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ABSTRACT: A series of laboratory radiotracer experiments was carried out to examine the biolunetics
of the transuranium nuclides plutonium, americium a n d neptunium in decapod crustaceans. Crabs
Carcinus rnaenas exposed to 2 3 7 or
~ ~
241Amin seawater reached whole body concentration factors (CF)
of 75 and 145, respectively, after 8 d. Highest concentration factors for individual tissues were those for
gills (CF = 960 for Am, 340 for Pu). For both radionuclides, about 7 0 % of total body burden was
associated with the exoskeleton in which Am (CF = 240) was enriched relative to Pu (CF = 70).
Elimination of each radionuclide was relatively rapid with biological half-times of 45 and 55 d for Am
and Pu, respectively, for the slow release compartment. Because much of the accumulated body burden
was associated with the exoskeleton, moulting strongly influenced elimination. 2 3 7 ~ 2~ 4, 1 ~ or
m 237Np
ingested with labelled food by various decapod species were initially excreted with the feces, followed
by loss from a soluble radionuclide pool within the animal. Absorption efficiencies for ingested
transuranics ranged from 10 to 40 % with hlghest values in the largest decapods (C,lnaenas and Cancer
pagurus) examined. Initially, absorbed radionuclides were mostly contained in the hepatopancreas;
however, there is evidence for internal transfer of transuranics to other tissues, particularly those
associated with the exoskeleton. Such high assimilation efficiencies differ markedly from the few tenths
or hundredths of a percent typically found in vertebrate species and thus highlight the ability of
decapods to assimilate and retain large fractions of transuranium nuclides incorporated in their prey.

INTRODUCTION
Transuranium nuclides have been contaminants in
the marine environment for more than 3 decades.
Atmospheric fallout from nuclear testing is the pnncipal pathway by which these radionuclides have
entered the sea (Perkins & Thomas 1980, Edgington
1981), although considerable quantities have been
directly released into the coastal environment via nuclear fuel reprocessing wastes (Hetherington 1976, Pentreath 1981). Plutonium-239, americium-241 and neptunium-237 are the 3 long-lived transuranium nuclides
of principal interest. At present the plutonium inventory is greater than that of any other transuranium
element (Watters et al. 1983); consequently it has
received the most attention in marine radioecological
studies (see reviews by Beasley & Cross 1980 a n d
Pentreath 1981). Interest in studying 2 4 1 ~ mhas
increased due mainly to 2 facts: (1) its inventory will
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increase in the future through the in situ decay of 2 4 1 P ~
(Day & Cross 1981), and (2) in some instances
americium may b e more bioavailable in the environment than plutonium (Pentreath 1981). Neptunium-237
has also received some attention because of its very
long physical half-life (T,,, = 2.2 X 106 yr) and its
projected increase in marine environments due to radioactive wastes from spent nuclear fuel reprocessing
(Schulz & Benedict 1972, Bowen 1974) and in situ
generation from 2 4 1 ~ m
Several
.
studies have examined
the bioaccumulation and transfer of these radionuclides (principally plutonium) in a variety of marine
species, and recent literature reviews show that the
relatively small amount of data on americium a n d neptunium in aquatic biota does not provide a n adequate
basis for comparison with the corresponding plutonium
data base (Beasley & Cross 1980, Pentreath 1981).
Since the pioneering work of Ward (1966) on the
accumulation of 2 3 9 P ~from water by the European
lobster, a limited number of laboratory a n d field studies
have examined the role of crustaceans in the transfer
and transport of plutonium (Fowler et al. 1975, Guary et
al. 1976, Fowler & Guary 1977, Pentreath 1981),
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2 4 1 ~ and
m ' " 7 ~ ~ respectively. In most all cases, the
2 3 7 Ptracer
~
solution was adjusted to the reduced oxidation state (I11 + IV) before being added to seawater
(Fowler et al. 1975). Although the final oxidation state
in the seawater media was not tested, because of rapid
exchange reactions it is unlikely that ~ t sbiokinetic
behaviour would be different from the oxidized couple
(V + VI) (Sibley & Sanchez 1986).
Experimental conditions. Two types of experiments
were conducted with different species of crustaceans:
Uptake and elimination o f 2 3 7 ~and
~
241Amfrom
seawater and elin~inationin the shore crab Carcinus
maenas. Conditions of labelling and feeding have been
described in detail elsewhere (Guary 1980) and are
summarized in Table 1. Briefly, 8 crabs were exposed
to the radionuclide in 10 l of tracer-labelled seawater
which had been previously filtered through cotton to
remove large particles. Each crab and aliquots of the
radioactive seawater were periodically removed from
the aquaria and counted by gamma spectrometry to
measure radionuclide content dunng the 8 d period. In
order to assess the relative uptake over hme, the data
were used to compute concentratjon factors (CF) which
are defined as the radioactivity (dpm) per g animal wet
weight divided by the radioactivity in a n equal weight
( l ml) of water. At the end of the bioaccumulation
MATERIALS AND METHODS
phase, 4 crabs were dissected to measure radioactivity
in different tissues, and the remaining 4 individuals
were transferred to running seawater aquaria to follow
Radiotracers and counting techniques. 2 3 7 P ~2, " ~ m
depuration of the radionuclide.
a n d 2 3 7 ~ pwere used singly a s radiotracers in the
During the loss phase, crabs were periodically
experiments. The advantages of using these tracers
counted for radionuclide content a n d replaced in the
have been described previously, together with countseacvater aquaria for further loss. Crabs also received
ing techniques such as gamma spectrometry using a
daily rations of worms or mussels to ensure good
NaI ( T l ) well-type scintillation detector for 2 3 7 and
~ ~
health. Any uneaten food was quickly removed from
' 4 ' . ~ m , and the thick source alpha particle detection
the aquaria to avoid fouling the water. Radionuclide
technique for ""Np (Fowler et al. 1975, Fowler & Guary
elimination was expressed as the percentage of the
1977, Guary & Fowler 1977, 1981). The efficiencies of
the measurements were 40. 28 and 100% for 2 3 7 P ~ , initial radioactivity remaining in the organism and
americium (Pentreath 1981, Fisher et al. 1983, Carvalho
& Fowler 1984, 1985, Miramand et al. 1989) and neptunium (Guary & Fowler 1977, 1978, Fowler & Aston
1982). These 3 radionuclides are accumulated to different degrees at both the whole organism and tissue
level. For example, in some species of shrimp and crabs
(Guary 1980) plutonium appears more available for
uptake from seawater than neptunium. Certain tissues
of benthic decapods show enhanced uptake of
americium relative to plutonium (Pentreath 1981).
Furthermore, some benthic decapods such as crabs and
lobsters have a n ability to assimilate a large fraction of
the plutonium or americium ingested with their food
(Fowler & Guary 1977, Fowler & Carvalho 1985). Given
the importance of these crustaceans in marine food
chains, and to increase the exlsting transuranic data
base, w e have undertaken a comparative laboratory
study of the transfer of plutonium, americium and neptunium from water and food to some representative
decapod crustaceans. The results of these experiments
are then discussed with respect to the existlng literature to draw some general conclusions concerning
metabolic mechanisms for uptake, storage and excretion and transuranium nucli.des in marine decapods.

Table 1 Carcinc~sn~aenasSummary of experimental condit~onsfor uptake from seawater (accumulation)and elimination of -"'Pu
and - ' " ' ~ m
by shore crab

Accumulation
2
- -

No. of lnd~viduals
Average wet weight

= 16 7 mBq

-'"4m

8

8

-

( + 1 SD)

Mean rad~onuclideconcentration in
water or organism"
Water temperature
Duration of experiment
" l dprn

4;pu

50

(dpm ml

')

70
(dpm m]-')

Guary & Fowler. Transur-amurn nuchdes in decapods

standard statlst~calmethods were used to calculate
biological half-times (Tbarl)for loss of the radionuclide
(Guary & Fowler 1981). At the end of the elimination
period, all the individuals were dissected to measure
the residual radioactivity in tissues and to determine
the distribution of both transuranic nuclides.
Transuranic element transfer via the food chain.
Experiments were designed to determine the fraction of
ingested 2 3 7 P ~2 .4 1 ~orm'j7Np that was assimilated after
a single meal as well as the distribution of the radlonuclide in tissues of 5 decapod species. An 'adsorption
(assimilation) efficiency', or percentage of each radionuclide assimilated from food was estimated by resolving the different components of the excretion curves
using standard mathemat~cal techniques (Fowler &
Guary 1977, Guary 1980). In some cases, to obtain
sufficiently labelled food, small quantities (20 to 50 PI) of
radiotracer solution were injected directly into living
prey (mussels).Under these conditions, the initial loss of
radioisotope from prey submerged in flowing seawater
during feeding was ca 10 % of the injected dose. In other
cases, prey (e.g. Artemia and worms) were simply labelled by direct exposure to the radioisotopes in seawater
for several days prior to the experiment (Fowler & Guary
1977).In this way radionuclide losses to seawater during
feeding were always less than 5 %.
Decapods of very different sizes, such as the shrimps
Lysmata seticaudata and Palaemon serratus, and the
crabs Pachygrapsus marmoratus, Carcinus maenas and
Cancer pagurus were selected for the experiments.
Body welght differences were as great as 1 to 20
between L. seticaudata and C. maenas, and 1 to 1000
between L. seticaudata and C. pagurus. For the gamma
emitters, the ingested radioactivity was measured
directly in each individual immediately after the meal.
In the case of the alpha emitter ' " ~ p , it was estimated
on the basis of the radioactivity offered, using a n average ingestion efficiency. A preliminary experiment
demonstrated that about 65 % of the radioactivity present in the food is effectively ingested by C. maenas
and C. pagurus; the remainder is lost to the water when
the prey IS masticated and ingested (Guary 1980). Following ingestion of labelled food, each individual was
placed in an aquarium supplied with flowing seawater
and received a daily ration of unlabelled food (Artemla,
worms or mussels) until the end of the experiment. The
residual radioactivity of the gamma emitters ( 2 3 7 and
~ ~
241~m
was
) measured daily. The percentage of residual
radioactivity was plotted as a function of time in order
to estimate the absorption efficiency (Fowler & Guary
1977). Likewise, the moults and feces were recovered
and their gamma radioactivity measured. Several individuals were dissected during the experiments to
determine the concentration and distribution of the
radionuclides in the tissues. The elimination of the
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absorbed 2"'Np was followed by making serial dissections of specimens during the e x p e ~ l m e n tand radioanalyzing 237Np in their tissues by the thick-source
alpha particle detection technique (Guary & Fowler
1977). A summary of the conditions for each assimilation experiment is presented in Table 2.
The absorption and the transfer of 2 4 1 ~ after
m multiple feedings with labelled meals was studied in Carcinus maenas. Female crabs (20 4 g average weight)
were selected to facilitate measurements of wholebody radioactivity in vivo by the method described
prevlously. Every week individuals recelved a mussel
labelled by injection of 2"Am (5.4 X 105 dpm) into the
visceral gland. A preliminary experiment demonstrated that about 20 O/O of the amount injected was
either lost to the water or adsorbed on the ~nolluscshell
and therefore was not available to the crabs. After each
radioactive meal crabs received a n unlabelled mussel
and. 7 to 8 d later, they ingested the next radioactive
ration. The residual radioactivity of each crab was
measured periodically during the 76 d experiment.
After each radioactive ration, the ingestion efficiency
and 2 " 1 ~ m
transfer efficiency (for food only) in whole
crabs and hepatopancreas were calculated as follows:

+

radioact. ingest. by crabs
radioactivity in food

X

100

conc. of 2 " 1 ~ in
m crab after feeding (dpm g-l)
conc. of '''Am in prey (dpm g-l)

X

100

Ingestion efficiency =
Transfer efficiency (food)

The transfer efficiency was calculated for the
hepatopancreas assuming that about 75 "h of the
ingested 2 4 1 ~was
m accumulated in that organ and that
it represents about 7 to 8 %, of the weight of the crab
(Guary 1980).
To evaluate the radionuclide concentration and distribution in crab tissues, 2 individuals were dissected
after the 3rd and 5th radioactive ration, and 6 other
crabs were dissected at the end of the experiment
following 10 rations of labelled mussels.

RESULTS
Bioaccumulation of 2 3 7 and
~ ~ 2 4 1 ~ from
m
seawater in
Carcinus maenas
Plutonium and americium were accumulated quite
rapidly in the crab Carcinus maenas; however, equilibrium was not reached after 8 d. 2 4 1 ~ appeared
m
to
have a greater affinity for crab tissue than '"PU
as
evidenced by concentration factors (CF) of 145 a n d 75
for 2 4 1 ~ and
m 2 3 7 P ~respectively
,
(Fig. 1). This differ-
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Table 2. Summary of experimental conditions of transuranic element transfer via the food chaln following a single meal
Species

Lysmata seficaudata
237Pu

No.
of
individuals

17

Average
wet weight
(9)

1.1

Food

Artemia

1

10

1.2
(k0.5)

X

104

1-22

X

104

Contact with labelled
seawater
(3 X 104dprn ml-')
Contact with labelled
seawater
(1.8X 104dprn ml-l)

1-11

X

lo4

1-11

X

lo4

Mussels

Injection in digestive
gland (15 X 104dpm)

4-5

X

lo4

Worms (Nereis)

Contact with labelled
seawater
(2 X 104dprn ml-l)
Contact with labelled
seawater
(2 X 104dprn m]-')
Injection in digestive
gland (3 X 103dpm)
Contact with labelled
seawater
(2.2 X 103 dpm ml-')

1-8

X

104

4-20

X

104

Artemia and worms
(Nereis)

Contact w t h labelled
seawater
(3 X 104dpm ml-l)
Contact with labelled
seawater
(3 X lo4 dpm ml-'1

Range of ingested
radioactivity
(dpm ind.-l)

1-38

( ? 0.2)

241~m

Mode of
labelling

Palaemon serratus
4.0

Artemia

(t0.5)
3.4
( 20.8)

Artemia and worms
(Nereis)

Pachygrapsus marmoratus
6
Carcinus meanas
237Pu

12

4.1
(f0.9)
12.0
( ? 2.0)

4

18.2

Worms (Nereis)

( k4.0)

5(p)

19

4 (d)

( *22)
43

Mussels
Worms (Nere~s)"

(*3)
Cancer pagurus
237Pu
24

' Am

3

640
( rf: 50)

2

600

Mussels and worms
(Nereis)
Shrimps (Lysmata)

( *50)

Contact with labelled
seawater
Injection ~ n t othe abdominal muscle

- 3 x lo3
-3

10'-3

X

102

X

106

2 x 106

a Sixteen Nereis d~versicolor
were labelled for 5 d in radioactive seawater. Following exposure each worm was cut ~ n t ohalves.
Sixteen halves were weighed, dried at 100°C, reweighed, and the 237Npconcentration in one group of halves measured
(630 20 dprn g-' wet wt). The remaining worm halves were distributed to the 4 male crabs in a ration of 4 per individual.
Knowledge of the ingestion efficiency (see text) and the exact weight of the food allowed estimating the 237Npingested by
each crab, I.e. 370. 330, 310, and 295 dprn

+

ence essentially held for tissues in direct contact with
the labelled seawater, and for some internal tissues
(Table 3). A hi.gh 2 4 1 ~ CF
m was observed in the gills
(960) and the exoskeleton (240), 3 to 4 times higher
than the 2 3 7 PCF
~ in the same tissues. The distribution
of the 2 radionuclides was almost identical: 67 to 74 %
of the 2 3 7 P and
~ the 2 4 1 ~ r was
n
fixed in the exoskeleton which constitutes about 62 O/O of the weight of the
crab; 24 to 3 0 % was fixed in the gills which only
constitute 5 to 6 % of the total biomass. The other
tissues only fixed 2 to 3 % of the radioelements
accumulated by the crab.

Elimination of

2 3 7 and
~ ~

241Am from Carcinus rnaenas

In Caranus maenas, the elimination of both transuranic elements was biphasic and relatively rapid (Fig.
2 ) . Americium, which was taken up by C. maenas to a
greater degree than plutonium (Fig. l ) ,was elim~nated
more rapidly. For 2 3 7 Pthe
~ compartment which turned
over very slowly (i.e. 'slow release' component, T,I,:
55 d), represented about 70 % of the plutonium taken
up by t h e crab. Approximately 25 to 30% of the
plutonium was lost rapidly with a T b l of only 3 d. The
equivalent rapid and slow release components for
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' " ~ m had half-times of 5 and 45 d , respectively.
Because such a large percentage of both the radionuclides resides in the exoskeleton (Table 3), much of
the radionuclide loss from whole crabs probably occurred by simple desorptlon from this tissue.
Table 4 shows the distribution of the 2 radionuclides
following 70 d of depuration. Plutonium was retained
in the gill to a greater degree than in the other tissues;
for example, after 70 d of elimination, about 69 %, of the
2 3 7 initially
~ ~
concentrated in the gills still remained.
This fraction represents 56 % of the total Pu retained by
the crab. In contrast, comparing the data in Tables 3
and 4, 2 " ~ mwas eliminated from the gills at almost the
same rate as that for the other tissues.

Tissue distribution and absorption efficiency of
ingested radionuclide

Days
Accumulation of 2"pU and '-1Itym
from seawater by shore crab. Values are R 2 1 SD

l=ig, 1, carcinus ,,,denas.

Whole body radionuclide excretion following a
single ingestion of labelled food is shown in Figs. 3 to 6.
The radionuclide retention cunres were modelled as 2compartment systems displaying exponential loss
rates. From radioanalysis of the feces the rapid initial
depuration phase observed during the first 2 to 4 d
always corresponded to intestinal transit of the unassimilated radionuclides. Moreover, during this short
period of time, 90 to ca 100 O/O of the total amount of
radlonuclide eliminated from these decapods occurred
through defecation. Subsequently in all cases, the proportion of radionuclides lost via the feces decreased
with time reaching a minimal value that varied from
one species to another. This observation suggested
that, wlth time, excretion of the radionuclides in a
dissolved form gradually became more significant.
During this second phase, radionuclide elimination was
slower and could be described by simple exponential
curves. This period of excretion, depicted in the figures

Table 3. Carcinus maenas. Concentration factor (CF) and distribution of 2 3 7 P and
~ z 4 1 ~ In
m tissues after 8 d accumulation from
seawater
Tissue

Exoskeleton
Epidermis
Gills
Hepatopancreas
Stomach
Intestine
Gonads
Cephalothoracic muscle
Pereiopod muscle
nd: not detected

% Total weight

(R+SD;n=8)

CF

62.1 IL: 3.0
2.1 ? 0.6
5.7 0.3
6.8 f 2.9
1.5 f 0.4
0.3 f 0.1
1.0 f 0.4
11.4 2 0.9
9 . 1 1.9

70
10
340

+

+

2

8
nd
nd
5

8

237Pu
"/o Total body burden
(X SD)

+
67.0 + 3.5

0.30 ? 0.03
30.5 Ilr 2.5
0.24 -i- 0.04
0.20 +- 0.02
-

0.7 t 0.3
1.1 ? 0.5

24 l

CF

240
40
960
5
5

*m
'10 Total body burden
(X ? SD)

73.8
0.4
24.2
0.15
0.04

k 6.6
20.1
f 6.4
k 0.04
Z 0.01

nd

-

5
25

0.3 k O . l
1.1 k 0 . 2

nd
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mata seticaudata moulted one or more times. The
moult of one individual, which at Day 4 of elimination
still retained 9 % of the 2 3 7 ingested,
~ ~
was found to
contain about 4 8 % of its whole body radioactivity
before moulting. Likewise, the moults of 2 shrimps at
f_237~u
Days 6 and I0 contained 5 and 8 O/O, respectively, of the
whole body radioactivity before moulting. Apparently
some ingested 2 3 7 ~can
~ b e transferred to external
tissues in shrimp, particularly in the cephalothoracic
ilf,241Am
region. Dissection of shrimp at various stages of elimination showed that 2 3 7 P absorbed
~
from the food was
distributed among different tissues and organs
I
I
(Table 6). The hepatopancreas always contalned the
10
20
30
40
50
60
70
80
largest amount of absorbed 2 3 7 P ~
(54 to go0/,), with
Days
lesser fractions of the radionuclide observed in the
Fig. 2. Carcinus maenas. Elimination of 2 3 7 Pand
~ 2 4 1 ~ folm
stomach and gut (3 to 13 %). After 13 d of elimination,
lowing uptake from seawater. Values are X f l SD. Q Expothe concentration of 2 3 7 P in
~ the hepatopancreas was
nential loss from a slowly-exchanging compartrnent(s); @ exstill much higher than in the other organs. Furtherponential loss from a rapidly-exchanging cornpartrnent(s)
more, a significant residual concentration of the
determined by curve stripping (see text)
radionuclide was also found in the gonads (Table 6).
h k e 2 3 7 ~ about
~ ,
5 0 % of the 2 4 1 ~ m
present in the
by a solid line, represents elimination of the radionushrimp at moult (Day 3) was found in the exuviae
clide fraction absorbed from food. By back-extrapolating
(Table 7). The 2 4 1 ~ percentage
m
contained in the moult
these slow release components to time zero, plutonium,
was observed to decrease during the elimination period
americium and neptunium absorption efficiencies in
eventually reaching zero. There were 2 groups of
the different species of crustaceans were determined.
shrimp that differed in their stage of the moult cycle.
Comparative data on averaged absorption efficiencies,
Individuals 1 and 2 had moulted on Days 3 and 4
whole body half-times of loss from the slow release
respectively, following ingestion of labelled food. This
component and percent retention of radionuclides in
indicated that they ingested the contaminated ration at
the digestive gland of 5 crustacean species are sumthe end of their intermoult cycle (Stage D) which is
about 2 0 d at 18°C (Benayoun & Fowler 1980). Thus
marized in Table 5. Weights taken for certain nonmoulting individuals at the beginning a n d e n d of each
these shrlmp ingested americium when transfer of
experiment indicated that under our maintenance
reserves from the hepatopancreas to epidermis and
feeding regime, the organisms maintained an essenexoskeleton was the highest (Travis 1955).On the other
tially constant weight throughout the study
hand, the other shrimp received their single labelled
During the experiments (Fig. 3 ) , some shrimps Lysration at the beginning or middle of their intermoult
100

Table 4. Carcinus maenas. Concentration a n d distribution of

'

Tissue

" " ~ m in tissues after 70 d elimination in flowing seawater

237Pu

% Total

we~ght

2 " 7 and
~ ~

103 dpm

1
'0 C,

24

VOTotal body

burden
Exoskeleton
Epidermis
Gills
Hepatopancreas
Stomach and intestines
Gonads
Cephalothoraclc muscle
Pere~opodmuscle
Entire individual
nd: not detected
' X ) C,; '70 of init~alconcentrat~onof the radionuclide in organs or entire indimdual
1 dprn = 16.7 mBq

lo3 dprn g - '

?jn

CO

"!I

Total body
burden
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5

10

15

Days
Fig 4 Palaemon serratus Ehminatlon of 2 4 1 ~ from
m shrimp
( n = 5) following ingestion of a slngle labelled meal Each
symbol represents the residual percentage of '"Am in a single
individual O n e individual (,) died aftei 76 h a n d therefore
was not included in the loss analysis

~ 241~rn
Fig 3 Lysmata setjcaudata Elimination of 2 3 7 P and
from shrimp after ingestion of a s ~ n g l elabelled meal Each
symbol represents the residual percentage of radionuclide In a
single individual

cycle (Stages B or C), i.e. when crustaceans are storing
reserves in the hepatopancreas. If '"Am follows the
same route as the organic material ingested, the major
part of the radionuclide will b e fixed in the hepatopan'0 of the residual 2 4 1 ~ m
creas. Approximately 66 to 100 1
0.11
. . . . . .
. . .
was found in this organ at various times after ingestion
0
5
10
(Table 8). As with plutonium, a small percentage of
Days
2 4 1 ~was
m observed in other tissues and organs such as
Fig. 5 . Pachygrapsus nlarnioratus. Ehmination of 2 4 1 ~ from
m
cephalothoracic muscle ( 3 to 5 % ) and the cephacrabs ( n = 6) at different stages of the intermoult cycle after
lothoracic portion of the exoskeleton (12 to 18 % ) .
single ingestion of labelled mussel. Mean residual percentage
In Palaemon serratus, the 2 3 7 absorption
~ ~
efficiency
of 2 4 1 ~ In
m 2 crabs at Stage A (m), Stage C2 ( A ) a n d Stage C j to
could not be accurately determined because too few
D (-'l
8

A

m

l
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creas, 4 to 7 O/O in the muscle and 18 to 3 2 % in the
cephalothoracic exoskeleton.
Pachygrapsusrnarmoratusabsorbed 16 to 19 % of the
2 4 1 ~ m i n g e s t eand
d absorption did not vary substantially
with the stage of the moult cycle (Fig.5). Dissection of
crabs 13 d after ingestion of labelled mussel showed that
2 4 ' ~ essentially
m
localized in the hepatopancreas (51 to
61 % ) . Different amounts of the radionuclide were
observed in other tissues, e.g. stomach and gut (2 to 4 %),
gills (1 to 6 % ) and exoskeleton (13 to 28 %).
In an earlier study Fowler & Guary (1977) observed
that 2 3 7 Pabsorption
~
efficiencies for Carcinus maenas
varied between 20 and 6 0 % and that the absorbed
fraction turned over with a half-time of 3 to 7 d. The
average 2 3 7 Pabsorption
~
efficiency for C. maenas during the present experiments was 33 % (Table 5). 2 3 7 P ~
was eliminated with an average half-time of 5 d . During the first 2 to 4 d , about 90 1
'0 of the el~minated
plutonium was egested. After this period, the fraction
of total 2 3 7 ~egested
u
decreased from 90 to about 40 O/O.
Of the absorbed 2 3 7 P ~4,5 to 9 0 % was fixed in the
hepatopancreas (Table g), 5 "/o in the muscle, 16 to 44 O h
in the exoskeleton and 7 to 11 OO
/ in the gills, the latter
tissue being a possible excretion route for the radionuclide. The 2 3 7 P concentration
~
in the hepatopancreas
(dpm g-l) after 21 d of elimination always remained
higher than in other organs.
The average 2 4 1 ~ absorption
m
efficiency in Carcinus
maenas (29 %) was similar to that of plutonium, and the
mean half-time of the slow release component (5 d) was
Identical (Table 5 ; Fig. 6). In reality these 2 parameters
vary between 14 to 48 O/O and 3 to 8 d, respectively. One
male, which moulted between the 6th and 7th day of
elimination, had ingested the labelled ration at the end
of the intermoult cycle which is several months in this
species. The moult of this individual contained 9.2 O/O of
the whole body radioactivity content before moulting;
l . l l ~ ~ m B ~ ~ , ~ ~ about
o
~ 8.9
~ O/O min the
~ cast~ shell
~ and~ 0.3 ~% in ~the gill
~ fraction.
~
~
l
0
5
10
15
20
The moult was leached in 0.1 N HCI for 120 h to measDays
ure the desorption rate of surficial 14'Am.After 1 h , the
cast exoskeleton had lost only 7.5 % of its radioactive
Fig. 6. Carcinus maenas. Elimination of 2 4 1 ~ nand
1 27'Np after
ingestion of a single labclled meal. Am: Residual percentage
content. After 20 h , ca 15 /o' was leached and after 120 h,
in 2 males ( 0 ,A ] , 2 females ( , I and one of the male crabs after
35 O/O. The elimination of ' " ~ m from the carapace of C.
moult~ng( X ) . Np Residual percentage in males fed labelled
maenas by acid leaching was much slower than has
~Vereis ) (fl SD counting error) and in females fed labelled
been reported for 2 3 7 Ploss
~ from exuviae of the shrimp
Mytilus ( 0 ) ( t 1 SD countlng error)
Lysmata seticaudata (ca 5 0 % lost In 1 h ) after accumulation of the radionuclide from seawater (Fowler et al.
1975).These results suggest that 24
specimens remained alive for a sufficiently long time to
is tightly bound
make replicate loss measurements. However, ingested
to certain components of the exoskeleton of C maenas
plutonium appeared to be eliminated from P. serratus
particularly when the radionuclide is transported internally following ingestion.
more rapidly (Tblz2= ca 2 d ) than from the smaller
Three shore crabs were dissected 18 d after having
Lysrnata seticaudata, as was the case for 2 4 ' ~ (Table
m
5).
ingested food labelled with 2 4 1 ~ and
m the majority of
At the end of the elimination experiment (Fig. 4 ) , the
the whole body 2J'Am (62 to 86 ':,,) was present in the
distribution of the absorbed 2 4 1 ~ was
m identical to that
observed in L.seticaudata: 50 to 70 O/O in the hepatopanhepatopancreas with smaller amounts in other tissues
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Table 5. Comparative data on averaged absorption efficiencies ( e ) , whole body half-times for loss from the rapid release
component (TbIi2)and the percent retention of transuranic nuclides in the digestive gland (hepatopancreas)ca 2 wk after a single
feeding in decapod crustaceans of increasing size
Species

'%,
100 X dig.

2 3 7 ~ ~

e

glandwt whole
body wt

((:h)

5
4

10

Lysmata selicaudata
Palameon serratus
Pachygrapsus marmoratus
Carcinus maenas
Cancer pagurus

6

-

8
8

33
(30-40)

TbllP
(d)

2 - 1 1 ~ ~

'70 Ret.

e

in dig.
gland*

( X )

l -5

10
8
18
29
(10-20)

4
(2)

0.2

5
(18)

5
(20)

T b l , ~ % Ret.
(d)
in dig.
glandd
2
0.1
1
4.5
(5-9)

8
2

3
5
(20)

e
(Oh)

30
-

237Np
TbIl2 O/O Ret.
(d]
in dig.
gland*

-

-

4-25

2-8

-

-

Percent retention in the digestive gland is computed from the whole animal retention determined graphically o n Figs. 3 to 6
and the % of total body burden measured in the digestive gland (Tables 6 to 13)after the same period (2 wk). Data are mean
values from several individuals of each species. Data in parentheses are estimated values

Table 6 . Lysn~ataseticaudata. Concentration and distri.bution of 2 3 7 Pin
~ tissues as a function of time following ingestion of a single
labelled ration
O/u Total

Tissue

Wt

Hepatopancreas
Stomach and gut
Cephalothoracic muscle
Abdominal muscle
Gonads
Gills
Cephalothoracic exoskeleton
Abdominal exoskeleton

5.2

Individual no. 1
(Day 3: 5.1 % ) "
10"pnm
% Total
g-'
body burden
46
47
2

65.6

nd
abs

-

29.1

4
2.5

2.4
13.3

14.2

nd

-

1.6
14.3
32.7
0.6-2.4
1.9

11.4
7.3

Individual no. 2b
(Day 6. 2 l % )
103 dprn
"/o Total
gbody burden
20
25
0.2

54 0
39 5
1.4

nd
nd
nd
0.3

nd

-

Ind. nos. 3b, 4 , 5, 6b
(Day 13: 5.1:0.2; 0.5; 0.6%)
103 dpm O/O Total body
gburden
45

10
0.2
0.02
2

90.4
3.5
1.1
0.4
0.6

nd

-

0.3

3.3
0.7

0.1

"Numbers in parentheses indicate the day of dissection and percentage of residual radioactivity with respect to ingested
radioactivity
Individuals that moulted once
nd: not detected
abs: absent
1 dpm = 16.7 mBq

"

Table 7. Lysmata seticaudata. Percentage of 2 4 1 ~ in
m the
shnmp and its first moult during the period of elimination
following a single labelled feeding
Ind
no.

Time of
moultinga
(d)

1

3

2
3
4

4
12

5
6
7

13
15
15
18

Percentage Percentage of shrimp
retention of
2 4 1 ~content
m
z4'~m
(before moulting)
in shrimp retained in the exuviae
14.9
2.2
15.2
0.85
0.5

0.15
1.9

50
18
8

0
0
0
0

" Number of days after ingestion of labelled meal

(Table 10). The exoskeleton of the male crab that
moulted on Day 6 still contained about 9 % of the total
radioactivity, i.e. the same proportion that was found in
its cast exuviae.
Absorption efficiency of 237Np by Carcinus maenas
was also measured and found to range between 28 and
31 O/O. The biological half-time of the slow release component varied between 4 and 27 d and apparently
depended upon the type of food ingested (Fig.6). During excretion the elimination of neptunium by egestion
decreased in importance (from between 80 and 90 O/O to
30 %) relative to the soluble excretion route a s found for
2 3 7 ~
and
~ 2 4 1 ~ mNevertheless,
.
2 3 7 ~ appears
p
more
translocatable than either plutonium or americium.
Although 237Npis readily accumulated (37 to 4 5 %) in
the hepatopancreas of male crabs, a relatively high
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able 8. Lysmata seticaudata Distribution of 2 " ~ min tissues of shrimp as a function of time after ingestion of a single labelled
meal
Whole
body wt

Tissue

Time (d)

O/O

Hepatopancreas
Stomach and gut
Cephalothoracic muscle
Abdominal muscle
Gills
Cephalothoracic exoskeleton
Abdominal exoskeleton

4

27.3
11.7

)17.8
2.4

4

112.5
nd

5

10

24"

3ob

116.9
0.3

Whole body percentage retention at time
of dissection

" Individual that moulted twice during the experiment
Individual that moulted once during the experiment
nd: not detected

proportion of the radionuclide is found in the exoskeleton (37 to 5 2 % ) and giIls (5 to 11 Oh). Despite the
relatively low 2 3 7 ~ pconcentration in the exoskeleton,
this tissue represents about 63 O/O of the crab's weight,
and this partly explains the high percentage of whole
body neptunium observed in the exoskeleton (Table
11). In the same experiments, the hepatopancreas of
female crabs (not shown) also fixed a high proportion of
2"Np (60 to 70 %), slightly higher than that observed in
the hepatopancreas of the male crabs.

Although it was not possible to precisely measure
2 3 7 P and
~ 241~m
absorption efficiencies for the large
edible crab Cancer pagurus, we estimated by indirect
means that efficiencies were high and at least equal to
those measured in Carcinus maenas. The amount of
2 3 7 Pfound
~
in the tissues of C. pagurus ca 3 wk after
ingestion of radioactive food was still high, about 18 to
4 1 '10 of the amount ingested (Table 12). As in other
crustaceans, the majority of the Pu was located in the
hepatopancreas (76 to 85 ?h)which only represents 8 to

Table 9. Carcinus maenas. Concentration and percentage of the 2 3 7 Pin
~ tissues of females as a function of time after ingestion of a
single labelled meal
Tissue

8
Hepatopancreas

dpm g-'
'Yo

Stomach and gut

dpm g-'
"0

+

14

+

Time (d)
14

21"

+

21d

475 25
85.4

475 25
91.2

460 f 25
89.2

175 10
54.4

l75 f 10
44.9

nd
-

nd
-

nd
-

nd
-

nd
-

nd

rld
-

nd
-

nd
1555
5.0

Hemolymph

dpm g-'
'X

nd
-

Muscl?

dpm g-'
Y[,

nd
-

nd
-

nd
-

Gllls

dpm g-'

nc

~d

125 50
11.2

75 -C 25
6.6

Epidermis

dpm g-'

nd
-

nd
-

310 f 10
18.4

nd
-

2025
14.6

10 4
10.8

1024
16.0

40+2
43.5

3.5

6.7

0.5

0'

I n

Exoskeleton

d ~ m
g

'

'X>

Whole body percentage retention at
time of dissect~on

+

+

1.7

"Individuals received worms which were exposed to radiotracer orig~nallyin ( V + VI) oxidation state (see comments In
'Materials and methods']
nd: not detected
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Table 10. Carcinus maenas. Concentration and d~stributionof * " ' ~ m
In tlssues 18 d after a single labelled meal
Tissue

' X , \Vhole

body wt

Ind. no. l " ( d . l.gli/;,)
dpm g-'
% Body
burden

Ind no. 2" ( 9 .0.3"h)
dpm g..'
'Yo Body
burden

Ind. no. 3" ( 9 : 3.1 'A,)
dpm g-'
' X , Body
burden

Hepatopancreas
Stomach
Gut
Gonads
Hemolymph
Muscle
Gills
Epidermis
Exoskeleton

" Ind. no. 1 (22 g) moulted during the night between Days 6 and 7 of elimination. Ind. nos. 2 and 3 weighed 14 and 19 g,
respectively. The information in parentheses indicates the sex of the crab and percentage of residual radioactivity after 18 d
elimination with respect to initial radioactivity (1.7 X 105 dpm, 1.8 X 105 dprn and 4.3 X 10"pm
respectively)
nd: not detected

in the tissues of C. pagurus was only 2 to 4 % 1 mo after
the labelled food was ingested. Assuming that the halftime of the slow release component for 2 4 1 ~ in
m C.
pagurus was almost identical to that of 2 3 7 P(20
~ d ) , we
estimate that 2 4 1 ~ m
absorption is lower than 2 3 7 P ~
absorption and is on the order of 10 to 20 % . Likewise,
'41~m
is strongly fixed in the crab hepatopancreas (60
to 70 O h ) , but appears more evenly distributed among
the other tlssues than is 2 3 7 P (Table
~
13). Substantial

10 O/O of the total weight of the crab. The concentration
of 2 3 7 Pin~ this organ was an order of magnitude greater
than the concentration in other tissues. Using these
data the biological half-time of the slow release component was estimated to be about 20 d and the absorption
efficiency ca 30 to 40 % (not shown). The proportion of
2 3 7 Pegested
~
decreased greatly after several days as
soluble radionuclide excretion became predominant
during the slow elimination phase. Retention of 2 4 1 ~ n 1

Table 11. Carcinus maenas. Concentration and distribution of 2 3 7 ~ in
p tissues of males as a function of time after ingestion of a
single labelled meal
Tissue

Hepatopancreas

7'0 Whole
body wt

7.8

Time (d)
4

dpm g-'
U/n

Stomach and gut

1.1

dpm g-'
%r

Gonads

1.7

dpm g-'

10

15

21

1753
36.8

922
44.5

852
42.5

7+2
39.0

921
2.8

821
4.2

12f l
9.1

11 f 1
11.0

Hemolymph

4.1

dpm g-'

0.2
0.6

0.4

0.1
0.6

dpm g-'
"/o

Gills

dpm g-'
O/o

Epidermis

dpm g-'
O/o

Exoskeleton

dpm g-'
O/o

Whole body percentage retention
a t time of dissection
nd: not detected

+

0.7 f 0.2
0.6

0.2 f 0.1
0.3

0.4

0.2 f 0.1
0.5

0.2 f 0.1
0.5

0.2 f 0.1
0.4

0.3 -C 0.1
1.2

nd

nd
-

nd

+

2.3 = 0.4
6.7

2.0

0.4
5.2

3.4 0.5
10.9

0.9? 0.2
07

0.5

+

0.2
0.6

0.6

0.9
2.6 +- 0.4
52 4

1.1 2 0.3
42 8

1.1 f 0.3
41.8

0.8 f 0.3
37.2

17 1

18.9

17.6

'Yo

Muscle

*

1.8

Y0

3.7

+

0.6
4.7

+

3.2 0.4

29

-

+

0.2
0.8

-

+

+

0.2
0.7
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Table 12. Cancerpagurns. Temporal changes in concentration
( X 10.') a n d distribut~onof '."Pu
in ti.ssues after ingestion of a
s ~ n g l elabelled meal
Tissue

Time (d)
Whole
body wt

Hepatopancreas

9.7

6
(6)

dpm g-l
''c

16
75 8

17
(9)
0.7
84.6

20
(9)
0.5
85.2

Stomach

0.5

d p m g-'

3
1.0

0.03
0.3

0.05
0.3

Gut

0.2

dpm g-'

0.7
0.1

nd

nd

-

-

0.15
0.3

nd
0.2

nd

0.2
1.2

nd
1.0

nd

0.08
1.5

nd
0.5

nd
1.0

2.5
40

0.04
2.4

0.2
6.2

Gonads

(1-3)

dpm g-'
(I,

Hernolymph

11.2

d p m g-'

Muscle

20.2

dpm g-I

"/o

"/o

Gills

2.8

d p m g-'
OYo

Epidermis
Exoskeleton

-

2.8

dpm g-I
.,,

08
1.4

0.01
0.7

0.03
1.2

50 6

dpm g-l

0.3
14 7

0.01
10.3

0.01
6.1

27

18

"b

Whole body percentage
retention at time of
d~ssection

and the cephalothoracic muscle ( 6 % of the total
weight). Apparently cephalothoracic muscle concentrated twice as much '".-\m as pereiopod muscle. The
exoskeleton was also divided into 3 segments: the
mouth parts (4 O h of whole body weight), the
pere~opods(31 O/O of the total weight) and the carapace
(13.5% of the total weight). The mouth parts portion of
the exoskeleton concentrated 3 times as much 2 4 1 ~ as
m
the carapace and 7 times more than the pereiopods.
The mouth parts were probably externally contamlnated to some degree at the time the labelled food was
masticated; however, 2 4 ' ~ m transfer from the
hepatopancreas to other tissues and organs such as
ovaries, muscle and most portions of the exoskeleton
certainly predominates.

41

nd: not detected

amounts of amerlclum were also observed in the
ovaries (6 to 10 TO),muscle (4 to 5 %), gill (2 to 3 %) and
exoskeleton (12 to 21 %). Muscle was separated into 2
parts: the pereiopod muscle (14 O/O of the total weight)

Absorption and transfer of 241Amin Carcinus maenas
after multiple feedings of labelled meals
The average 2 4 ' ~ mingestion efficiency was about
65 1
'0 ( + 15 '10).The crabs thus ingested on average 2.5
to 2.9 X 105 dpm at each meal. The 2 4 1 ~ food
m transfer
efficiency between labelled mussels and whole shore
crabs was low, ranging from 2.2 to 6.2 %. On the other
hand, the 2 4 1 ~ transfer
m
efficiency for hepatopancreas
was very high, ranging between 25 and 70 % with an
average value of 45 Yo. This confirms the previous data
from single meal experiments, which indicated a high
americium absorption efficiency (ca 30 O/O) in Carcinus
rnaenas.
From the data of the previous experiment, we estimated that 7 d post-ingestion of labelled food, the
assimilated portion of ingested 2 4 1 ~was
m slowly eliminated via normal excretory processes. The average
residual percentage of 2 4 1 ~ m
l wk after the first

Table 13. Cancerpagurus. Concentration a n d distribution of 2 4 1 ~ in
m tissues of females 30 d after a labelled meal (5 and 6 shrimps
ingested in 48 h )
Tissue

'L, Whole body wt

Ind. no. 1 (3.8 ";,)"
10.' dpm g '
Total
body burden
" I

Ind. no. 2 (2.3 'X,)"
10' dpm g-l
Total
body burden

Hepatopancreas
Stomach
Gut
Ovaries
Hernolymph
Muscle
Gills
Epiderrnls
Exoskeleton
Numbrr in parentheses represent the percentage of residual rad~oartivityafter 30 d el~minationwith respect to the Initially
lngestrd rad~oactlvity(1.9 X 10" dprn a n d 2 X 10" dprn. respectively]
nd: not detected
"
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Number of rations

0

10

20

30

40
Days

50

60

70

80

,:ig. 7. Carcinus maenas. Accumulation of 2 4 1 ~ (n
m = 6) during sequential feeding w ~ t hlabelled mussels. ( 0 ) Average
residual radioactivity in 6 ~ n l v ~ d u a 7l sd after each labelled
meal; (-)
actual accumulat~on,(-) theoretical accumulation;
( - - -) p e r ~ o dof elimination

radioactive meal was about 3 6 % . This percentage
increased slowly during the experiment, and 7 d after
the 10th and last meal, it approached 4 5 %. Thus more
americium was accumulated by Carcinus rnaenas during the same period than was eliminated. The radioactive body burden of the crabs increased very rapidly
for the first 30 d (Fig. 7), during which time the first 4
contaminated rations were ingested. Between Days 30
and 40, 2 4 1 ~ m
was eliminated faster than it was
accumulated. After the 10th and final radioactive meal,
it appeared that the crabs' radioactive body burden had
almost reached a steady state. At the end of the experi-
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ment, the average residual ' 4 1 ~ min the crabs 7 d after
the last radioactive meal was 1.8 x 105 dpm, i.e. about
60 to 70 % of the total 2 J ' ~ mavailable in the labelled
rations. Crab weight measurements made at the time of
dissection indicated that no measurable growth occurred during the experiment.
The hepatopancreas was the principal absorption
site of the 2 4 1 ~ accumulated
m
during continued feedings in Carcinus maenas (Table 1 4 ) . In every case this
organ fixed 50 to 70 O/O of the radionuclide retained by
the crab 7 d after ingestion of the labelled food. The
concentrations of 2 4 ' ~ min the hepatopancreas after
Day 76 of the experiment ranged from 0.5 to 2.6 X lo5
dprn g - l , a level which represented about 15 to 90 O/o of
the 2 4 1 ~ m
concentration in the ingested soft parts of
mussels. Note that the 2 4 1 ~ m
concentration in the
whole crab (9 X 103 dprn g-l) was a n order of magnitude less than the concentration in the hepatopancreas.
Other tissues and organs accumulated small amounts
of ' 4 1 ~ m Up
.
to 3O/" of the total 2 " ~ m retained by
Carcinus maenas was found in the ovanes. The muscle
also fixed more than 2 % of the 2 4 1 ~retained
m
by the
crab, in particular the cephalothoracic muscle. These
results strongly support the hypothesis of internal
transfer of 2 4 1 ~ from
m
the hepatopancreas to other
organs despite low concentrations in the hemolymph
(Table 14). Finally, relatively significant 2 4 1 ~ concenm
trations (6 to 12 X 103 dprn g-l) were observed in the
gills, epidermis and exoskeleton. The exoskeleton represented more than 60 % of the weight of the crab, and
contained on average 20 O/O of the total americium
accumulated.
These experiments have confirmed the role of the
hepatopancreas in the retention of 241Amlngested with

4m in tissues of females during sequential feedings of
Table 14. Carcinusmaenas. Changes in concentration and distribution of
labelled mussels. Crabs were dissected 7 d after the 3rd, 5th and 10th radioactive meals
Tissue

Whole
body wt

%,

Ind. no. l . 3 meals
G1 = 4
103 dpm g-'
"h Total
body
burden

Ind. no. 10: 5 meals
G1 = 8.5
103 dpm g-'
D/o Total
body
burden

I n d . n o s . 2 . 4 . 6 , ? . 8 , 9 : 10
meals 1 < G I < 6
103 dpm g-'
OO
/
Total
body
burden

+ 1SD)
70.8 + 4.6
(X

Hepatopancreas
Stomach
Gut
Ovaries
Hernolymph
Muscle
Gills
Epidermis
Exoskeleton
GI: Gonad Index

7.4
1.3
0.2
2-10
5.4
13.3
5.2
1.7
61.3

46
10
7.5
2
0.2
0.6
2.9
2
4

48.4
2.5
0.4
1.1
0.2
2.3
2.9
0.5
41.7

230
48
68
4.8
3.4
2.9
13
7.9
10

51.0
3.9
1.5
3.0
1.7
3.5

3.8
0.4
31.2

46-260
2-19
6.4-25
3.6-19
0.2-2
0.8-3
3.4-12
2-7.5
2-6

0.8 -t 0.4
0.2 f 0.05
2.2 1.5
0.4 f 0.2
2.1 f 0.3
2.6 f 0.6
1.4 f 1.0
19.5 1.7

+
+
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and 2 4 1 ~accumulated
m
by the crab Caremus maenas;
however, less than 2 " O of 2"'Np taken up by shrimp and
crabs was found in the gills (Guary & Fowler 1978).
Furthermore, gills concentrated about 4 times more of
these 2 radi.onuclides than the exoskeleton of the shore
crab. However, this was not the case for the gills of the
lobster Homarus vulgaris which, after 220 d of accumulation of 2 3 ~from
u seawater, reached nearly the same
Pu concentration factor (100) as the exoskeleton (Ward
1966). Crustacean gills, in particular those of brachyDISCUSSION AND CONCLUSION
urans, constitute a significant site for the absorption
and excretion of various elements such as heavy metals
Bioaccumulation of 2 3 7 Pa~n d 241Amfrom seawater in
(Wright 1978, Bryan 1984). Martin (1975), in his study
of Fe in crustaceans, suggested that lobster gills, which
Carcinus maenas: role of exoskeleton and gills
have a different structure from those of the brachyuran
decapods C , maenas and Cancer irroratus, have no
Americium and plutonium appear to be accumulated
by decapods more rapidly than neptunium (Guary &
filtering function and, thus, fix much less Fe than crab
gills. Similar reasoning may hold for the transuranic
Fowler 1977, 1978). This conclusion is also supported
elements which are often associated with fine particuby studies with euphausiid crustaceans which indicate
late matter. Finally, our experimental results for C.
a low bioavailability of Np relative to the other transmaenas showing much greater 2 3 7 Pand
~ 2 4 1 ~uptake
m
u r a n i c ~(Fowler & Aston 1982, Aston & Fowler 1983).
by gill than hepatopancreas (Table 3) agree well with
Under the conditions used in the decapod studies,
the natural distribution of plutonium a n d americium in
the greatest proportion of 2 3 ' ~ ~' 4, ' ~ m and
,
237Np(70 to
tissues of the crab Cancerpagurus contaminated in the
90 % ; Guary & Fowler 1977, 1978) is flxed to the exoskeleton mainly because this tissue, accounting for
environment (Guary et al. 1976, Hetherington et al.
almost half the weight of these crustaceans, constitutes
1976). This similarity in relative distribution suggests
a large surface area for adsorption. Ward (1966)
that, in the natural environment, uptake from water
plays a significant role in the bioaccumulation of transdemonstrated that the exoskeleton of the lobster
u r a n i c ~by decapods.
Hornarus vulgaris rapidly accumulated 239 PLIfrom seaIn contrast, transuranic elements in seawater are
water and could fix up to 90 % of the plutonium
only slightly accumulated by the internal tissues that
accumulated in 220 d . Likewise, the exoskeleton of the
are never in direct contact with the contaminated seasame species contained 84 % of the whole body burden
water. This is especially true for the hemolymph which
of 2 " ~ mfollowing a 14 d exposure in labelled seawater
(Miramand et al. 1989).The majority of the 2"'.4m,2 3 7 P ~ generally contains less than 0.3 O/O of the transuranic
and "'Cf (californium) accumulated by the euphausiid
element accumulated from seawater. With the exception of the epidermis (CF 10 to 40) only very low
Meganyctiphanes norvegica or the shrimp Lysmata
concentrations of 2 3 7 Pand
~ 2 4 1 ~were
m found in these
seticaudata was fixed in the cast exoskeleton, recovered
internal tissues. Neptunium-237 concentrates in a simiafter moulting (Fowler et al. 1975, Aston & Fowler 1983,
lar manner in decapods (Guary & Fowler 1978). On the
Fisher et al. 1983). Guary & Fowler (1977, 1978) also
measured high concentrations of '"'Np in the moults of
other hand, Homarus vulgaris can fix as much as 5 of
the 2 3 ~ in
u its hepatopancreas at the end of a much
L, seticaudata during uptake. These various data
longer exposure time (220 d) and eventually reaches
demonstrate that transuranic elements (Np, Pu, Am,
the same concentration factor as the exoskeleton and
Cf) have in common a very high affinity for the exogills (Ward 1966).
skeleton of crustaceans, and that moulting plays a
In summary, transuranic elements are transferred
predominant role in regulation of body burdens and
from seawater to internal tissues via the exoskeleton
transfer of these elements between crustaceans and
and gills, but this process occurs relatively slowly and is
their environment. The behaviour of transuranic elemuch slower than for the majority of heavy metals and
ments is thus comparable to that of various other heavy
natural radioelements. For example, metals such as Zn,
metals in marine crustaceans (Bryan 1976, Fowler
Cu, Fe, Cd, Hg and Pb (Bryan 1976, Wnght 1978) and
1982)
""PO
(Heyraud & Cherry 1979) in seawater are
Transuranlcs, notably L 3 7 Pand
~ 2 - ' 1 ~ malso
,
have
accumulated rapidly by the hepatopancreas of crustahigh affinity for the gills of crustaceans which, despite
ceans and are often stored therein in the form of
the low weight fraction they represent, constitute a
large surface area for radionuclide exchange with the
intracellular granules (Walker et al. 1975, Coombs &
environment. Gill tissue retained 24 to 30 O/O of the 217Pu
George 1978, Gibson & Barker 1.979).
labelled food. They also demonstrated that the shore
crab Carcinus maenas fed continuously with labelled
food accumulates increasing amounts of americium
until reaching a near equilibrium body burden after
about 80 d a n d 10 ingested rations. However, under
these experimental conditions the concentration of
2 4 ' ~ in
m the whole crab probably could not exceed that
of its prey, in this case, mussels.
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Elimination of 2 3 7 Pand
~ 241Amin Carcinus maenas
The elimination of 2 3 7 P and
~ 241~m
from Carcinus
maenas was slower than the elimination of 237Npfrom
the shrimp Lysnlata seticaudata (Guary & Fowler 1977.
1978). In the shrimp, almost 9 0 % of the incorporated
neptunium was rapidly eliminated with a half-time of
ca 4 d. Despite differences in the chemistry of the
radionuclides, the more rapid radionuclide loss from
shrimp is related to the moulting frequency. Approximately 5O0/0 of the incorporated neptunium was lost
from L. seticaudata with the first moult. Likewise, L.
seticaudata contaminated with 2 3 7 P lost
~ 42 % of the
radionuclide at moult (Fowler et al. 1975). The amount
eliminated with the moult may vary depending upon
the crustacean species. For example, a smaller planktonic crustacean, the euphausiid Meganyctiphanes
norvegica, moults at approximately weekly intervals
and loses as much as 42 to 63 % 2 3 7 P(Fowler
~
unpubl.)
and 70 to 9 0 % 252Cf (Aston & Fowler 1983) with its
moult. Transuranic elements behave like many trace
elements in that they are strongly associated with the
exoskeleton of crustaceans (Fowler 1977, 1982). Thus,
cast moults of some benthic decapods represent an
important vector in the biogeochemical cycling of
transuranics in the marine environment, their relative
importance being a direct function of the moulting
frequency of the species.
Evidently the crustaceans Carcinus maenas and Lysmata seticaudata (Guary & Fowler 1977, 1978) can
eliminate transuranic elements by means other than
moulting. This elimination pattern fits a double exponential model with a very rapid release component
(Tbl;, = 3 to 5 d) and a slow release component (Tbl,>=
several weeks) suggesting the existence of at least 2
distinct pools of transuranics. The rapid release component possibly reflects the desorption of radionuclides
from the external surface of tissues such as exoskeleton
and gills. Bryan (1966) has demonstrated that a portion
of the zinc accumulated by C. maenas is excreted
rapidly through the gills. Similarly, gills have been
shown to be the primary site for mercury and cadmium
excretion in the crab Maia squinado (Wright 1978).The
slow release component, on the other hand, most likely
reflects the excretion of transuranic elements closely
associated with subcellular entities in internal tissues
like hepatopancreas, or with other organic components
of the non-calcified layers of the exoskeleton. A study
of the subcellular distribution of 2 3 7 Pand
~ 2 4 1 ~ in
m the
hepatopancreas of the crab Cancer pagurus has shown
that these radionuclides penetrate into the cells of the
digestive gland and are bound to inclusions of calcium
phosphate (Guary & Negrel 1981). Furthermore, incorporated transuranic nuclides such as plutoniun~have
been observed to be excreted via feces and in dissolved
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form (Fowler & Guary 1977). Various heavy metals
such as Zn, Cu, Mn, CO a n d Hg are excreted in the
urine of decapods (Bryan 1976, 1984), thus a similar
mechanism is possibly responsible for the soluble
excretion of the transuranic radionuclides.
Increase or decrease in body weight during the
course of the study could feasibly affect the radionuclide loss rate, particularly that for the compartment in
which radionuclide elimination is slow. Weight
changes were not rigorously followed in our longerterm excretion experiments; however, spot checks on
selected non-moulting shrimp and crabs made at the
start and end of depuration indicated that little or no
growth occurred during the experiments.
The possible association of transuranic elements with
the organic components of crustacean exoskeleton, like
the mucopolysaccharides, is more hypothetical, given
the relative impermeability of the noncalcified external
layer (epicuticle) which is composed of lipids a n d lipoproteins. However, losses of salts by diffusion across
the cuticle have been observed by Shaw (1961).
Further, Digby (1967) believes that calcium a n d other
ions, particularly cations, can be incorporated directly
into the cuticle from water. Under these conditions, it is
conceivable that certain transuranic elements could
also penetrate by this route, perhaps bind to the
mucopolysaccharides of the cuticle, and exit by the
same route during the depuration phase.

Transuranic element transfer via the food chain: role
of hepatopancreas
Our food chain experiments have clearly shown that
Pu, Am a n d Np are effectively incorporated into crustacean tissues after ingestion of labelled food a n d are
probably associated with various organic compounds.
All of the radionuclides accumulate initially in the
digestive gland. Data presented in Table 5 show that
the absorption efficiency for 237 PU increases with the
size of the crustaceans from about 10 O/O in the small
shrimp Lysmata seticaudata to about 33 % in the shore
crab Carcinusmaenas and even 30 to 40 O/O in the larger
crab Cancer pagurus. More probably, increases in
absorption efficiency are related to increases in the
degree of complexity of the digestive system, a n d
hence with reduction in food transit time. For example,
in the case of 2 4 1 ~ mthe
, absorption efficiency is about
2 times higher (10 to 29 %) in the more highly evolved
crabs Pachygrapsus marmoratus, C. maenas a n d C.
pagurus than in the shrimps L. seticaudata a n d Palaemon serratus (8 to 10 %). In general, the same is true for
2 3 7 P ~In. contrast, comparison of the turnover rates of
2 3 7 P and
~ 2 4 1 ~ did
m not show any major differences
between radionuclides and decapod species (Tblh= 2
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to 8 d) except for C. pagurus (ca 20 d ) . The results in
Table 5 also show that the absorption efficiency and
gut transit time for '"Np are comparable to those for Pu
a n d Am in C. maenas.
Finally, transuranic retention in crustacean hepatopancreas clearly increases with body size, especially
between the crabs Carcinus maenas and Cancer
pagurus, even though this organ does not represent a
substantially greater proportion of the body weight in
the larger decapods tested Thus, a relationship probably exists between hepatopancreatic retention of
transuranic elements and the transit time of these elements through the digestive system, the latter being a
function of the system's relative complexity. As has
been shown for various radionuclides, the elimination
rate is generally a function of the metabolic activity of
the different species. For example, in small species
with high metabolic rates a n d rapid egestion rates,
enhanced radionuclide excretion is observed. In the
case of transuranics, this is particularly noticeable
between Lysmata seticaudata a.nd C. pagurus. I t
becomes even more evident with small planktonic
crustaceans which rapidly excrete ingested transu r a n i c ~in a matter of hours (Fisher et al. 1983).
The absorption efficiencies for transuranics in marine
decapods are extremely high when compared to the
few tenths or hundredths of a percent generally assimilated by vertebrates (ICRP 1972), a n d significantly
higher than the l
of the more translocatable 237Np
absorbed by the rat (Sullivan & Crosby 1974).However,
transuranic absorpti.on is comparable to that of other
radionuclides in marine crustaceans. For example, from
a study by Odum & Golley (1963) the absorption
effici.encies for "Zn in marine isopods Idothea balthica
ingesting labelled algae was estimated to be about
30 %. For Carcinus maenas ingesting labelled polychaetes, the absorption efficiency for 60Co was nearly
50 O/O, with most of the radionuclide accumulating in
the hepatopancreas (Amiard-Triquet & Amiard 1974).
Miramand et al. (1981) also showed that Lysmata
seticaudata a n d Carcinus n~aenaswhich ingested food
labelled with 48V assimilate 20 % and 38 % of the
radionuclide, respectively. Even 1 mo after receiving
the labelled food, ca 80 O/O of the "V body burden was
located in the hepatopancreas of these 2 crustaceans.
According to Bryan (1976, 1984) a n d Wright (1978)
numerous trace elements (e.g. Cu, Fe, Zn, Cd, Mn, CO)
are commonly absorbed by marine crustaceans with
efficiencies greater than 30 O/O (except for h o m a r ~ d s ) ,
and are subsequently stored in the hepatopancreas
primarily in the form of intracellular granules. The
relatively high degree of transuranic absorption by
marine decapods may be expla.ined by at least 2 facts:
First, most of the decapods are omnivores or carnivores
and as such, have assimilation efficiencies for organic

matter of ca 80 to 90 '10 (Soldatova et al. 1969, Forster &
Gabbot 197 l , Condrey et al. 1972). Consequently the
absorption of radionuclides bound to metabolizable
nutritive compounds is facilitated. Second, there is
strong retention of transuranic elements in the digestive gland and, consequently, the overall excretion of
these radionuclides is relatively slow compared to that
in vertebrates.
Clearly the decapod hepatopancreas plays an
extremely important role in the storage of trace elements including transuranium nuclides following their
ingestion. Whatever the decapod species, between 40
to l00 % of the absorbed transuranic radionuclide is
associated with the digestive gland. Moreover, the
major fraction of Pu and Am (50 to 60 %) is associated
with calcium phosphate granules in the hepatopancreatic cells of Cancerpagurus (Guary & Negrel 1981).
Furthermore, the Pu present in the cytoplasmic fraction
is bound to low molecular weight proteins which may
belong to the metallothionein group. As in the case of
iron, Pu in the hemolymph of crabs also appears to be
associated with a circulatory protein which may be
hemocyanin (Guary & Negrel 1980). Thus, transuranium elements bound to these proteins are possibly
transported internally to other tissues such as gonads,
muscle and exoskeleton. This transfer appears to be
quite rapid judging by the very small amount of transuranic elements found in the hemolymph after contamination. In this respect, Np seems more mobile than
Am and the latter more so than Pu.
Under conditions of chronic food chain labelling with
2 4 1 ~ mthe
, transuranic nuclide is rapidly taken up,
transferred internally and accumulated in the majority
of the tissues. After ca 80 d , a n equilibrium in the body
burden is reached suggesting elimination is proceeding at a similar rate to uptake. Unfortunately, under
these experimental conditions, it was impossible to
measure the absorption efficiency toward the end of
the experiment and thus, difficult to tell whether the
steady state in net accumulation was due to decreases
in absorption efficiency or increases in radionuclide
excretion rate with time.
Depuration of tissue-bound transuranics from
decapods may be a function of 2 possible modes of
excretion: (1) the extrusion of B-cells from the
hepatopancreatlc tubules toward the tubule lumen as
described for Carcinusmaenas by Hopkin & Nott (1980),
and (2) the extrusion of microgranules present in large
amounts especially in the R-cells of the hepatopancreatic
tubules of certain decapods (Hopkin & Nott 1979).
Transuranium nuclides may b e eliminated by the first
mode at the beginning of the organism'sintermoult cycle
before calcium is stored in sufficient levels in the
hepatopancreas (Guary et a1 umpubl.).Following ecdysis when the decapods are again calcified and the
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number of microgranules has greatly increased in the
hepatopancreas, the transuranics strongly associated
with these micro-inclusions (Ca, P, Mg; Guary & Negrel
1981)could then be extruded into the tubule lumen along
with the mlcro-inclusions. In support of this hypothesis 1s
the fact that these n~icrogranulesin decapods appear to
effectively sequester many heavy metals (Simkiss 1916,
Hopkin & Nott 1979, Guary & Negrel 1981). This proposed excretion mechanism in decapods is thus analogous to the processes of metal detoxication observed in
other marine invertebrates (Cooinbs & George 1978).
Marine invertebrates eliminate many metals, previously
concentrated in the kidney or digestive gland, by excretion of vesiculesand granules. In the majority of the cases,
these metal-containing granules are eventually
extruded from the cells and transferred into the lumen of
the digestive gland, intestine or other excretory organs
(Simkiss 1976).
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