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ABSTRACT

The New Caledonian lagoon is submitted to intensavin metal input from land-based Ni
mining. Therefore, the use of sentinel speciedrangly recommended in order to develop
and implement coastal zone management programmedbeofnetal contamination. The
tropical oysterdsognomon isognomon andMalleus regula and the clanGafrarium tumidum
were previously proposed as such possible sertimgainisms and were thus investigated in
this context. The three species were exposed toidNseawater or food using radiotracer
techniques. Results indicate that uptake and ietegfficiencies of Ni are independent of the
dissolved Ni concentrations in the surrounding sgaw Hence, for the three species, body
concentrations of Ni taken up from the dissolvedgggh are directly proportional to the
ambient dissolved concentrations. Biokinetic patendicated that the major part of Ni was
rapidly lost from bivalves during the first daysadépuration, whereas 7 to 47 %°8fii were
retained in tissues with a biological half-life regnificantly different from infinity. Finally,
feeding experiments showed that Ni ingested witddf(phytoplankton) was assimilated more
efficiently in clams (assimilation efficiency, AE &1 %) than in oysters (AE = 17 %), and
was strongly retained (J, = 35 d) in the tissues of both bivalves. It is coded that the
investigated species examined are efficient biomedators of Ni from both the surrounding
seawater and the food, and that they would be Ub&findicators for monitoring the status of

Ni contamination in tropical coastal waters.

Keywords: Metal, Molluscs, Mining Activities, BioindicatoRadiotracer
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1. Introduction

Besides being the second largest lagoon in thedweith a high rate of biodiversity species
and endemism, the New Caledonian lagoon is alsgeculbo enhanced contamination
pressure (Labrosse et al., 2000; Bouchet et ab220ndeed, the largest resources of Ni as
laterites in the world (20-25 %) are present in Néaledonia, currently the third largest
producer of Ni in the world (Dalvi et al., 2004).

Laterite deposits are made up of two ore sourcasadle for mining extraction: limonite and
saprolite ores which contain 1 to 1.6 % and 1.8 % of Ni, respectively. Due to their higher
Ni content, saprolite ores have been traditionahploited using pyrometallurgical process
since the end of the nineteenth century. Futuredtie expected to use limonite ores as well.
INCO, one of the world largest Ni producers is eatly developing a hydrometallurgical
extraction plant in Goro (southern territory of N&mledonia) which will be based on acid
extraction (viz. lixiviation).

Mining activities and their development represanissue of concern in New Caledonia, due
to a series of factors including increasing def@tésn, soil erosion, extinction of endemic
species and increasing Ni contamination in localevg(Bird et al., 1984; Labrosse et al.,
2000). However, to the best of our knowledge, imfation available on impacts of open-cast
mining in the marine coastal ecosystems of New dtala is extremely scarce (Monniot et
al., 1994; Breau, 2003; Hédouin et al., 2006).

Among the common approaches used to survey enventahcontamination, the use of
bioindicator species has proven to be a valuabdeiaiormative tool (Goldberg et al., 1983;
Phillips, 1990). In order to develop a biomonitgriprogramme to assess the levels of metal
contamination in New Caledonia lagoon, studies haeen recently undertaken to screen

local species for their bioindicative potential ¢Bu, 2003). In particular, both laboratory and
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field studies have shown that two oystdibgnomon isognomon and Malleus regula) and
one clam Gafrarium tumidum) efficiently concentrate several elements (Ag, &d, Co, Cr,
Cu, Mn, Ni and Zn) and that they are able to dmarate among locations subject to
contrasting levels of contamination (Hédouin, 2008pwever, current information on Ni
bioaccumulation is rather limited; in particular data are available on the tissue distribution
or bioaccumulation kinetics of Ni taken up throudple dissolved and dietary pathways in
these organisms. Therefore, the objective of thesgmt study was to determine the
bioaccumulation capacity of Ni from food and seawrah these three bivalves in order to

assess their potential as bioindicators of enviremiad Ni contamination.

2. Materials & methods

2.1. Collection and acclimation

In October 2003, the clamGafrarium tumidum were collected by sea-shore fishing in
Dumbéa Bay (22°11'25 S, 166°24'38 E) and the twatensIsognomon isognomon and
Malleus regula were collected by SCUBA diving in Maa Bay (22°12/5166°19'42 E), in a
similar environment, New Caledonia. Although botsters are abundant in Maa Bay (Breau,
2003), their quite close external appearance mides difficult to differentiate one from the
other during SCUBA sampling; hence a larger nundbeév. regula were collected compared
to I. isognomon. However, as the oystetsisognomon and M. regula are extremely close
species from their ecophysiological characteridtics(Yonge, 1968)M. regula was used as
a representative oyster in the seawater exposyneriexents, whereds isognomon was used
in the food exposure experiments. To ensure corbpigyaof both oysters, somd.
isognomon individuals were also included in the seawatereexpents.

Oysters and clams were acclimated to laboratoryditons for one week prior to the

experiments (close circuit aquarium; daily waterengal, salinity: 35 = 1 p.s.u.; temperature =

-4 -
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25 + 1°C; pH = 8.0 £ 0.1; light/dark cycle: 12 Hra/hrs). Since body size is known to affect
metal concentrations in organisms (Boyden, 1971y, imdividuals with shell widtk> 35 mm
for G. tumidum and shell lengtlk> 70 mm forl. isognomon andM. regula were used in the

experiments (Metian, 2003; Hédouin et al., 2006).

2.2. Testing influence of dissolved Ni concentrations

Five groups of 515. tumidum clams (shell width from 35 to 44 mm; wet wt frors tb 38 g),
five groups of 5IM. regula oysters (shell length from 85 to 135 mm; wet wiir1l4 to 48 g)
and five groups of b. isognomon oysters (shell length from 80 to 140 mm; wet wirir@3 to

45 g) were placed in 5 aquaria of 50 | of natueaveater (close circuit aquarium; salinity: 35
*+ 1 p.s.u.; temperature = 25 + 1°C; pH = 8.0 £ Gdht/dark cycle: 12 hrs/12 hrs). Seawater
salinity, temperature and pH were checked twick/ahiring the experiment.

Each group of bivalves was exposed for 14 d to &sded Ni concentrations (0, 15, 75, 350
and 1,400 ng Ni'1). The concentrations of Ni were adjusted usinggasing amounts of
Ni(NO3), (Merck, synthesis quality) and a fixed activity KBq ') of the corresponding
radiotrace”™Ni, as high specific activit}*NiCl, (T, = 100 yrs) purchased from Amersham,
UK. This radiotracer spike corresponded to 4.2tagle Ni [*, a concentration at least 1 order
of magnitude lower than the background concentnatiof Ni in open seas (Bruland, 1983).
No pH variation was detectable after stable metal eadiotracer addition. Seawater and
spikes were renewed daily for 5 d, then every sécday in order to keep exposure
concentration and radioactivity levels as constpossible. Activity of the radiotracer in
seawater was checked daily, and before and aftdr s@awater renewal, to determine its
time-integrated activity (Warnau et al., 1996). Foe entire experimental time course, the
time-integrated®Ni activity in seawater was 0.81 kBg |

During the exposure period, 3 individuals@ftumidum andM. regula were collected after
different time intervals; soft tissues were segatdtom shells and prepared for whole soft

-5-
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tissues radioanalysis (see section 11.4.). The d&st (t49), 5 individuals ofG. tumidum,
M. regula and|. isognomon were dissected to determine body distribution @orporated
®Ni. Dissected body compartments were digestive djlagills, mantle, foot, muscle and
remaining soft tissues for clams and visceral massntle, gills and muscle for oysters.

At the end of the 14-d exposure, the remaining rigyas were placed in 6060 x 60 cm
plastic cages for 32 d in Sainte-Marie Bay, Noumdaw Caledonia at 7 m depth. The
selected area (22°1855 S, 166°27'98 E) is charaet@® by relatively low Ni levels
(Hédouin, 2006). At different time intervals of tdepuration period, for each concentration
tested, 3G. tumidum and 3M. regula individuals were collected, the soft tissues ditsc
from shells and then prepared for soft parts radibais. The last daysgl), 5 G. tumidum
were dissected into different body compartmentsldtermine the tissue distribution of the

remaining®Ni.

2.3. Exposure via the food

Cells of the Prymnesiophycedsochrysis galbana (10° cell mI*) which originated from
axenic stock cultures were resuspended in an Edganflask containing 5 | sterile-filtered
(0.22 pm) seawater enriched with /2 nutrients awhEDTA and Si. Seawater was spiked
with ®*Ni (5 kBq ™), and the cells were then incubated at 25°C (lifgltk cycle: 12 hrs/12
hrs). After 6 d of incubation, cell density incredsrom 18 to 1.3 16 cell mi*. A sample of
10 ml of the culture was then gently filtered (4Tndiameter Polycarbonate Nuclepdre
filter, 1 pum mesh size) and the radioactivity assted withl. galbana cells was mesured
before and after the filtration (3.4 $®q *Ni cell™®).

Bivalves (n = 1965. tumidum, n = 196l. isognomon) were placed in a 300 | aquarium (close
circuit aquarium constantly aerated; salinity: 3% #.s.u.; temperature = 25 + 1°C; pH = 8.0

+ 0.1) and fed the radiolabellédgalbana for 2 hrs (16 cell mI*). Immediately after feeding,
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14 individuals per species were collected and disseto separate whole soft parts from
shells.

The remaining bivalves were then placed in Saingi®lBay in plastic cages as previously
described. At different time intervals, 14 indivalds of each species were collected in order to
follow loss kinetics of°Ni ingested with food. At 12 and 46 d, collectediinduals were
dissected to determine the distribution &Ni content among the different body

compartments.

2.4. Sample preparation and Radioanalyses

Seawater samples (2 ml) were directly transferoe@0tml glass scintillation vials (Packard)
and mixed with 10 ml of scintillation liquid (Ultim Gold®, Packard). The separated body
compartments and whole soft parts of bivalves weseghed (wet wt), dried at 60°C until
constant weight, and weighed again (dry wt). Clard ayster tissues were then digested for
one week (50°C) with 1 ml Solueh¢Packard) per 100 mg dry wt tissues, and then dhixe
with scintillation liquid (Hionic Fluof, Packard) in proportion 1: 5 (v: v). Bivalve siselere
leached in three successive baths (20 min) of 2Niki6rder to recover all th&Ni adsorbed
onto shells. Samples of 1 ml were transferred tan@lass scintillation vials and mixed in
proportion 1:10 (v: v) with scintillation liquid (tima Gold®).

The radioactivity of*Ni was counted using a 1600 TR Packard Liquid $kition Analyzer.
Counting time was adapted to obtain a propagateehtouy error less than 5 % (maximal
counting duration 2 hrs). The radioactivity wasedetined by comparison with standards of
known activities and measurements were correctad cfuunting efficiency, physical

radioactive decay and quenching effects.
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2.5. Data analyses

Uptake of®*Ni was expressed in terms of concentration fadidt: (ratio between activity of
the radiotracer in the whole soft parts or in aypodmpartment -Bq g dry wt- and time-
integrated activity of the radiotracer in seawafsg mi'-). Radiotracer uptake kinetics were
described using either a simple linear regressiodeh(eq. 1) or, if the observed kinetics
tended to reach a steady state, a saturation expain@odel (eq. 2):

CR=kit(eq.1)

CR = CRs(1-€*¢Y) (eq. 2)

where ClFand Ck;s are the concentration factors at time t (d) andteady state (ml™,

k . . ,
(CRss= k—”); ky is the uptake rate constant (Mt d*) and k is the depuration rate constant

(™) (Whicker and Schultz, 1982; Thomann et al., 1988)earity of the uptake kinetics was
tested by a linearity test for regression with iegilon (Zar, 1996).

Loss of®Ni was expressed in term of percentage of remairadgpactivity (radioactivity at
time t divided by initial radioactivity measuredtime organisms immediately after the feeding
period). The loss kinetics were best fitted by aith single-component exponential equation
(eqg. 3), a single-component exponential equatiah am additional constant term (eq. 4), or a
double-component exponential equation (eq. 5):

A= Ao ket (eq. 3)

A = Agse®es'+ Ay (eq. 4)

A = Agse¥est + Ag eelt (eq. 5)

where A and A are the remaining activities (%) at time t (d) @hdespectively; kis the
depuration rate constant{d ‘s’ and ‘I' are the subscripts for the ‘shoredid’ and ‘long-
lived’ components. For each exponential componsrand I), a biological half-life can be

calculated (fxs and Ts,) from the corresponding depuration rate const&at dnd k;,

-8-
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respectively) according to the relatlogl/zT:k—. The additional constant term of equation 4

e
represents a fractiongAof the radiotracer incorporated that is sequesdrat the organism
tissues.

Regarding feeding experiments, the ‘long-lived’ exential term describes the proportion of
the radiotracer ingested with food that is actuabsorbed by the organism and slowly
eliminated. The corresponding g Arepresents the assimilation efficiency (AE) of the
considered element.

Model constants and their statistics were estimbtederative adjustment of the model and
Hessian matrix computation, respectively using tioalinear curve-fitting routines in the
Statistica 5.2.1 software. Best fitting models weselected according to the highest
determination coefficient and examination of residu

In order to assess possible effect of dissolvedddcentration on bioconcentration behaviour,
estimated kinetic parameters,(KFss Ao, Ke)) Were plotted against the concentration of total
Ni (stable + stable equivalent of added radiotraseseawater and were fitted using simple
linear regression. Statistical comparisons were pésformed using 1-way ANOVA followed
by the multiple comparison test of Tukey (Zar, 1996

The level of significance for statistical analysess always set at= 0.05.

3. Results

3.1. Seawater exposure to different Ni concentrations

Uptake of®*Ni in whole soft parts of the claf. tumidum and the oysteM. regula displayed
linear kinetics at all of the five exposure concativns tested (p < 0.0001, Rz 0.79-0.92 for

G. tumidum and 0.63-0.72 foMM. regula) (Table 1 and Fig. 1-Al). Statistical analysis
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indicated that uptake rate constanisrkboth clams and oysters did not differ signifitg
over the range of concentrations tested.

After 14 d of exposure, the concentration factdZ&i) of ®Ni were calculated in the
different body compartments of the clam as wellimsboth oysters NI. regula and |I.
isognomon) (Table 2). In all three bivalves, whole soft p@f 44 was one to three orders of
magnitude higher than those calculated for she#ible 2 indicates th&fNi was concentrated
selectively by the different body compartments athe species, according to the following
order:

- G. tumidum: digestive gland (Chgq up to 620) > gills > remaining tissues > mantlesscle

~ foot,

- |. isognomon: gills (CF4q up to 660) > visceral mass + mantle > muscle,

- M. regula: visceral mass + mantle (& up to 270) > gillss muscle.

In general, no significant difference was found am&F 44 in whole soft parts as well as in
body compartments over the range of concentratimssed. The only exception was
I. isognomon, for which the Clg calculated in whole soft parts, gills and viscarass +
mantle for the highest Ni concentration (1,400 ddesl Ni I') were found to be significantly
different from the ones calculated for 75 ng adtéd™ (Prukey = 0.026, 0.046 and 0.043,
respectively).

Comparisons of Clzq in the whole soft parts and body compartments éehk. isognomon
and M. regula indicated that no significant difference was fouod the whole soft parts,
except for 15 ng added Nt,Ifor whichl. isognomon displayed a significantly higher CF than
M. regula (prukey= 0.002). Regarding body compartments, no significifference was found
for visceral mass + mantle and muscle between e Species (Rikey always > 0.05),
whereas Chgq in gills of I. isognomon were significantly higher than those M regula at

each concentration tested-(pyalways< 0.04).

-10 -
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In terms of body load distributiofNi was mainly found in the digestive gland for cka(86

to 47 % of total body load; Fig. 2-Al) and in thisceral mass + mantle for both oysters (67
to 82 % of total body load; Fig. 2-A2). The bodtdbution of®*Ni was similar over the
entire range of concentrations tested.

At the end of the exposure time, non-contaminatimigditions were restored and loss kinetics
of ®Ni were followed in the field for 32 d. Loss kineti from whole soft parts were best
described by a double exponential model Gn tumidum, whereas a single-component
exponential equation with an additional constamtbest fitted the loss kinetics M. regula
(Table 1 and Fig. 1-A2).

A relatively small fraction (< 14 %) JfNi was lost from the long-lived component
regula, whereas this component contained 27 to 47 %% in G. tumidum (Table 1).
However, in both species, the estimated loss r@tstants of the long-lived componentg)(k
were not significantly different from 0 (p > 0.08nd therefore the derived biological half-
lives of ®Ni in clams and oysters were virtually infinite @t the exposure concentrations
tested. In addition, in both species, linear regioes established between estimategdaid
exposure concentrations displayed slopes not signily different from 0 for both clams (p
= 0.71) and oysters (p = 0.34), indicating t}#ati was assimilated similarly (in relative %) in
each species regardless of the exposure concentrati

The distribution of*Ni among the body compartments of the clam wasrdéned at the end
of the depuration period (Fig. 2-AffNi was mainly associated with the mantle (27 t&/é4
and the muscle (22 to 32 %). Distributions wereilsinfor the different exposure treatments,
but differed from the distributions observed at #rel of the exposure period, with lower
fraction associated with digestive gland and higfiactions associated with mantle and

muscle.

-11 -



257 3.2. Food exposure

258 The loss kinetics of*Ni ingested with food in both the cla®. tumidum and the oystet.

259 isognomon were best fitted using a double exponential mo@d = 0.49 and 0.59,
260 respectively) (Table 3 and Fig. 1-B). A substanpiait of the®Ni activity (39 % for the clam
261 and 83 % for the oyster) was rapidly lost via dafemn (T, < 2 d). Assimilation efficiency
262 (AE) of ®Ni was 61 % and 17 % in clams and oysters, respsyti These assimilated
263 fractions were retained withy,Eof 35 d in clams and time not different from the infinite in
264 oysters. During the depuration period, the higlpesportion of®*Ni (74 %) was associated
265 with visceral mass + mantle Inisognomon whereas irnG. tumidum each organ contributed
266  similarly to the totafNi content (Fig. 2-B). In both clam and oyst&hi body distribution

267 showed no major difference between the two sampiimgs (12 and 46 d).

268 4. Discussion

269 Bivalves are well known for their capacity to acadate metals to quite high levels (e.qg.
270 Phillips, 1976). However, few studies have beerotel to Ni in marine bivalves (Friedrich
271 and Fillice, 1976; Hardy and Roesijadi, 1982; Zgiano and Johnson, 1984; Punt et al.,

272 1998), and patrticularly in tropical areas.

273 4.1. Seawater pathway

274 Ideally, a bioindicator should bioconcentrate cariteants in direct proportion to the
275 dissolved metal concentration occurring in the mmment. This implies that the
276 concentration factor (CF) of a contaminant woulthae constant over the concentration
277 range to which the organism could be exposed ientsronment (Phillips, 1980, 1990).

278 Previous experimental investigations of Ni bioacalation in marine organisms generally
279 considered exposure concentrations (e.g. up to @™, Friedrich and Fillice, 1976) that

280 were far above (several orders of magnitude) therakbbackground ones. The concentrations

-12 -
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tested in the present study (up to 1,400 ng adddd)Nvere selected in order to include the
entire concentration range which can be measuredhén coastal waters of the New
Caledonian lagoon (Fernandez et al., 2002). Reshtiwed that the bioconcentration of Ni in
the clam G. tumidum and in both oysterdM. regula and |. isognomon was directly
proportional to the Ni concentration in seawatertually over the entire range of Ni
concentrations tested. Similar observations werdenfar other elements accumulated Iby
isognomon andG. tumidum such as Co, Cr, Mn also present in Ni ores (H&dd006). The
capacity of Ni bioconcentration reported here @ent$ and oysters (Gf ranging from 70 to
280 ml g* dry wt) was quite lower than that determined irmparable experimental
conditions for some metals such as Ag and Zn, wreelthed CF values up to 200,000 fl g
dry wt (Hédouin, 2006). However, the observed Ckesia the range of those reported in
previous studies related to Ni in bivalves (4 ritly wt in the clamPrototheca staminea,
Hardy and Roesijadi, 1982; from 10 to 607 mi dry wt in the musseMytilus edulis,
Friedrich and Fillice, 1976from 156 to 336 ml § wet wt in Crassotrea virginica and M.
edulis, Zaroogian and Johnson, 1984).

Results indicated that, in relative units, lossekics of Ni from the soft parts @. tumidum
and M. regula were also independent on the Ni concentrationshizh the organisms were
previously exposed. These observations are in agmee with those of Zaroogian and
Johnson, (1984) who reported that the loss ratdi afas similar in oysters exposed to two
different Ni treatments (5,000 and 10,000 ngNi In addition, our study showed that Ni was
efficiently retained in both bivalve species, wibiological half-lives not significantly
different from infinity. These values should of cs@ be considered with caution due to the
relatively short duration of the experiment (32Mgvertheless, they clearly indicate that both
clams and oysters would be able to preserve infoomaegarding their contamination history

over a very long timescale (probably several mgnths

-13-
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The very close resemblance of the two oyster specisognomon and M. regula, both in
their appearance and ecophysiology (Yonge, 1968 vedso reflected in their
bioaccumulation and depuration capacities for Co, Zh and, to a lesser extent, Cd
(Hédouin, 2006). Similarly, the present work indezhthat bioconcentration of dissolved Ni
was quite similar in both species on a whole-boalsidy although a slight decrease in CF was
observed in. isognomon at the highest Ni concentration tested. Howeveamenation of CF
values at the organ level indicated that gillslofsognomon concentrate Ni much more
efficiently (up to one order of magnitude) thangbé@fM. regula. This suggests that although
these two species are very closely related in nagpgcts at a macroscopic scale, mechanisms
controlling Ni uptake could be quite different linisognomon and M. regula. Furthermore,
previous studies have observed that gills are gdiges major site of Ni intake in bivalves
(e.g. Hardy and Roesijadi, 1982; Wilson, 1983),iagating that this dissimilarity between

these two oysters deserves further investigation.

4.2. Food pathway

Although it is now well documented that assimdatiof metals ingested with food plays an
important role in their bioaccumulation in maringanisms (e.g. Wang and Fisher, 1999b),
very few studies have been devoted to trophic teansf Ni. Kumblad et al. (2005) have
shown that assimilation efficiency (AE) of sedimassociated®Ni (1) ranged from 43 to 49
% in the clamMacoma balthica, the amphipodMonoporeia affinis and the priapulid
Halicryptus spinulosus. In the present study, the estimated AE%fi was much higher in the
clamG. tumidum (61 %) than in the oystérisognomon (17 %). Such a low assimilation in
isognomon compared toG. tumidum as well as to the species studied by Kumblad et al
(2005) could be related to the differences in fegdhysiology (e.g. digestion efficiency) of
these different organisms (Lee Il, 1991; Mayerlet2001). However, in a recent study on
other metals, AEs reaching values up to 77 % wewed for Ag inl. isognomon (Hédouin,
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2006), suggesting that low AE is not a physiolobataracteristic of this species. Rather, the
low assimilation of Ni inl. isognomon is likely related to the oyster behaviour towahis
and/or how it is able to deal with the way Ni iubd to algal cells.

To the best of our knowledge, the estimated AEsNbare the first published for these
species. However, it should be kept in mind thaséhNi AEs were obtained in controlled
feeding conditions (mono-specific culturelofjalbana at 1d cell mr). These conditions are
quite different from those found in the field whiale much more complex and variable and
which could result in actual AEs somewhat differenin those estimated here. It is indeed
well known that AE may be influenced by the typdamd ingested (Wang and Fisher, 1999a;
Chong and Wang, 2000). This has also been recebtgrved for Co, Mn and Zn iG.
tumidum and |. isognomon: AEs estimated for these 3 metals with 3 differspécies of
phytoplankton were found to vary over a factor of(Hédouin, 2006). Hence, Ni AEs
estimated in the present study should be considesedreliminary and other feeding
conditions should be investigated before makingegaisations about Ni assimilation under

environmental conditions.

4.3. Conclusions

Within a range of dissolved Ni concentrations tt@ter the natural range occurring in New
Caledonia seawaters, (1) Ni bioconcentration waeecty proportional to the Ni
concentration in seawater f@&: tumidum, M. regula and, to a lesser extemt,sognomon, and

(2) the retention efficiency of Ni in clams and tgrs was independent on the total Ni
concentration previously accumulated by the orgasidn addition, clams and oysters were
shown toefficiently assimilate Ni ingested with their fo@d particular in clams) and retain it
very efficiently (in particular in oysters). Thesharacteristics suggest that these New
Caledonian bivalves could be used to detect Ni amomtation in their surrounding
environment and to preserve this information oeaglperiods of time. In addition, the clams
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371

and oysters displayed different bioaccumulationavesur for Ni, especially when exposed
via the food. Both groups would thus be worth farticharacterization with regard to their
values as bioindicators for Ni contamination. Imtleboth bivalve groups could provide
complementary ecotoxicological information as thayteract differently with their

environment.
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Figure 1. Uptake and loss kinetics &Ni in whole soft parts of the investigated bivalves
(A) Uptake kinetics (mean concentration factor, €D, n = 3) (A-1) and loss kinetics
(mean % remaining activity + SD, n = 3) (A-2) iretblamGafrarium tumidum and the oyster
Malleus regula exposed to 5 different dissolved Ni concentrations

(B) Loss kinetics (mean % remaining activity £ SDx 14) in the clan@. tumidum and the

oysterlsognomon isognomon after a 2-hr feeding o¥iNi-labelledisochrysis galbana.

Figure 2. Distribution of®*Ni (mean %) among the body compartments of clardsogsters.
(A) Body distribution (n = 5) in the seawater exp@nts in (A-1) the clanGafrarium
tumidum after a 14-d exposure to 5 different dissolveccdhcentrations (end of uptake) and
a subsequent 32-d depuration period (end of ddpajatand (A-2) the oysterksognomon
isognomon andMalleus regula after a 14-d exposure to the 5 dissolved Ni cotmagans.

(B) Body distribution (n = 14) in the cla@. tumidum and the oystel. isognomon, 12 and 46

d after a 2-hr feeding oiNi-labelledlsochrysis galbana cells.
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Table 1.Estimated uptake rate constant, (kl g* dry wt d*), absorption efficiency (4, %)
and loss rate constant(kd™) of °*Ni in the whole soft parts of the cla@afrarium tumidum
and the oysteMalleus regula exposed to five different dissolved Ni concentnasiovia
seawater for 14 d (uptake period) and then maiethiior 32 d in the field in a clean site
(depuration period).

ASE: asymptotic standard error; Rz determinatioefiicient of the uptake and loss kinetics

Table 2. Concentration factors (mean CF + SD, mi dry wt; n = 5 per species per
concentrations tested) 6Ni in the clamGafrarium tumidum and the oystergsognomon
isognomon and Malleus regula exposed for 14 d to 5 different dissolved Ni caricaions
(Co-Ca).

Table 3. Assimilation efficiency (AE, %), loss rate constéky, d) and biological half life
(T, d) of ©Ni in whole soft parts of the cla@afrarium tumidum and the oystelisognomon
isognomon, after a 2-hr feeding on radiolabellesbchrysis galbana cells.

ASE: asymptotic standard error; R?: determinatio@ficcient of the loss kinetics
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487 Table 1.Estimated uptake rate constang, (il g* dry wt d*), absorption efficiency (& %)
488 and loss rate constant(kd™) of ®Ni in the whole soft parts of the cla@afrarium tumidum
489 and the oysteMalleus regula exposed to five increasing dissolved Ni concerdretivia
490 seawater for 14 d (uptake period) and then maietaior 32 d in the field in a clean site
491 (depuration period).

492 ASE: asymptotic standard error; R2: determinatioefficient of the uptake and loss kinetics

Concentrations Uptake period Depuration period
(ng added Ni I*) kit ASE R2| Ay+ASE ke + ASE R2
G. tumidum
Co: 0 9.1+0.6 0.79 44 + 1P 0.010 £0.013* 0.72
Cy: 15 7.2+0.4 0.83| 27+20* 0.002 £ 0.028* 0.84
Co 75 7.7+04 082 45+18& 0.002 +0.017* 0.60
Cs: 350 7.1+04 0.82 47 + T° 0.019 £ 0.009* 0.70
C4: 1400 52+0.2 0.92 35+ 3° 0.001 £ 0.006* 0.77
M. regula
Co: 0 115+1.0 0.72| 14+2%F # 0.90
Cy: 15 10.1+0.8 0.68 7 +3.6° # 0.90
Co 75 14.0+1.3 0.67| 1326 # 0.90
Cs: 350 10.7+1.0 0.63] 11+2.1° # 0.94
C4: 1400 8.1+0.7 0.70 9+5.5* # 0.78

493  # According to the equation fitting the loss kilst{A = Agse™es'+ Ag) this parameter = 0

494  Significance of the estimated paramet@rs< 0.05° p < 0.001¢ p < 0.0001, * p > 0.05

495
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497

498

499

Table 2. Concentration factors (mean CF + SD, mi dry wt; n = 5 per species per

concentrations tested) 6Ni in the clamGafrarium tumidum and the oysterssognomon

isognomon andMalleus regula exposed for 14 d to 5 increasing dissolved Ni eotr@tions

(Co-Ca).

Co
Body compartments

C C Cs Cs

Mmean £+SD mean £SD mean 1Sb mean ¥Sb mean SD

G. tumidum
Shell 20+04 20+03 22+01 20x02 16%03
Whole soft parts 129 + 61 94 +19 87+7.3 90 £ 25 70+ 11
Digestive gland 620+200 306+126 286+31 358+ 235+129
Gills 206 £11 151 £43 176 £ 41 164 + 12 112+ 24
Mantle 114 £ 52 69 + 13 62+94 7547 58+7.1
Muscle 52 +18 36 +3.2 32+8.8 42 + 33 32+3.1
Foot 17 £11 27 +6.4 29 +13 18+4.2 16 +£2.1
Remaining tissues 123 + 50 96 + 34 62+11 93 +4864 + 20
|. isognomon
Shell 14+01 16+04 12204 12%+02 09z%0.1
Whole soft parts 213+70 262+20 284+105 171+61 143+52
Visceral mass + Mantle 232+74 295+35 305+11475+71 155%70
Gills 456 +177 519+93 660+265 460+148 338l
Muscle 110+£8.3 77+30 85+ 34 113 +£19 75 + 47
M. regula
Shell 42 £ 29 47 £ 35 53 + 36 60 + 48 67 + 24
Whole soft parts 183+76 133+53 205+107 136+19 10624
Visceral mass + Mantle 249+98 1901+93 265+16186+12 178+43
Gills 176 £ 134 77 +15 94 +12 79+ 13 38+ 15
Muscle 69 + 63 54 + 23 101 £ 61 67 + 48 43 + 28
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Table 3. Assimilation efficiency (AE, %), loss rate constgk,, d*) and biological half life
(Twy d) of ®Ni in whole soft parts of the cla@afrarium tumidum and the oysteisognomon
isognomon, after a 2-hr feeding on radiolabelleschrysis galbana cells.

ASE: asymptotic standard error; R2 determinatioafitcient of the loss kinetics

Species AE + ASE k+ ASE Tpy, £ SD R2
G.tumidum 61.2+4.7% 0.019 + 0.04 35+7 0.49
|.isognomon 17.1+6.9  0.0001 +0.015 * n.s.i. 0.59

Significance of the estimated paramefgos< 0.05° p < 0.0001, * p > 0.05

n.s.i.: Te,not significantly different from infinite
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Figure 1. Uptake and loss kinetics &Ni in whole soft parts of the investigated bivalves

(A) Uptake kinetics (mean concentration factor, €D, n = 3) (A-1) and loss kinetics
(mean % remaining activity £ SD, n = 3) (A-2) irethlamGafrarium tumidum and the oyster
Malleus regula exposed to 5 increasing dissolved Ni concentration

(B) Loss kinetics (mean % remaining activity £ SD+ 14) in the clan®. tumidum and the

oysterl sognomon isognomon after a 2-hr feeding ofiNi-labelledlsochrysis galbana.
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Figure 2. Distribution of®*Ni (mean %) among the body compartments of clardsogsters.
(A) Body distribution (n = 5) in the seawater expents in (A-1) the clanGafrarium
tumidum after a 14-d exposure to 5 increasing dissolvedoNcentrations (end of uptake) and
a subsequent 32-d depuration period (end of depajatand (A-2) the oysterksognomon
isognomon andMalleus regula after a 14-d exposure to the 5 dissolved Ni cotnagans.

(B) Body distribution (n = 14) in the cla@. tumidum and the oystel. isognomon, 12 and 46

d after a 2-hr feeding oiNi-labelledIsochrysis galbana cells.
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