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Abstract. Cadmium (Cd) and methylmercury (MeHg) trophic Dubois 1995). This filter-feeder has an average lifespan of 3
transfers were analyzed between the Asiatic claorbicula  years, with shell sizes at the adult stage measuring from 1 to 5
flumineaand the crayfisi\stacus astacuddetal bioaccumula- cm. C. fluminealives buried in the upper layers of sediments,
tion in crayfish was quantified after 5, 10, and 15 days offiltering large volumes of water, about 10 L/clam/day on
exposure via daily ingestion of soft bodies Gf fluminea, average, for respiratory and nutritional purposes (Wayl.
previously exposed during 7 days to Cd (20 pgHLand  1990). This bivalve is thus able to accumulate very large
MeHg (4 ug - L'). Bioaccumulation kinetics in the predator guantities of metals and is used in many ecotoxicological
were investigated at organ and tissue levels: hemolymph, tady,dies both at field level, on endemic or transplanted popula-
muscle, hepatopancreas, gills, stomach/mesenteron, intestingns, and in the laboratory in indoor microcosms or artificial

green gland, carapace. Trophic transfer rates were estimated eams (Granest al. 1984; Belangeet al. 1986; Dohertyet al.
the whole organism level. Results showed marked difference$ggg. |nzaet al. 1997 Baudrimonet al. 1997- Andreset al.

(1) in assimilation efficiencies, mean transfer rates being 5% fo 999).
Cd and 16% for MeHg; and (2) in the metal distribution within

the different tissue compartments of the crayfish: for Cd, th%h
trophic uptake leads to high concentrations in the hepatopar’B
creas and small accumulation in the muscle tissue; for MeH

Given its bioaccumulation capacities, its invasive nature, and
e very large biomasses found in the natural environment, this
enthic species represents an important contamination source

the highest levels of bioaccumulation occur in the green glan or pr.edator_y SPecies over a very wide area. Spme su.ch Species
and in the tail muscle. From an ecotoxicological point of view mentioned in the available literature are certain species of fish
these experimental data suggest a small risk of Cd transfdPream, tench), cru;taceans (crayfish), land mammals (muskrat,
between the crayfish and predators, humans included; on tHePYPY), and some birds (Coviet al. 1981). _
other hand, Hg distribution in the muscle and accumulation " this study, we have set up at laboratory level a comparative

trends in this tissue represent an obvious risk of transfer. analysis of the trophic transfer of two metals, cadmium (Cd)
and the monomethylated form of mercury (MeHg), betw€en

flumineaand the crayfishAstacus astacu&. This crustacea
decapoda was once very plentiful in Europe but has been

gradually ousted by two introduced species, the crayfish

Among the invasive species present in freshwater SyStem?eptodactylusand, more recently, the red swamp crayfish

bivalves occupy an important place in the colonization proceSfProcambarus clarcki (Streit 1998). Whereas in the case of

Olgré?;fer?and o:err::lcfr em\//:/rrcl)izhm(iesmtz dall_lkf% utr?; aﬁi%aan'gusi’zelmercury, or more precisely MeHg, a large amount of data has
( polymorpha y y indicated that the trophic route predominates in respect of the

Canada (Great Lakes, St. Lawrence river, etc.) and northern A - . ]
Europe, the Asiatic clanCorbicula flumineaoriginated in contamination of predatory species (Boudou and Ribeyre 1997;

China and was introduced into North America some time prior‘]aCk.Son 1998), t.ro.ph|c' transfer stu.dles'wnh Cd have §hown
onsiderable variation in the perceived importance of dietary

to 1930, where it developed invasive dynamics and has now . ] . )
become a major component of benthic communities south of XPOSUe routes (Canli and Furness 1995; Deival. 1995;

latitude 40°N (Counts 1986). It first appeared in Europe around<raal ét al. 1995; Munger and Hare 1997). In our experimental
1980 and is now present in very high densities in the majority ofconditions, metal transfers in crayfish were quantified after 5,

rivers, channels, and lakes in southwest France (Mouthon 19810, and 15 days of exposure via daily ingestion of soft bodies of
C. flumineapreviously exposed to Cd or MeHg. Bioaccumula-

tion kinetics were analyzed at organ and tissue levels (eight
compartments); trophic transfer rates were estimated at the
Correspondence té. Boudou whole organism level.
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Materials and Methods The crayfish were fed Cd- or Hg-contamina&dflumineawith a
ration of one bivalve per day. The soft body of the bivalve weighed on
. . . average 0.4 g (FW), or about 4% of the mean individual mass of the
Collection of the Bivalve Preg. fluminea crustaceans. These conditions were similar to the food rations given
and Direct Exposure to Cd and MeHg under semi-intensive breeding conditions. Each bivalve introduced into
the EUs was weighed (soft body shell) after the shell was opened

About 1,000 adulC. flumineawere collected from a reference site on @nd the water in the palleal cavity eliminated; this enabled us to
the banks of the Cazaux-Sanguinet freshwater lake (Aquitaine, Francejjetermine later the biomass ingested by each crayfish.
This is an oligotrophic lake, with very little agricultural and industrial ~ Each day, two-thirds of the water column in the EUs was renewed,
activity in its catchment basin. Average clam density was about socnd at the same time, the surface of the sand compartment was cleaned,
individuals - m2 An initial selection was made at the lake: the in order to minimize variations in the abiotic conditions and reduce the
bivalves were then transported to the laboratory in cool boxes fillediSk Of contaminating the crayfish via the direct route, possibly via
with lake water and constantly aerated. After a 3-day stabilizationmeta_' tra_msfers in the_water column from urine and feces and/or the
period, homogeneous batches were made up, with selection beinfg@stication of contaminated prey.
based on the maximum anteroposterior length of the shell, between 1,5 Three exposure durations were selected for the two metals: 5, 10, and
and 2.0 cm. 15 days. Three crayfish were used for each condition, with a total of 18
Cd or MeHg exposure was carried out in two experimental unitsindividuals. After each exposure period, the corresponding batches of
(EUs) of 30 50 X 40 cm, containing 45 L of dechlorinated tap water, Crayfish were left in the EUs for 48 h without being fed, in order to
permanently aerated by a diffuser; a sediment compartment, 5 cm deep?SUre that the whole of the digestive tract was emptied and to prevent
made of pure sand (98% silica; granulometry: 0.8-1.4 mm, Silag®" overestimation of truly biologically incorporated metal (Langston
Gironde, France), and 120 fluminealt is very important that there is @"d Spence 1996). Each crayfish was then sampled and weighed (total
a substratum in which the bivalves are able to burrow, as this notably, V) after eliminating surface water with absorbent paper. Organs or

increases filtration activity (Tran 1997). The EUs were placed in tank issue samples were taken from each individual in order to determine
with automatic monitoring of temperature (200.3°C) and photo-

the organotropism of the two metals: hemolymph by aspiration using a
: : 1-ml syringe, with the needle pushed into the articular membrane of the
12 hligh .
period ( 'ght/day) ;ifth leg; tail muscle (whole); hepatopancreas or digestive gland
(whole); gills (all six pairs); stomach (all of the stomacal pouch and
mesenteron, which in the crayfish is very small); intestine (whole);

green gland (whole); and carapace (sample collected from the dorsal

For each metal, EU contamination was based on an initial addition o

adapted volumes of aqueous solutions of cadmium (§d@rck, 10

mg - L) or methylmercury (CRHgCI, Merck, 5 mg Hg - L%, in

order to obtain nominal concentrations of 20 and 4 pgh kespec-

tively. These conditions were selected based on previous experiment%lf)ne of the cephalqthorax). ) .

studies, so that after 7 days of exposure bioaccumulation levels in the As well as coIIeCtlng the crayfish, the shells of the bivalves Ieﬁ onthe

soft bodies of the bivalves would be compatible with significant trophicsurf"ﬂ:.e of th? sand in the EUs were also sampled and weighed to

transfer studies (Inzat al. 1997). Contamination pressure was kept quantify the biomass of the soft bodies consumed by each predator.

constant throughout the exposure period by means of daily additions of

aqueous Cd and MeHg solutions, adjusted according to the decrease in

metal concentration, as determined from Cd and Hg concentrationg:admium and Mercury Analysis

measured on water samples collected at the end of each 24-h cycle.

At the end of the exposure duration, the bivalves were collected and . . .

stored at—=20°C. Three animals from each EU were used to determineThe biological samples—vyhole soft t_>od|e_s of the cla_m_s; organs or

Cd and total Hg concentrations in the soft bodies. tissue samples of the crayfish—were first digested by nitric acid attack
(3 ml of pure HNQ, Merck) in a pressurized medium (borosilicate

glass tubes) at 95°C for 3 h. After dilution of the digestates up to 20 ml

with ultra-pure water (MilliQ plus), metal concentrations were mea-

. sured by atomic absorption spectrophotometry. Cd determinations

CO”eC_tlon of the Crustacean Predatér astacus were ma)(lie on a Varian A&4OO ezuippepd with a m)gdel GTA 96 graphite

and Dietary Exposure to Cd and MeHg tube atomizer and autosampler. Samples of 10 pl from the diluted
digestates were taken for the determination and mixed before atomiza-

The animals used in this study were specimens of the freshwateifon with 4 ul of a “50% Pd+ 50% Mg(NQ,),"” mixture, to facilitate

crayfishA. astacus ., obtained from a breeding company in northeast- removal of the matrix. The detection limit in our analytical conditions

ern France (Frankhauser, Sarreguemines). They were all 1-year-ollas 0.1 ug - L. Total Hg determinations were carried out by flameless

males. They were acclimatized in the laboratory for a period of 2atomic absorption spectrometry (Varian M 6000). A bromine salt

weeks; this also allowed them to become used to feeding on defrosteiieatment was applied to water samples and diluted digestates before

bivalves, which were put into their tanks daily with the shells opened.the addition of stannous chloride (Fareyal. 1978). The detection

Preliminary studies have shown that crayfish predation is markedlyimit was 10 ng Hg - ! within the analytical range 25-150 ng

inhibited if the soft bodies are introduced without their shells. Hg - L% The validity of the analytical methods was checked periodi-
Before the beginning of the experiment, the animals were sorted tgally by means of two standard biological reference materials (TORT-2,
give a homogeneous batch of 18 animals: 10.24.2 g (FW). lobster hepatopancreas, and DOLT-2, dogfish liver from NRCC-

The comparative study of trophic transfer of the two metals wasCNRC, Ottawa, Canada). Values for Cd and Hg were consistently
based on the crayfish being kept in individual glass containergvithin the certified ranges for each element (data not shown).
(12 X 12 X 30 cm) containing 3 L of dechlorinated tap water and a
sand compartment (5 cm deep). By isolating the organisms in this way,
it was possible to monitor very closely the amounts of food consumed .
by each predator throughout the experiment. The water column in eachata Analysis
EU was constantly aerated to ensure that the medium was saturated in
oxygen, an important parameter for the ecophysiological requirementMeans and standard errors of the mean (SEM) were calculated for all
of this species. The EUs were placed in regulated tanks similar to thosthe parameters. Paired comparisons between Cd or Hg concentrations
described above; only the temperature was different, in accordanceeasured in the different control organs and contaminated crayfish (15
with the thermal preference of this species:#16.3°C. days) were made with the Studertttest at p< 0.05 or 0.1. The effect
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of exposure duration on metal bioaccumulation in the organs waJable 1. Quantities of cadmium (Cd, pg) and mercury (Hg, pg)
analyzed by multiple linear regression (STAT.ITCF software). ingested by the crayfish via the contaminated clams during the three
exposure durations (meanSEM, n= 3)

5 days 10 days 15 days

Results Cd burden (ug) 9.3%* 0.62 17.39+ 0.16 24.34+ 1.1
Hgburden (ng)  6.93 0.50  13.54+ 0.96  19.11+ 0.53

Cd and Hg in Prey and Estimation of Dietary Input

After 7 days of exposure, the average metal concentration 3000
measured in the whole soft bodies®@fflumineavere 4,850+ 2500 |
221 ng - gt (FW) for Cd and 3,37G- 79 ng - g* (FW) for Hg
(ratio FW/DW = 5.5). Background average levels were 198
33 ng Cd - gt and 110+ 30 ng Hg - g* (FW). No mortality
was observed in the two batches of contaminated clams.
Twice-daily observations carried out on all the EUs contain-
ing the crayfish confirmed the efficiency of the predation, as 500 |
each soft body introduced with its shell was consumed befort
the new batch was added. Based on the mean concentrations
the two metals measured in the bivalves and on the weight c
the soft bodies ingested by each crayfish, the metal burder
brought in via the food could be determined for each of the
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The distribution of the two metals among the different tissues o
the control and contaminated crayfish after 15 days of trophic
exposure are shown in Figures 1A (Cd) and 1B (MeHQ).Fig. 1. Mean cadmium (A) and mercury (B) concentrations in the eight
Bioaccumulation is expressed as average metal concentratiodfgans of the crayfishAstacus astacusmeasured at time zero

in the organs. In paired comparisons, Cd distribution in the(background level/icontrols) and after 15 days of exposure via the
control and the contaminated crayfish was significantly differ-trophic route. G: gills; M: tail muscle; HP: hepatopancreas; GG: green
ent in the gills, hepatopancreas, and stomach<ai0p05; inthe ~ gland; S: stomach; I: intestine; C: carapace; H: hemolymph. Vertical
tail muscle and hemolymph at @ 0.1; but the green gland, bars: standard error _of mean (SEM); *significant _diffg_rences_ between
intestine, and carapace showed no significant differences. TH@NIrols and contaminated crayfish atp0.05; **significant differ-
highest Cd concentrations were observed in the different organ%1ceS atp=0.1

of the digestive tract: 2,250 ng ~§(FW) in the hepatopancreas

(x5.3/control), 1,125 ng - ¢ (FW) in the intestine X 6.6), and The bioaccumulation kinetics of Cd and MeHg in the eight
615 ng - g! (FW) in the stomach X7.0). Even though Cd organs studied are shown in Figures 2 and 3, respectively. Note
bioaccumulation in the muscle was significantly higher than thehat for the hemolymph, the absence of regression models is due
background levelX 3.8), concentrations measured in this tissueto the loss of samples collected at time 10 days; for the gills and
compartment after 15 days of feeding exposure remained verlgepatopancreas after Cd contamination (Figure 2), no signifi-
low, at about 20 ng - ¢ (FW). As can be seen in Figure 1B, cant models were obtained, except polynomial model of the
mercury distribution in the principal organs of the crayfish wasthird order, which were not representative of the biological
markedly different from that described earlier for Cd. Mean processes studied. Once again, very marked differences emerged
concentrations measured in the majority of tissues, apart frorbetween the two metals. Observation of trends for Cd concentra-
the hepatopancreas, were significantly greater than the refetions (Figure 2) reveals no significant effect of the variable
ence values determined in the control animals. The highestexposure duration”in the green gland and the carapace. In the
concentration was observed in the green gland (2,510 n§ - g case of the other organs, however, with the exception of the tail
FW), and then a relatively homogeneous bioaccumulation iimmuscle (exponential trend), the evolution of concentrations
the other tissue compartments—qills, tail muscle, hepatoparshows a plateau tendency after 10 days. A closer analysis of the
creas, stomach, intestine—with mean values being between 5@ffaphs, especially the comparison between the regression
and 1,000 ng - g (FW). The most marked differences in models and the broken lines joining mean concentrations,
relation to the organotropism of Cd were in the green gland, andeveals that for the gills, tail muscle, hepatopancreas, hemo-
in particular the muscleX92/control level). For both metals, lymph, and intestine, there is a very low increase, or even an
concentrations measured in the hemolymph were very low (4bsence of Cd bioaccumulation after 5 days’ contamination of
and 16 ng - g* FW for Cd and Hg, respectively). the crayfish via the trophic route.
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In the case of mercury (Figure 3), concentrations in thetaken for metal dosage. In the literature consulted, there was no
majority of the organs (gills, intestine, tail muscle, green glandavailable data relating to the relative mass of the tissue
stomach) show an increasing linear trend. In the hepatoparcompartments of the crayfish; we therefore used a batch of
creas, bioaccumulation is very low, with the regression modebknimals similar to those used during this experiment, to carry
showing no significant influence of the “exposure duration” out a very careful dissection of all the muscle tissue—talil
factor. As for Cd, the regression model reveals no significantmuscle, muscles in the five pairs of legs and in the cephalo-
effect of the exposure duration in the carapace. It is important téthorax—in order to determine the total biomass of this tissue.
stress that unlike Cd, there are no latency phenomena in th€he weight of the entire carapace was also estimated (external
bioaccumulation processes, and all the mean concentrations o&rapace of the cephalothorax, legs and abdomen, ventral
Hg measured after 5 days of contamination were significantlyapodemes of the cephalothorax). For the hemolymph, mass was
higher than the control values, with the exception of thedetermined at the end of dissection from the difference between
carapace and the hepatopancreas. the initial weight of the animal and the total weight of all the

In parallel with the study of bioaccumulation based on theorgans and tissues sampled, taking into account also the
concentration criterion, analysis of metal burdens in the differ-quantity of haemolymph drawn off. Table 2 shows the relative
ent tissue compartments provided complementary data, takingiean masses of the different organs or tissues analyzed, based
into account the very wide disparity between the biomassesn fresh weight.

When the organ samples were taken from the crayfish, several Cd and Hg relative burdens in the eight tissue compartments
were collected whole, and the weight data enables us tof the crayfish at time zero and after 15 days exposure via the
calculate directly the Cd and Hg burdens, based on thérophic route are shown in Figure 4. It is important to remember
measured concentrations. For the muscle tissue, the hemthat the values of the metal burdens correspond to estimates for
lymph, and the carapace, however, only fragments had beethe muscle, the hemolymph, and the carapace, which are based
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Table 2. Average relative fresh weight (%) of the different organs or tissue compartments of the chayditiacus

Gills Muscle Hepatopancreas Green Gland Stomach Intestine Carapace Hemolymph

1.9% 15.7% 4% 0.3% 2% 0.5% 47.6% 28%

on extrapolations from concentrations measured in samplei® contaminated organisms when the background level is not
taken during dissection and which presuppose a degree afeducted and does not appear in the diagram corresponding to
homogeneity of distribution of the two metals throughout therelative Cd burdens really bioaccumulated during the experi-
respective tissue compartments. ment. The hepatopancreas plays an important role: it represents
At time zero, the cadmium is localized for the most part in thealmost 80% of the total burden of accumulated Cd in the
carapace, which represents more than 60% of the total burdenrganisms. The whole of the digestive tract (stom&dhntestine)
on the scale of the whole organism; 30% of the Cd iscontains 16% of the Cd; the other organs have very low relative
accumulated in the hepatopancreas. After 15 days of trophiburdens, ranging from 2.7% (gills) to 0.08% (green gland).
exposure, the two methods of calculating relative burdens with In the control animals, Hg relative burdens in the carapace
or without deduction of background levels show considerableand the hepatopancreas predominated and were similar to those
differences, mainly because of the quantities of metal in theobserved for Cd (62% and 30%, respectively). After 15 days of
carapace. In view of the relative mass of this compartmentrophic exposure, the carapace represented only 26% of the total
(47.6%) and the absence of Cd bioaccumulation at the end dfig burden in the organisms. We should recall that the regres-
the experiment, the carapace represents 9.5% of the total burdsion model that was established based on data measured during
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the experiment revealed no significant effect of the “exposurethe controls. For mercury, data suggest direct or/and trophic
duration” factor on Hg concentrations in the carapace (Figureuptake of inorganic Hg.
3); in this instance, as was the case for Cd, the relative burden,

after deduction of the background level, should be nil. In fact,
the values measured indicate a slight increase in concentratiofigstimation of Cd and Hg Transfer Rates Between

(Figure 1B), which is amplified when the burdens are calcu-Prey C. flumineg and PredatorsA. astacuy
lated, due to the large biomass of this tissue; thus, the carapace
represents 8% of Hg accumulated in the organisms at the end dhe rates of trophic transfer of the two metals were determined
the experiment. Unlike Cd, the predominant tissue compartment isom the total burdens accumulated in all the tissue compart-
the muscle, which contains more than 70% of the Hg total burdemments of the crayfish, background levels having been previously
after deduction of the background level, whereas the average relatiéieducted, and burdens brought in via the soft bodies diitreves.
burden in the hepatopancreas is less than 6%. As mentioned above, these calculations are based on extrapola-
The marked differences in relative burdens between contrdifions, especially for the carapace compartment, the hemolymph,
and exposed crayfish could be linked to the exposure conditionand the muscle. For the first two of these, potential errors are
during the rearing or farming period (indoor for the young negligible, given the very low level or the absence of bioaccu-
crayfish and outdoor ponds for the adult stage). Thus, for Cdmulation of the two metals in our experimental conditions; for the
uptake from water could be the predominant exposure route fomuscle, on the other hand, the quantities of Hg are vepportant.
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After 10 and 15 days of contamination, the mean rates of Cd991). However, several studies have shown the high induction
transfer between prey and predator were 6.0% and 4.4%gapacities of the biosynthesis of metallothioneins in crustaceans
respectively. After 5 days, on the other hand, the mean raten response to an intracellular accumulation of Cd in the
estimated was very much lower, at less than 1%. For the MeHgligestive gland (Roesijadi 1992); Cd complexes with these
values after 5, 10, and 15 days were 14.5%, 18.5%, and 15.7%ytosolic proteins have been found in two genera of crayfish:
respectively. Procambarus clarki(Martinezet al. 1993) andAustropotamo-

bius pallipes(Lyon 1984). Given their capacity for Cd seques-

tration and because the entry flow of the metal is compatible
Discussion with the biosynthesis rates of metallothioneins, below the

spillover situation, these cytosolic proteins may take on a
Average transfer rates of cadmium between the soft bodi€s of protective role vis-avis other cell sites (enzymes, organite
flumineaand the crayfish, estimated after 10 and 15 days ofmembranes, nucleic acids, etc.) (Roesijadi 1992).
contamination at the whole organism level and after a 48-h The kinetic approach to the evolution of Cd concentrations in
delay following the last food intake, are close to 5%. This valuethe different organs of the crayfish suggests the attainment of
is low, but is nevertheless in agreement with the data availableteady state in metal bioaccumulation in several organs after 10
in the relevant literature, which show assimilation efficienciesdays’ exposure: gills, hepatopancreas, stomach, intestine. Given
of less than 10% (Shaikh and Smith 1980); thus, the maximunthat the time of steady state is mostly governed by the rate of
dose tolerable to man of 1 pg Cd - Kg day !, as defined by  depuration, these results indicate a rapid depuration of Cd from
the World Health Organization, is based on the postulate thathe organisms. The kinetic approach also reveals a very low rate
5% of ingested Cd is absorbed independently of the dose abf bioaccumulation or even an absence during the first 5 days of
ingested metal (WHO 1992). Note, however, that data giving @&xposure via the trophic route: only the stomach presented an
quantitative estimate of Cd transfer rates between contaminatealerall increase in Cd concentrations ). It is difficult to
prey and aquatic invertebrates are rare. In fact, the majority ohccount for this phenomenon, given that the contamination
published studies are based on measurements of concentraticsenditions for the crayfish are based for the first exposure
of the metal in prey and predators, at whole organism and/oduration on five successive additions of prey rich in Cd. At the
organ level, without determining Cd burdens, from which present time, our knowledge of the structure of the digestive
transfer rates could be calculated. tract in decapod crustaceans and the mechanisms involved in

Thus, our results show that, despite the high bioaccumulatiodigestion show that during the first stage (about 12 h in the crab
capacity of Cd in the soft body @. flumineametal quantities Carcinus maengsthe food is ground up in the gastric mill,
accumulated in the crayfish are fairly limited overall and themixed with enzymes produced by the hepatopancreas, and
risks of transfer in respect of predators are therefore low. Irsorted into two fractions: (1) the coarse fraction, containing all
relation to humans, these risks are even smaller, because whearticles greater than 100 nm in diameter, is passed directly to
crayfish is eaten, most of the ingested food consists of musclthe midgut; (2) the fine particles and liquids enter the hepatopan-
tissue—tail muscle and muscles inside the claws at the end afreas, where peritrophic membranes prevent particulate mate-
the first pair of locomotive legs—where Cd concentrations areial from contacting the epithelium. During the second stage
very low (20 ng - gt FW after 15 days). Nevertheless, Cd (12-48 h after feeding), numerous mature B cells from the
concentrations are exponentially increasing in the crayfisthepatopancreas are extruded into the lumen, isolated from the
muscle tissue; the contamination period adopted in the preseepithelium by the production of a new peritrophic membrane,
feeding experiment being quite low, it could be under muchtransferred into the midgut, and then voided. During the last
longer field exposure conditions a significant increase of thestage, all the material derived from the hepatopancreas is passed
metal food chain transfer. However, the limits allowed for foodto the hindgut and then voided (Barker and Gibson 1977;
consumption of Cd in molluscs, crabs, or other crustaceans atdopkin and Nott 1980). Given these processes, the fact that we
between 1 and 2 pg —¢ FW; for the fish muscle, the norm is observe an accumulation of Cd solely in the stomach and the
0.1 pg - g FW (Boisset 1996). At the end of the experiment, mesenteron (sampled together) after the first five feeds could
concentrations measured in the hepatopancreas were greatirive from direct transfers of bioavailable Cd in the gastric
than 2,000 ng - gt (FW) or 10,600 ng - g* (DW), as this tissue  cavity, as a result of acidic pH conditions and the enzymatic
compartment contains 80% of the total amount of metaldigestion within this organ; nevertheless, the majority of the
accumulated in the whole organism. These results are ifngested metal is not fixed in this part of the digestive tract, and
agreement with data published on other aquatic species: fdhe estimated transfer rate indicates that more than 90% of
example, crabsGarcinus maengsfed with Cd-richArtemia  ingested metal is eliminated, probably via the feces. It is
salina(Jennings and Rainbow 1979); Norway lobsté&tsighrops  difficult to imagine that there is much Cd absorption through the
norvegicu} fed with liver tissue from albatrossD{omedea digestive barrier during this phase, absorption that would then
exulan$ (Canli and Furness 1995); lobstePafiulirus cygnus  be counterbalanced by the almost total elimination via other
fed with Cd-enriched musselMgtilus eduli§ (Francesconet  excretory routes, without there being a significant degree of
al. 1994); and red swamp crayfisRrobcambarus clark)i fed accumulation in the hepatopancreas. The digestive gland is
with contaminated duckweed€mna gibb(Devietal.1995).  involved in nutrient absorption, storage, transport to the hemo-
In our experimental conditions, Cd concentrations measured itymph, and the synthesis of proteins/enzymes for secretion.
the hepatopancreas after 15 days can lead to toxicologicdlhis absence of Cd accumulation in the hepatopancreas after 5
effects; indeed, inA. astacus,Cd concentrations of almost days and, in contrast, the high concentrations observed after 10
500 ng - g* (FW) in the hepatopancreas, after exposure via thedays (<8) could be attributed to an evolution of the metal
water source for 10 weeks, can lead to structural impairmentfixation sites in the digestive gland of the crayfish, where two
and the lowering of oxidative enzyme activities (Mewral.  types of sites are distinguished: during the first phase, the Cd
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may be sequestrated on the structures at the interface with thikis organomercurial, based on experimental approaches (Bou-
lumen of the hepatopancreatic tubules, which are rapidlydou and Ribeyre 1997). For example, after 30 days, rainbow
extruded after feeding (peritrophic membrane, B cells), androut alevins Onchorynchus mykiyged with daphnia previ-
these may be responsible for the elimination of the Cd after th@usly exposed to MeHg or Hgll showed mercury transfer rates
48-h delay following the last feed; during the second phaseclose to 90% and 40%, respectively (Boudou and Ribeyre
after the fifth feed in our experimental conditions, the Cd could1997). Results from Mascet al.(1996) showed that MeHg in a
reach more stable cell structures (with a longer lifespan) in theoastal diatom was assimilated by zooplanktonic copepods four
hepatopancreatic tissue, such as the R cells, with some of thimes more efficiently than was inorganic mercury; the trophic
metal crossing the digestive barrier and reaching the hemolymyransfer rates were 62% and 15%, respectively. A possible
phatic compartment, with transport into other organs (gills,demethylation of the MeHg during exposure of the bivalves
mUSC'e) where metal concentrations increase Significantly dur(enzymatic transformation by bacteria or photochemica| mecha-
ing the last 10 days of exposure. Histochemical observations aiisms) and/or during bioaccumulation in the different tissue
Cd accumulation in the crayfisA. astacus,based on the compartments of the soft body, as has been described for
autometallographic procedure of Danscher (1984), have showgeveral fish species (Jackson 1998), could be the reason for the
that Cd deposits in the digestive gland were found in the apicajransfer rates obtained in our experimental conditions. Neverthe-
cytoplasm of the epithelial cells, mostly the R cells, after 10jegs, the daily additions of MeHg into the tanks containing the
weeks of exposure (Meyet al. 1991). _ clams, in order to compensate for the decrease in the metal
The absence of any accumulation of Cd in the carapacguncentrations in the water column, and the short exposure
during the 15 days of exposure indicates that contamination ofj;ration (7 days) tend to minimize the importance of the

the crayfish was predominantly via the trophic route. Indeedyemethyiation processes. Moreover, the organotropism of the
when the crustaceans are exposed to Cd from the surroundingeta) in the crayfish, in particular the accumulation in the

medigm, concentrations measurgd at the level of the carapacf ,scje compartment, which represents more than 70% of the
are high (Meyeret al. 1991; Canli and Furness 1995). After total burden at whole organism level, follows a similar pattern.

contamlnanon.wa th‘? direct r_oqte A astacus,relauvg The structural and functional properties of the absorption zones
burdens of Cd in the gills were similar to those measured in th%n the digestive barrier of the crayfish may also play an
important role in mercury assimilation efficiency. In contrast to

about 10 times lower than those measured in the hepatopa%\je results from Cd, Hg burdens in the hepaFopgncreas, whichin
. astacusrepresents the preferred assimilation route of the

creas, thus confirming the predominance of the trophic route. In " . o .
these conditions, the Cd accumulated in the gills derives fro utrients, are very low (6% after deducting background level).

) . .néeveral experimental approaches have shown, especially in
an internal source, via the hemolymph. Metal transfers of th|§ish that t‘i)1e intestinalp%arrier is very permeablg to tze

kind have been seen in the green cr@arcinus maengsafter S
injection into the hemolymph or perfusion of isolated gills methylated form of Hg, whereas the rate of assimilation of Hgll

(Laporte 1997). Cd concentrations and burdens measured in e Very low, less thfin 10%. In ”“S. case, the MeHg WOUI.d be
crayfish hemolymph after the three exposure durations studie'a‘lpIOIIy transferred Into the other tissue compartments, via the
in our experiment were very low: in fact, the hemolymph very hemolymph, with a very lOW, level of storage in the hepatopan-
quickly deals with the transfer of the metals between the uptak&'€@S after 15 days of trophic exposure. As was the case for the
routes into the organism and the storage compartments; it hasef: concentrations of Hg in the carapace did not increase
negligible sequestration capacity compared with the metaf;lgnlflcant_ly during the 15 days_ of_contamlnatlt_)n, t_hus |r_1d|cat-
burdens accumulated at whole organism level (Rtal and Truchdfd the minor role played by indirect contamination, via the
1996: Laporte 1997). presence of Hg in the water column. The background level of

Our results revealed no significant increase in Cd concentrdle gills, on the other hand, increased by a factor of almost 15;
tions in the green or antennal glands. However, such glanddS Was shown earlier, the hypothesis of metal transfer via the
play an important role in the excretory processes in crustacean§emolymph may be put forward, given the abundant irrigation
the urinary fluid produced originating from filtration, resorp- of the gill lamella. . o
tion, or secretion of selected substances. The excretory organsUnlike the Cd, the linear increase for MeHg concentrations in
usually accumulate large quantities of Cd, especially in fish andhe majority of the organs suggests a very slow depuration rate,
mammals: for example, uptake and tissue distribution of dietaryvhich is consistent with the literature (Boudou and Ribeyre
Cd by carp Cyprinus carpid show that the kidneys have the 1997). High accumulation of MeHg in the muscle of the
second highest accumulation levels, less than the gut and a lor§gayfish may represent an important trophic transfer source for
way ahead of the liver (Kraadt al. 1995). Several hypotheses the predatory species and particularly for humans, who con-
can be put forward in the case of the crayfish, in particular thééume this tissue almost exclusively when eating these crusta-
excretion of Cd by other routes (nephrocytes in the gills,ceans. This transfer potential is all the greater when the
integument, digestive glands) or a delayed role on the part ogvolution trend of the mercury concentrations in the tail muscle
the green gland, as the Cd does not accumulate in this excretoi§ almost linear, thus increased bioaccumulation can be ex-
organ until after a longer exposure duration. pected when the exposure duration should increase.

Our experimental approach to mercury trophic transfers Our results also revealed in the organs Af astacusa
between soft bodies @. flumineapreviously exposed via the significant increase in Hg concentrations from time 5 days, with
direct route to the methylated form of the metal and crayfishthe exception of the hepatopancreas and the carapace. The
shows a mean transfer rate of 16%. This transfer rate may babsence of a latency period for the methylmercury was also
considered low compared with available data in the literature observed in shrimgCrangon crangonfed with contaminated
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mussels: Hg accumulated immediately in numerous organBoudou A, Ribeyre F (1997) Mercury in the food web: accumulation

(Riisgard and Famme 1986). and transfer mechanisms. In: Sigel A, Sigel H (eds) Metal ions in
biological systems. Marcel Dekker, New York, pp 289-319

Canli M, Furness RW (1995) Mercury and cadmium uptake from the
seawater and from food by the norway lobstephros norvegicus.
Environ Toxicol Chem 14:819-828

. ~Counts C (1986) The zoogeography and history of the invasion of the

The importance of food as a source of trace metal uptake in  ynjted States b orbicula fluminegBivalvia: Corbiculidea). Am

aguatic organisms depends on a combination of biological Malacol Bul 2:7—39

characteristics of the prey and predator species, as well as tfgovich AP, Dye LL, Mattice JS (1981) Crayfish predation Gor-

chemical nature of the metals involved. Our experimental study  biculaunder laboratory conditions. Am Midl Nat 105:181-188

of cadmium and methylmercury trophic transfers between théanscher G (1984) Autometallography: a new technigue for light and

Asiatic clam C. flumineaand the crayfishA. astacusshows electron microscopic visualization of metals in biological tissues

marked differences in assimilation efficiencies—5% for Cdand ~ (gold, silver, metal sulphides and metal selenides). Histochem

16% for Hg—and also in the metal distribution within the  81:331-335 _ _

different tissue compartments of the predator. From a toxicologiP€V! M. Thomas AT, Barber JT, Fingerman M (1995) Accumulation

cal point of view, the trophic intake of Cd leads to a high degree and physmlogma_l and b'oc.hem'cal.eﬁeCtS of C_adm'um ina simple

Co . . . . aquatic food chain. Ecotoxicol Environ Saf 33:38—43
of accumulation in the digestive gland of the crayfish, which

. . . . . . Doherty F, Failla M, Cherry D (1988) Identification of a metallothionein-
can give rise to structural and functional disturbances in this ;o heavy metal binding protein in the freshwater bivalve

organ, depending on the efficiency of the sequestration pro-  corpicula flumineaComp Biochem Physiol C 97:113-120
cesses of the metal, notably via the induction of metallothioneibupois ¢ (1995) Biologie et demelogie d'une espee invasive,
biosynthesis. On the other hand, the risks of transfer into the  Corbicula fluminegmollusca: bivalvia) originaire d'Asie étede
predators, humans included, are relatively small, as after 15 in situ (canal lateal de la Garonne, France) et en canal expen-
days of contamination the muscle tissue contains only 2.5% of tal. PhD thesis, Univ Toulouse (France)

the Cd burden in the whole organism. For the MeHg, on theFarey BJ, Nelson LA, Rolph MG (1978) Rapid technique for the
other hand, the highest concentrations are observed in the green breakdown of organic mercury compounds in natural waters and
gland, the excretary organ in crustaceans, and, taking into effluents. Analyst 103:656-659 _

account the background levels, the highest level of bioaccumuFrancesconi KA, Moore EJ, Edmonds JS (1994) Cadmium uptake from
lation occurs in the tail musclex(90) with a tendency for seawater and food by the WeSt_em rock lob&tanulirus cygnus.
concentrations to increase close to linearity; this organotropisr?3 Bull Environ Contam Toxicol 53:219-223

reor nts an obvi risk of mercury transfer into the predator raney RL Jr, Cherry DS, Cairns J Jr (1984) The influence of substrate,
€p (_ase s_a 0 . ous risk ofmercury transter into the predators pH, diet and temperature upon cadmium accumulation in the
and in particular into man.
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Wat Res 18:833-842
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