole soft-parts Concentration Factors (CF, mean + SD, n = 3—5) of '>4Cs in
three bivalve species (G. pectinatum, I. isognomum and M. regula) during seawater
experiment (28 d-exposure).

The dissections carried out on bivalves during the seawater
exposure period allowed determining the uptake kinetics of *4Cs
in the whole soft-parts of the 3 species of bivalves (Fig. 2). The latter
kinetics were also best described by a first-order exponential model
and M. regula displayed a slightly higher concentration factor than
I. isognomum and G. pectinatum (CFgs of 4.62 + 0.44, 3.74 + 0.71 and
3.26 + 0.13, respectively) although differences were not statistically
significant.

The results of the depuration kinetic experiments over 43—62 d
after the uptake period are shown in Fig. 1B. The whole-body
depuration kinetics were best fitted by a double exponential
model in the three bivalves, and were best described by a simple
exponential model in the alga and the shrimp. In the case of a
double exponential model, the long-term compartment contrib-
uted to 38—53% of the depuration kinetic. In this compartment, Cs
was strongly retained (22 d for the clam and tending to infinity for
the oysters). At the end of the depuration period, remaining ac-
tivities in whole soft-parts of the oysters and the clams were
18 + 9% and 19 + 14%, respectively (data not shown; the associated
model parameters could not be determined accurately for these
whole soft-parts depuration).

The distribution of >4Cs between soft tissues and shells of the
organisms at the end of uptake time (28 d) is shown in Table 3. The

Table 4

Whole-body and tissues Concentration factors and Transfer factor (mean + SD,
n = 3-5) of '3Cs in three bivalve species (G. pectinatum, I. isognomum and M. regula)
seawater (after 28 d of exposure) and sediment (after 30 d of exposure) experiments.

Species compartments Seawater exposure Sediment exposure

CF TF

G. pectinatum

Whole body 08 +03 0.017 + 0.004
Soft parts 32+ 1.1 0.004 + 0.002
I isognomum

Whole body 1.5+0.5 0.070 + 0.037
Soft parts 42 +1.7 0.006 + 0.003
M. regula

Whole body 13 +£0.5 0.069 + 0.037
Soft parts 48 +04 0.009 + 0.000
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major part of the 134Cs activity was localized in the shells in both
oysters (80—83%) whereas in clams the main fraction of '*Cs was
present in the soft-parts, even though shells represented 84% of the
total body weight. Calculated CF,gq in whole soft-parts confirmed
this result (CFagq soft-parts: 3.2 + 1.1 vs. CFagd whole body: 0.8 + 0.3;
Table 4). Substantial concentration capacities of the oyster soft-
parts were also highlighted by higher CF,gq in the whole soft-
parts than for the whole body (Table 4). As for the shrimp, the
major part of **Cs was localized in the abdominal muscle, which
contained 87.5% of whole body activity. At the end of depuration
phase, the proportion of Cs associated with whole soft-parts was
greater than that observed at the end of the uptake period in both
oyster species (increasing from 17 to 20% at the end of the uptake
phase to 60—74% at the end of the depuration phase). In contrast,
the distribution of 134Cs in the soft tissues of the clams at the end of
the depuration phase was not significantly different than at the end
of uptake phase (Table 3).

3.2. Food experiments

The whole-body depuration kinetics of 1>4Cs ingested with food
were best fitted by a double exponential model in the investigated
organisms (oysters, clam and shrimp; Fig. 3 and Table 2). Assimi-
lation efficiencies (Ag;) were variable depending on the species,
from 7 to 9% for the oysters to 39% and 41% for the shrimp and the
clam. The lowest depuration rate values (ke|) were obtained for the
clam (0.008 + 0.005 dfl). The higher ke was observed for the
shrimp (0.044 + 0.008 d~!). An intermediate situation was
observed for the oysters, with ke = 0.013 + 0.003 d! for
I isognomum and 0.018 + 0.004 d~! for M. regula. The values of ke|
allowed determining Ty, ranging between 16 and 89 d (Table 2).

At the end of the depuration period, >#Cs was mainly associated
with the soft-parts of the bivalves (75—81% of the total body load;
Table 3) except for the oyster I isognomum for which the largest
part of *4Cs was associated with the shell (i.e., 72%; Table 3). In the
shrimp the major part of >4Cs was stored in the muscle (73%).

3.3. Sediment experiments

The uptake kinetics of the bivalves exposed to radiolabelled
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Fig. 3. Depuration kinetics of Cs in three bivalve's species (G. pectinatum, I. isognomum
and M. regula) and one species of shrimp (P. stylirostris) respectively after a 2 h feeding
on radiolabelled I. galbana followed by 64 d of depuration (n = 6—12) and a 3 h feeding
on radiolabelled M. edulis followed by 43 d of depuration (n = 20). All values are
mean + SD and equations of kinetic model are described in Table 2.
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Fig. 4. Uptake kinetics (A) of Cs in three bivalve's species (G. pectinatum, L. isognomum
and M. regula) exposed for 35 d to the radiolabelled sediments (n = 10—20) and their
following depuration kinetics (B) when thereafter maintained for 49 d in clean sedi-
ment and seawater (n = 7—15). All values are mean + SD and equations of kinetic
model are described in Table 2.

sediment during 35 d were best described by an exponential model
with a steady state reached within the ten first days of exposure.
The values of the 34Cs transfer factor at steady state (TFss) were low
(<0.1) for all species examined (Fig. 4A, Table 2).

The depuration kinetics were best described by a double expo-
nential model. The proportion of *Cs associated with the long-
lived component was higher than in the depuration kinetics
observed after the seawater and dietary exposures. The biological
half-life of 134Cs depurated according to this long-lived component
ranged between 36 and 58 d. Both oysters displayed similar
behavior and retained 62—63% of 134Cs from sediment vs. 79% for
the clam (Fig. 4B, Table 2).

The body distribution of 34Cs at the end of the exposure period
(35 d) is shown in Table 3. The major part of the 134Cs activity was
associated with the shell for both oysters (>98%) as well as for the
clam (78%; Table 3). The fraction of '34Cs associated with the soft-
parts of the bivalves represented only <2%—22%, and TF3gq lower
than whole-body were calculated in the soft-parts (Table 4).

At the end of the depuration period, tissue distribution of >Cs
was similar with 134Cs mainly located in the shells of all bivalves
(>94%; Table 3).
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3.4. Bioaccumulation model

The relative contribution of each exposure pathway to the global
bioaccumulation of 34Cs in the bivalves and the shrimp was
calculated using the kinetic parameters determined in the different
experiments (see paragraph 2.4. and Table 2) and other parameters
such as the '3Cs K¢ in phytoplankton (8178 for I. galbana; present
study) and mussel (100; Wang et al., 2000), Kgs in sediment (4000;

Concentration factor (CF)
Uptake, 0.5-48 d

10

20
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[AEA, 2004) and the ingestion rates determined in bivalves and
shrimp (IR = 0.0046—0.0149 g g 'd~! and 03472 g g !d!
respectively; present study). Results of the computations indicate
that the food pathway was the major contributor (56—83%) to the
global bioaccumulation of 4Cs in the different taxa whereas
seawater and sediment contributed for <1-31% and 6—24%,
respectively (Fig. 5).

4. Discussion

There is currently a lack of knowledge about the bioacumulation
of 134Cs in tropical marine taxa and thereby on the relative
importance of the different exposure pathways for these organ-
isms. Based on the fact that temperature influences positively the
uptake of Cs in marine organisms, some authors have speculated
that tropical marine species such as bivalves may have higher Cs
accumulation capacity than similar species from temperate regions
(Ke et al., 2000). The present study provides first answers to this
assumption by characterizing Cs accumulation in different species
from New Caledonia (South Pacific) exposed via different pathways
(seawater, food and sediment) and by comparing results obtained
with published data on Cs accumulation in different temperate
species (see Fig. 6).

In this study, whole-body CFs of 4Cs were generally low (<1.3
for bivalves) but in accordance with the values reported in other
studies, which ranged between 0.8 and 7, with maximal values for
the clam Macridiscus melanaegis (Ueda et al., 1978). Our results
indicate that tropical bivalves did not accumulate *4Cs more than
species from temperate regions (Fig. 6) as what was speculated in
mussels (Ke et al., 2000) or in freshwater fish (Twining et al., 1996).
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The similarity of concentration capacities between tropical and
temperate species is also true for the studied alga and shrimp.
Indeed, the CF obtained in P. stylirostris (8.26) is relatively low
compared to CFs from temperate decapod crustaceans (Fig. 6). For
example, Sezer et al. (2014 ) observed CF of 15 after 30 d of exposure
in the Baltic prawn Palaemon adspersus.

In the present study kinetics parameters were mainly obtained
from whole-body kinetics analyses, thus including the shell
compartment. The role of the shell was somehow highlighted
during our experiments and it can explain some of the differences
observed among species. For example, during the exposure to '34Cs
by radiolabelled sediment, whole body TFs were strongly different
between oysters and clams (factor 4 higher for oysters) whereas TFs
in whole soft-parts did not differ to such a high extent (Table 4).

Compared to whole-body weight, shell weigth in oysters and
clams greatly differ, as well as the shell anatomy, structure and
composition. In addition, shell surface/volume ratio is much higher
in oysters (flattened shape) than in clams (rounded shape). All
these shell characteristics can influence whole-body bio-
accumulation kinetics, as shown in the results section of this study
(e.g. body distribution of Cs or CFs and TFs in whole-body in-
dividuals vs. their body compartments). In particular our results
showed that shells of the oysters are much more Cs-reactive than
those of the clams for which the soft-parts are the main accumu-
lator of Cs.

The study also showed that the distribution of 34Cs in bivalves
and shrimp was pathway- and species-dependent. In most cases,
134Cs ingested from food was associated with internal tissues. Wang
et al. (2000) have already demonstrated that more than 99.5% of
134cs was concentrated in the soft-parts of the scavenging
gastropod Babylonia formosae habei after food exposure.
Conversely, in most cases, when organisms were exposed via
seawater, Cs was mainly associated with the shells. This result is not
surprising as adsorption processes on external surfaces are logically
dominant when organisms are exposed through ambient water,
whereas absorption processes through internal surfaces are
dominant when exposed via the food (Carvalho and Fowler, 1993;
Guary and Fowler, 1990).

The determination of the predominant uptake pathway(s) of
134Cs provides important information. Some authors have reported
that food is the major route for Cs uptake in taxa such as cepha-
lopods (Bustamante et al., 2006), teleosts and elasmobranchs
(Hewett and Jefferies, 1978; Pentreath and Jefferies, 1971). Sedi-
ments can also act as a significant source of contaminants to filter-
feeders and burrowing organisms (e.g., Fisher and Reinfelder, 1995;
Luoma, 1995). For instance, particulate matter can represents 13% of
the source of accumulated Cs in the green mussel Perna veridis
(Wang et al., 2000). However, most of the previous studies assessed
relative importance of uptake pathways by comparing kinetic pa-
rameters or CF and TF. Actually such simple comparison is not that
informative. Indeed, TF from sediment are generally much lower
than CF from sea water, but the radionuclide concentration in
sediment is generally much higher than that in seawater; bio-
accumulated quantities depend on both parameters. The bio-
accumulation model developed by Thomann (1981) and Thomann
et al. (1995) allows the determination of relative contributions
(Landrum et al., 1992). Our study showed that food was the main
source of Cs for the 3 bivalve species studied as well as for the
Pacific blue shrimp. The proportion of dietary contribution is not
clearly dependent of the AE factor. Indeed, although both oyster
species have similar and relatively low AE (7—9%), the dietary
contribution varied largely (56—83%). But the contribution of food
was positively related to their ingestion rate (IR): I isognomum had
a lower IR than M. regula (0.0046 g g~ 'd~' vs. 0.0149 g g~'d",
respectively) and a lower contribution of food (56% vs. 83%).

Similarly to bivalves, this relation also exists for P. stylirostris (high
IR ~ 0.0434 g g 'd~! ~ and a relatively high proportion of the Cs
coming from food ~ 78% -). Altough there are not directly compa-
rable due to the different food tested (mussels vs. phytoplankton).

5. Conclusion

The present study provides new information about Cs accu-
mulation in different tropical marine taxa. Results indicate that the
selected tropical species accumulate globally Cs similarly than
species from temperate regions but absorption efficiency seems to
be greater in the tropical species. Nonetheless, there are large
interspecific differences regarding the physiological parameters
driving the accumulation of the radionuclide via the three different
pathways tested (seawater, food and sediments). The use of a global
bioaccumulation model based on whole-body biokinetic parame-
ters showed that food was the predominant uptake pathway for
134¢s bjoaccumulation in the 3 bivalve species and the Pacific blue
shrimp.
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