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Abstract : Soils in New Caledonia are particularly rich intale among which Fe and Ni are
intensively exploited. Due to important natural stom in tropical latitudes and to mining
activities, coastal waters are enriched in Co, B, and Ni. In deeper waters lives a
cephalopod species which is considered as a liviogsil, the nautilus Nautilus
macromphalusin this study, 12 traces elements were analysetthe tissues of 4 nautilus
specimens. Results showed high metal concentratcmmspared to data available for
cephalopod from temperate waters. These concemisatvere often in the same order than
those encountered in bivalves or gastropods fromtacoinated areas. Relatively high
concentrations of Ni and Cr in the hemolymph sthprguggest a high exposure of.
macromphalusto these metals. Among the tissues, the digegilaad have the highest
concentrations of Cd, Co, Fe, V and Zn while for, A§ As, Cr and Ni, renal and pericardial
appendages exhibited the highest values. Desptettie digestive gland contained the largest

guantities of all metals with the exception of Agla/in which were mainly found in the body



muscular remains. These results highlighted theomaje of digestive gland and excreting

organs in the metabolism of metals in these ceploalepecies.
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I ntroduction

Cephalopods play a key role in many marine ecosysi@maratunga 1983, Rodhouse
1989). Trace elements have been investigated exédynsn many marine organisms but
rarely in cephalopods. Some elements are essenttials toxic, and for a number of them the
role is still not known. The studies concerningcéralements in cephalopods molluscs are
limited to species targeted by commercial fishegash as the cuttlefisBepia officinalis
(Decleir et al. 1978, Schipp & Hevert 1978, Mirardat Bentley 1992, Bustamante 1998),
the octopuse®ctopus vulgarisand Eledone cirrhosaGhiretti-Magaldi et al. 1958, Rocca
1969, Renzoni et al. 1973, Froesch & Packard 19&8a et al. 1979, Miramand & Guary
1980, Miramand & Bentley 1992, Barghigiani et a®93, Rossi et al. 1993, Bustamante
1998), some Ommastrephid squids (Martin & Flegal5lQUeda et al. 1979, Smith 1983,
Smith et al. 1984, Finger & Smith 1987, Yamadaletl@97, Bustamante 1998) and some
Loliginid squids (Martin & Flegal 1975, Yamada &€tE97, Bustamante 1998). Among these
species, high levels of metals have generally ieearded, the digestive gland of Coleidae
concentrating many trace elements, such as cadnaiopper, silver or zinc (Martin & Flegal
1975, Smith et al. 1984, Miramand & Guary 1980,geéin& Smith 1987, Miramand &
Bentley 1992, Bustamante 1998, Bustamante et a@da)99he most striking feature is that the
digestive gland stores most of the total cadmiuegching up 98% in some species

(Bustamante 1998).



Present cephalopods comprise two subclasses: tle®i@ae, with ca 650 species and
the Nautiloidae with a single genusautilug and an as yet undetermined number of species
(3 to 7 according to the authordyautilus is the last representative of the ectocochleate
cephalopods and is considered as a living fossils Taxon shares a number of common
anatomical structures with present cephalopodssdimie organs are specificN@autilus

Among the nautilus speciedautilus macromphalus endemic to the New Caledonian
waters. In this area, natural erosion and miningvi&¢ have provoked an enrichment of
several metals, mainly Co, Cr, Fe and Ni, of thevNEaledonian waters and consequently in
the coral reef food webs (Monniot et al. 1994). Shauthors have described the metal
enrichment in several species of filter-feedingdiaas from the shallow waters. But no data
are available on species living off the New Caled@oast.

For these reasons, levels of trace elements itighiges ofNautilus macromphalugsom
New Caledonia were investigated here and compar@detvious results reported for Coleoid

species.

Materials & Methods

Sampling and sample preparation

2 males and 2 femal@&utilus macromphalugere taken in baited traps from the barrier reef
off Nouméa (New Caledonia). Samples were frozemuwraval at the Nouméa Aquarium in
individual plastic bags. Each individual was weidrend sexed. The digestive gland, gills,
renal and pericardial appendages, digestive taut genital tract were totally removed. In
addition, pieces of muscle and crop were sampledetermine metal concentrations. The
remains of the animals were thus composed of ahmagest of the muscles and the rest of the

crop. The stomach was emptied before metal analysis



Analytical procedure

Tissue samples were dried for several days at 80°Constant weight. Two aliquots of
approx. 300 mg of each homogenised dry sample digested with 4 ml of 65 % HN{and

1 ml of 70 % HCIQ at 80°C until the solution was clear. After evagimmn, the residues were
dissolved in 0.3 N nitric acid.

Cadmium, Copper and Zinc were determined both bynat absorption spectrophotometry
(AAS) and by induced coupled plasma mass specttopieiry (ICP-MS). Other elements
(Ag, As, Al, Co, Cr, Fe, Mn, Ni and V) were analgisenly by ICP-MS.

Appliances used for metals determination were aaviaspectrophotometer Vectra 250 Plus
with Deuterium background correction and a Vari@PIMS Ultra Mass 700. Reference
tissues, dogfish liver DOLT-2 (NRCC), Orchard-LeavfNBS) and MA-A-2 fish-flesh
standard (IAEA), were treated and analysed in #mesway as the samples. The results for
the standard reference materials (Table 1) areood qagreement with certified values. The
detection limits were (pug/g dry wt): 0.002 (Ag)Q05 (Al), 0.15 (As), 0.005 (Cd), 0.005 (Co),
0.005 (Cr), 0.027 (Cu), 0.15 (Fe), 0.017 (Mn), @Q0li), 0.005 (V) and 0.15 (Zn). Metal
concentrations in tissues are given relatively e try weight (ug:g dry wt) while the

distribution percentages were calculated for wagite

Results

Metal concentration in the organs of nautilus aported in Figure 1. The percentage of

heavy metals in each tissue are shown in Figure 2.



Mean metal concentrations in whdiautilus macromphalusvere 2.4 pg Agg 19.1 ug
Al.g? 186 pg As.g, 16.0 pg Cd.g, 2.7 pug Co.g, 2.6 pug Cr.g, 73 pg Cu.d, 258 pug Fel,
17pug Mn.g', 6.7 ug Ni.¢f, 3.2 ug V.g and 260 pg Zn:g(Figure 1). Variation coefficients
ranged from 10% for As to 45% for Co and Ni.

Metal levels in soft tissues

In the four sampled nautilus, the digestive glaras the major site of concentration for Cd,
Co, Fe, V and Zn with 28.2-60.5 ug Cd.¢.4-12.5 ug Co:§y 477-953 pg Fely 6.4-10.6 pg
V.gt and 515-963 pg zZnyFigure 1). The digestive gland also concentratgdAs, Cr, Cu
and Ni at levels closed to the highest concentnatrecorded in the other tissues with 1.1-6.8
Hg Ag.gh, 133-194 pg Asg 3.4-5.5 pg Cr.§ 78-174 ug Cu.§ and 9.0-26.3 pg Niy
(Figure 1).

Ag, Al, As, Cr and Ni concentrations were also rekable in excreting tissues, i.e. renal and
pericardial appendages, which exhibited the highestentrations for these metals. In fact,
Ni concentrations ranged from 5.6 to 40.0 [{gmyrenal appendages. Pericardial appendages
concentrated Ag from 13.8 to 28.0 §.d\l from 45 to 305 ug.g, As from 155 to 412 ugly
and Cr from 6.0 to 9.4 uggFigure 1).

Muscles exhibited generally the lowest concentratior all metals except for As which
exhibited the highest concentration in this tis€@8-354 pg As.gdry weight ; Figure 1).

Mn was present in high concentration in the gitisl ¢he renal appendages (i.e. 42-151 Jig.g
and 16-152 pg:y respectively) while most tissues exhibited comegions lower than 20
11g.g". The highest Cu concentration was found in thedigmph, with mean values of 1055
+ 12 pg.gh. Thus, it is not surprising to find relatively hig€u concentrations in the gills (i.e.

127 + 38 pg.g).



Percentage distribution of metals in soft tissues

With the exception of As and Mn which were mairdyfd in the body muscular remains (50
+ 12% and 42 = 16%, respectively), the digestiangdlcontained the largest quantities of all
metals : 75 + 3% of Ag, 62 + 11% of Al, 96 + 3%@d, 95 + 2% of Co, 57 + 16% of Cu, 65
+ 5 % of Cr, 87 £ 4% of Fe, 84 £ 8 of Ni, 95 + 3%\band 88 £+ 3% of Zn (Figure 2).

Although the concentration of some metals was imgthe renal and pericardial appendages,

these tissues contain in fact low amounts of mé@atsuse of their small mass (Figure 2).

Discussion

The variability of metal concentration was relalyvemall among the four studied individuals.
Low variation coefficients for toxic metals such Ag, Cd or V (26%, 41% and 34%,
respectively) are noteworthy. Nevertheless, caoefiits of variation for Cd are similar to those
found in two octopus species from the SouthernaimdDceanBenthoctopus thieleand
Graneledonereported to have very high Cd levels in theiruess (Bustamante et al. 1998a).
Such results suggest efficient regulation procegsbtsxic metals in Nautilidae even Cd levels
were lower inNautilus macromphalughan in these octopuses. Some other toxic elements
Ag, Co, Cr, Ni and V, were more concentrated intihagithan in temperate cephalopods such
as the cuttlefistSepia officinalisand the octopusesledone cirrhosaand Octopus vulgaris
(Miramand & Guary 1980, Miramand & Bentley 1992hi§ might be due to accumulation
during nautilus life span (10-15 years), much loniggan Coleoid’s (1-3 years). Moreover,
several essential metals, such as Fe, Mn and Zmr wako highly concentrated iN.
macromphalusbut Cu concentrations almost the same as in @Eespecies (Miramand &

Guary 1980, Miramand & Bentley 1992, Bustamantal.e1998a). High metal concentrations



might reflect the ambient life conditions of nausl Mineral extraction activity, mainly Ni, is
important in New Caledonia : Ni enrichment in thaters and food webs might thus account
for high levels of Ni inN. macromphalusAlthough the dissolved Ni have not been measured,
large amounts in coastal sediments suggests tmatrrabl concentration may occur in sea
water (Bryan 1976, Monniot et al. 1994). Indeed,n¥iot et al. (1994) reported very high Ni
concentrations in the body and the tunicAgtidia sydneiensisom coastal waters, reaching
80.4 and 119.5 pg/g dry wt, respectively. Compatedother molluscs species, Ni
concentrations iN. macromphalusvere in the same order of magnitude than in sévera
deposit feeder species suchSxsobicularia planaor Macoma balthicabut are higher than in
filter feeder species such Becten maximuer Mytilus edulis(Table 2). It was also the case
for Co and Cr. High levels of Ni, Co and Cr in dspdeeder bivalves were related to direct
exposure through contaminated sediments (Bryan &ntdarstone 1977). This strongly
suggest that contamination is not only locatedhenNew Caledonian coast but reach deeper
waters where nautilus lives. This hypothesis isfagced by the relatively high concentrations
for these metals encountered in the hemolymph.eledm circulatory fluid as hemolymph,
turnover of metals is supposed to be rapid andhéyay, metal concentrations relatively low,
with the exception of Cu which is a main compor@rtemocyanin. It is the case for most of
the trace elements analysed but not for Ni and=@u¢e 1). This supposed a high exposure of
nautilus to these metals.

Concerning FeN. macromphalugexhibit higher concentrations than in cephalopfidsm
temperate waters that could also indicated contatmoim (Table 2). Nevertheless, Fe
concentrations are lower than in bivalve and gasiospecies from contaminated areas and

were relatively low in hemolymph (Table 2).



Table 3 compares the trace element concentrationisei digestive gland dflautilus
macromphaluswith those reported for other cephalopod spediée. relative weight of the
digestive gland in our samples is higher than instmaf Coleoidae species. Indeed, the
digestive gland consists of 20+5% of the fresh Wwef the soft tissues . macromphalus
while in Coleoidae, it represent 6 to 10% of theltdody weight. Thus, when metals were
highly concentrated in the digestive gland (e.g),Qdetal concentrations in the whole
individuals were proportionally higher than in atltephalopod species.

Ag, Cd, Co, Cr, Ni and V levels in the digestivammll ofN. macromphalusre higher
than those reported fdEledone cirrhosaand Sepia officinalisfrom the English Channel.
Nevertheless, several squid species, li@ligo opalescensOmmastrephes bartramand
Sthenoteuthis oualaniensieom the Pacific Ocean, exhibit higher concentragi of Ag in
their digestive gland (Martin & Flegal 1975). Theaethors explain these very high Ag
concentrations by the release of the metal in thlfdZnian waters. This suppose very high
ability of cephalopods to concentrate Ag. For Cakse squids and the octopuses from
Kerguelen Islands (i.eGraneledone sp. and Benthoctopus thielgi have far higher
concentrations in the digestive gland than nautjBigsstamante et al. 1998a). Although Cd
concentrations itN. macromphalusvere higher than in squids and cuttlefish frompgenate
waters (Table 3, Bustamante et al. 1998b), it do@sthicate a contamination as they are in
the same order of magnitude than in octopus spécesthese areas. Concentrations of Cu,
Fe, Mn and Zn in the digestive gland df macromphaluysall essential elements, are in the
same order of magnitude as those of other cephdlgpecies. Thus, these elements are
properly regulated in the digestive gland f macromphaluss in the other cephalopod
species. Results for As appear to be the firstrtegddor the cephalopod digestive gland. For
Al, concentrations can only be compared with thagée squidNototodarus gould{Smith et

al. 1984) which are ranged from 1.5 to 20 pg/g (@ 8.



Globally, concentrations of the toxic elements Ire tdigestive gland ofNautilus
macromphalusare generally higher than those reported for deplds from the French

coasts, i.eSepia officinalisEledone cirrhosandOctopus vulgarigTable 3).

In the Coleoidae species, branchial hearts hava beggorted to concentrate essential
elements such as Fe and Cu (Fox & Updegraff 194®e@i-Magaldi et al. 1958, Nardi &
Steinberg 1974, Schipp & Hevert 1978, Miramand &gy 1992). These organs also
concentrate toxic and radioactive elements suéf’am, Co, Ni,?***%u and V (Ueda et al.
1979, Nakahara et al. 1979, Miramand & Guary 1980ary et al. 1981, Guary & Fowler
1982, Miramand & Bentley 1992). Moreover, kidneyscephalopods have been shown to
store Cd, Cu, Fe, Mn, Ni and Pb (Miramand & Gu&$d, Miramand & Bentley 1992).

High concentrations of trace elements (Ag, Al, &s, Fe, Ni and Mn) were found in
organs concerned with excretion, i.e. the periedraind renal appendages (Figure 1). These
results, and those concerning the digestive glandgest that these metals could follow
another way of detoxification in nautilus than imetfew Coleoidae species studied. The
digestive gland would assume mainly the detoxiiccabf metals such as Cd, V or Zn. The
hypothesis is strengthened by the trace elemertden the circulatory fluid. Indeed, as the
food can be considered as the main source of meatalsephalopods since they are
carnivorous, the hemolymph would be a major vedtor metal distribution among the
different tissues. Metal levels in the hemolymptNaiutilus macromphalushowed relatively
low concentrations for most elements, except fomdich is present in hemocyanin. This is
particularly clear for Cd, V and Zn which exhibitdde lowest concentrations in the
hemolymph (Figure 1).

The other tissues store trace element in much lawesunts than the digestive gland,

the renal and the pericardial appendages. Neveghiemuscles which generally exhibit the



lowest metal concentrations, showed the highestohgentrations. This could be due to high
consumption of crustaceans which are particulaclyin As.

Investigations on trace element concentrationhétissues have highlighted the key
role of the digestive gland of nautilus in the nbelésm of metals, as is also the case in
Coleoidae. This organ is indeed the major siteomicentration of Cd, Co, Fe, V and Zn and,
compared to other tissues, it shows also high $edEAg, As, Cr, Cu and Ni (Figure 1). The
digestive gland contains the highest percentagmedals, with the exception of As and Mn
(Figure 2). Miramand & Bentley (1992) have clagsifsome trace elements based on the ratio
between the concentration in the digestive glandl ianthe muscle. Thus, in the digestive
gland, three groups of elements can be evidencellautilus macromphalus poorly
concentrated elements, i.e. Al, As, Cr, Cu and Matid <10), moderately concentrated
elements, i.e. Fe, Ni and Zn (ratio >10 to <50) highly concentrated elements, i.e. Ag, Cd,
Co and V (ratio > 50). Similar ratios were found Qoleoidae (i.eSepia officinalisand
Eledone cirrhospa for Cr, Mn, Fe, Cd and Ag. On the contrary, V a@d are highly
concentrated in the digestive gland Mautilus whereas they are respectively poorly and
moderately concentrated in Coleoidae. In the sanay, Wi and Zn are moderately
concentrated in the digestive glandMdutilus but only poorly concentrated 8. officinalis
and E. cirrhosa High levels and storage of toxic metals in thgedtive gland suggests
efficient detoxification processes in this orgarori®bver, these high levels of toxic elements
do not apparently disturb essential elements mésabo Thus, it would be of particular

interest to study detoxification processes in tigestive gland of nautilus.

5. Conclusion
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Previous studies have demonstrated the abilitgphalopods to concentrate many trace
elements. Data from nautilus species were partigulateresting on an evolutionary point of
view. Indeed, as several elements are considerbd toxic for biota, marine animals would
evolve to counteract their toxicity. It seems tothe case in cephalopods as they are able to
growth and reproduce with very high metal conceiuting. In their case, detoxification
strategy involve storage mechanisms of these elesm&his strategy appear to be efficient,
and probably applied to minimise energetic costj @& common among Nautilidae and
Coleoidae cephalopods.

Enrichment of metals in New Caledonian waters afgp&a not be limited to coastal
waters. Indeed, contamination by Co, Cr and Niupperted 1) by high levels in whole
animals which are in the same order of magnitud@m tim bivalves and gastropods from
contaminated areas 2) by relatively high levelgxaretory organs and in hemolymph that
indicate a high exposure to these metals 3) byenigatios between concentrations in the
muscle and in the digestive gland that show arcknrent in this organ. Further studies are
needed to evaluate the scale of the contaminagidhdse metals and possible effects on the

ecosystems.
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Table 1. Comparison of trace elements concentstfjpg/g dry wt) of dogfish liver DOLT-2 (NRCC), Orard Leaves SRM 1571 (NBS) and
fish-flesh homogenates MAA2 (IAEA) determined i thresent study with certified values.

Standard Ag Al As Cd Co Cr Cu Fe Mn Ni \Y, Zn
DOLT-2
Present study 0.556+0.041  26.9+3.5 16.1+0.2 202#0. 0.22%0.01 0.39+0.09 26.8+0.3 1072+17 6.26+0.11 .24£0.04 - 86.3+1.2
Certified values 0.608+0.032  25.2+2.4 16.1+1.1  820.05 0.24+0.05 0.37+0.08 25.8+1.1 110347 6.88&0. 0.20+0.02 - 85.8+2.5

Orchard-Leaves

Present study - - - 0.13+0.02 (0.15) (2.3) 12+1 A% 856 1.5+0.1 (0.5) 25+1

Certified values - - - 0.11x0.02 0.2) (2.3) 12+1 00220 91+4 1.30.2 (0.6) 253
MA-A-2

Present study 0.09+0.03 - - 0.063+0.002  0.06+0.01 .1+0l1 3.7+0.2 51+2 0.69+0.09 1.240.1 - 3243

Certified values 0.10+0.01 - - 0.066+0.004 0.0840.0 1.3+0.1 4.0:0.1 54+1 0.81+0.04 1.120.2 - 331
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Figure 1. Trace elements concentrations (1g/g dyyinthe tissues olautilus macromphalufom New Caledonia. Scale
bars represent 1 standard deviation. DG: digegilaad; DT: digestive tract; GT: genital tract; Hlgemolymph; Mus:

muscle; Papp: pericardial appendages; Rapp: repahaages; Rem: remainders; WI: whole individual.
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Table 2. Trace element concentrations (ug/g dryimmolluscs from this study and from the liter&tuvalues are mean = 1 SD, except from specieseddriwhich are

minimum and maximum values; * also indicates spefriem contaminated areas.

Class
Species Ag Al As Cd Co Cr Cu Fe Mn Ni Zn Authors
Cephalopods
Eledone cirrhosa 0.76 £0.48 - - 536+1.09 045+0.09 06+01 22%11 81+12 19+05 0.8+0.1 2320+ Miramand & Bentley (1992)
Nautilus macromphalus 2.4+ 0.6 197 186 +18 16.0x6.5 2712 P2®3 73+20 258 +79 17+6 6.7+3.0 32+11602%49 Present study
Octopus vulgaris - - - 1.2+0.1 - - 260+ 70 140 £ 10 5+05 - 150 + 50 Miramand & Guary (1980)
Sepia officinalis 0.66 £ 0.01 - - 1.34+0.03 039+0.07 10x01 945 43+4 1.6+0.1 0.4+0.1 134 + 6 Miramand & Bentley (1992)
Bivalves
Cerastoderma edule * 0.11-6.5 - - 0.48-1.04 1.28-2.93 1.34-2.46 5.2-27.2406-991  6.2-44.6 34-62 46-66 Bryan & Hummerst(r$7)
Macoma balthica * 19-128 - - 0.85-0.21 3.7-6.8 1.89-3.30 96-615 56201  19-24 6.9-7.9 510-1160 "
Mytilus edulis * 0.10-0.55 - - 0.84-2.64 0.02-1.07 0.94-2.74 3.%13. 152-401 5.2-35.4 0.9-35 57-199 "
Pecten maximus 2.7 55 - 325 0.25 +0.09 1.3 8.9+45 196+83 71®0 0.73+0.25 273+ 95 Bryan (1973)
Scrobicularia plana * 0.23-1.2 - - 0.29-14.9 4.3-66 1.2-2.2 25-86 699a124 19-87 3.4-11.9 353-2940 Bryan & HummerstoneZ&)9
S. plana * - - 5-190 - - - - - - - - Langston (1980)
Gastropods
Littorina littorea * 3.2-73 - - 0.49-2.56 0.79-3.04 0.13-0.98 62-194 -232 18-133 2.2-4.1 45-284  Bryan & Hummerstor@/{)
Patella vulgata * 1.5-6.0 - - 3.3-21.5 0.24-1.56 0.48-2.62 10-27 2930 5.4-36.0 1.7-3.7 83-224 "
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Table 3. Trace element concentrations (ug/g drydet@rmined in the digestive gland of cephalopoais tthis study and from the literature.

Species Ag Al Cd Co Cr Cu Fe Mn Ni \Y Zn Authors

Nautilus macromphalus 4.45+2.68 32.1+16.3 45.1+13.2  7.8+3.6 44+1. 106+46 666+231 10.1+1.7 16.3+7.8 8.8+2.0 672+208 Present study

Sepia officinalis 6.15+1.75 12.67+0.35 3.27+0.6 1.1+0.1 3153 284+2 3.3#0.1 1.3+0.4 5.0£1.3 571+47 Miramand & Bent(£992)
Loligo opalescens 251.1+12.6 85.0+51.6 5350+3210 111473 247+13 Martin & Flegal (1975)

L. opalescens 45.9+19.0 121.5+57.9 8370+£3130 87+49 449+201 "

Nototodarus gouldi 33+30 363+238 830+355 Finger & Smith (1p87
N. gouldi 3.3x1.4 7.7£4.0 50+25 246+298 745440 4.2%1.1 696+295 Smith et al. (1984)
Ommastrephes bartrami 12.1+8.6 287+202 195+212 399+204 163455 MattFlegal (1975)
Stenoteuthis oualaniensis 24.1+10.9 782+255 1720+151 319+67 513+288 "

Eledone cirrhosa 3.20+1.74 24.00+1.75 2.06+0.0 0.840.1 456 +11 287 4.2+1.6 2.5+0.1 3.3+0.5 646+86 Miramand & Bent{1992)
Benthoctopus thielei 215 42 416 Bustamante et al. (1998a)
Graneledoe sp. 369 1092 102 Bustamante et al. @P98
Octopus vulgaris 2550 1920 Ghiretti-Magaldi et al. (1958)
O. vulgaris 50+10 2500+700  700+130 7.0+£0.5 45+1.0 145®4 Miramand & Guary (1980)
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