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ABSTRACT: The nacre of Mytilus edulis is introduced as an alternative to soft tissues for trace metal 
analyses in biological monitoring programs. The lnner nacreous shell and soft tissues of mussels 
collected near a Pb smelter were analyzed for Pb and compared with the total-Pb content in suspended 
particulate matter (SPM). The results indlcate that shells can provide an index of Pb bioavailability as 
the nacre-Pb levels were strongly correlated (p < 0.001) with the tissue-Pb concentrations. Although 
nacre sequesters ca one tenth of the Pb measured in the tissues, the statistical variability associated with 
nacre-Pb levels is half that calculated for the tissues. Consequently, nacre-Pb levels offer a compara- 
tively better relationshp with the SPM Pb-content and also prov~de a significantly better spatial 
resolution. How other biophysical parameters such as mussel age, size, and littoral zonation may affect 
mussel Pb concentrations are also discussed. 

INTRODUCTION 

The molluscan capacity to magnify and integrate 
aquatic pollutants is considered to play a key role in 
monitoring environmental quality. As a convention, 
analytical data are expressed a s  the concentration of 
trace metals in the soft tissues of bivalves on a dry or 
wet weight basis (pg g-1). However, metal concen- 
trations in bivalve soft tissues are associated with a 
high degree of inherent variability which often com- 
plicates attempts to detect changes resulting from 
anthropogenic activity (Gordon et al. 1980). 

Although Comfort (1949) suggested 40 yr ago that 
bivalve shells may act as receptacles for unwanted 
chemical species, shell trace-metal analyses have 
rarely been reported in monitoring programs. This is 
likely related to earlier studies suggesting that metal 
levels in shells were due to passive adsorption proces- 
ses and hence, were not indicative of their bioavailabil- 
ity (Keckes et  al. 1968, Romeril 1971). Unfortunately, 
these studies failed to recognize or analyze discrete 
structural components of bivalve shells. 

This study evaluates the feasibility of using Mytilus 
edulis shells - particularly the nacreous layer - as a 
monitoring tool for Pb pollution. The relationships 
between Pb levels in the soft tissues and the nacreous 
shell layer as well as the statistical variability in both of 
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these materials are investigated. Biotic parameters 
such as shell length, shell weight and mussel age are 
also examined to ascertain how they may affect the 
mussel's indicator ability. The terminology relating to 
shell structure throughout this study is that of Taylor e t  
al. (1969). 

Shell secretion and trace metal uptake 

Although it is beyond the scope of this paper to cover 
all the details involved in bivalve anatomy and shell 
secretion, a minimum of background information is 
required to appreciate the results presented below. 
Simkiss & Wilbur (1977) and Krampitz & Graser (1988) 
give a more detailed review on the anatomical com- 
partments and molecular mechanisms involved with 
biomineralization, respectively. 

The bivalve shell is a complex organidinorganic 
system consisting of 2 calcified valves covered by a n  
outer organic layer, the periostracum. The perio- 
stracum's main role in marine epifaunal bivalves is to 
act as a support and substrate for the initial nucleation 
and crystal growth of the calcareous shell. This shell 
consists of calcium carbonate crystals and a small 
amount of organic matrix (ca 3 %) organized in 2 or 
more structural components. The Mytilus edulis shell 
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has 2 structural components; an outer prismatic calcite 
layer and an  inner nacreous aragonite layer. h k e  the 
shell, the mantle epithelium greatly overhangs the 
body, and it forms a large sheet of tissue lying beneath 
the valves. The mantle edge is divided into 3 folds in 
which the outer fold is responsible for shell secretion. 

In short, shell secretion occurs within the extrapallial 
space in which the mantle epithelium secretes the 
extrapallial fluid. Aside from containing all the compo- 
nents for biomineralization (e.g. Ca", HCO;, organic 
molecules) the extrapallial fluid may also contain 
heavy metals when present in the outer medium. The 
actual secretion/sequencing of the different structural 
shell components, i.e. penostracum layer + calcitic 
layer + nacreous layer, is determined by different 
regions of the mantle epithelium. In Mytilus edulis, the 
extrapallial space is effectively isolated from the outer 
environment (Chetail & Krampitz 1982). Consequently, 
any trace metals actively incorporated within the shell 
matrix during shell growth must have been assimilated 
by the organism (Wilbur & Saleuddin 1983). 

Shell trace metal levels, therefore, should provide an  
index of their bioavailability. However, trace metals 
passively adsorbed to the shell surface cannot be  differ- 
entiated from those incorporated within the shell ma- 
trix. It is therefore essential to choose a structural shell 
component which has not been exposed to either par- 
ticulate or dissolved metal species in the water column. 
In Mytilus edulis shells, this restriction precludes the 
use of the periostracum and calcite layers, a s  the former 
is often partially eroded and exposes large portions of 
the calcite layer to the water column. Hence, as long as 
the degree of shell abrasion is low and the nacreous 
layer has not been exposed to the outer medium, it 
should essentially contain biologically deposited trace 
metals. 

Study area 

The refining of Pb/Zn sulphide ores at Belledune 
Harbor and their shipping to international markets 
from Dalhousie Harbor (Canada) have contributed to 
high metal loadings in the coastal environment and has 
resulted in extensive shellfish closures over much of 
New Brunswick's north shore (inset, Fig. l )  Lead is 
introduced into the coastal environment either as Pb 
sulphide from windblown particles from ore stockpiles 
at Dalhousie Harbor (Fig. 1A) or from the smelter's 
aqueous effluent discharged to Belledune Harbor (Hil- 
debrand 1984) The sulfuric acid produced during the 
refinement of the Pb/Zn ores is used in combination 
with fluorapatite and ammonia to produce diam- 
monium phosphate fertilizer (Fig. 1B). In November 
1980, various Improvements in waste treatment proces- 

ses at  the Belledune smelter were introduced. Among 
these changes was the relocation of the smelter outfall 
from within the harbor out onto the coast (Fig. 1B). 

The surface current regime within the Baie des 
Chaleurs is westerly, entering the Bay along the 
Quebec coast and exiting easterly along the New 
Brunswick shore (Legendre & Watt 1970). The coastal 
currents are mainly due  to the freshwater discharged 
by the Restigouche River and flow in a southeasterly 
direction along the New Brunswick shore (Loring et  al. 
1980). A clockwise gyre characterizes the water circu- 
lation within Belledune Harbor. This harbor has been 
described as a closed system where exchange between 
harbor and coastal flow, i.e. flushing, was limited to 
tidal flushing and diffusive effects only (Loring et al. 
1980). 

DAL.tiOUSIE HARROUR 

Fig 1 Locatlon of sampling s ~ t e s  in Dalhousie Harbor (D1 to 
D7), w ~ t b n  Balledune Harbor (B1 to R 3 )  and on the coast south 

of Belledune Harbor (C1 to C4) 

MATERIAL AND METHODS 

Sampling. During July 25 to 28, 1985, a total of 14 
stations were sampled in the Dalhousie-Belledune re- 
gion. Seven stations were established in Dalhousie; 6 in 
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the harbor itself (D1 to D6) and 1 off the Quebec coast 
(D?, Fig. 1A). The remaining 7 stations were located 
near Belledune; 3 within the harbor (B1 to B3) and 4 
coastal stations south of Belledune Harbor at 1000 m 
intervals (C1 to C4, Fig. 1B). 

Suspended particulate material (SPM) was sampled 
by SCUBA using acid-cleaned polyethylene bottles 
(1 1). The bottles were opened ca 30 cm from the bottom 
during the divers' initial descent to avoid sampling 
resuspended sediments. The samples were filtered 
through pre-weighed Nucleopore filters (0.45 pm pore 
size) within 48 h of collection. The residue-laden filters 
were maintained frozen at -20°C pending analyses. 

Mussels greater than 20 cm (shell length) were col- 
lected in nylon bags by divers who avoided any speci- 
mens anchored to metallic structures. Special attention 
was taken to select nlussels from a single clump to 
ensure environmental homogeneity (Lobe1 et  al. 1982). 
The conditions of the shells were examined immedi- 
ately after collection and highly abraded or damaged 
shells were discarded. The selected mussels were 
allowed to depurate their gut content in ambient sea- 
water for 48 h and stored frozen at -20°C until 
required for analysis. 

Bivalve age determination. Similar size mussels (65 
f 3 mm) collected at Stns D3, B2 and C1 were selected 
for age determinations. Clean valves were dried 
sequentially in 50, 75 and twice in 100 % ethanol, prior 
to embedding in Spurr's resin (Spurr 1969). The 
embedded shells were sectioned along the antero-pos- 
terior axis with a diamond saw and prepared for ace- 
tate peels as outlined in Kennish et  al. (1980). The 
acetate peels were then examined with a stereo micro- 
scope equipped with a scaled ocular lens to determine 
the number and thickness of the growth bands in the 
nacreous shell layer. 

Growth bands defined as zones with alternating re- 
gions containing variable concentrations of organic 
material (Lutz & Rhoads 1980), showed up as alternat- 
ing light and dark layers within the nacreous shell 
layer. Lutz (1976) demonstrated that these patterns 
reflect annual cycles of growth in Mytilus edulis col- 
lected from temperate climates and could provide 
accurate age estimates of individual mussels. The term 
'annual layer' has therefore been adopted in this study. 

Analyses. Nucleopore filters were dlled at 60 "C and 
weighed. The concentration of SPM was calculated as 
the weight of the residue divided by the volume of 
filtered seawater. The SPM was digested in a mixture 
of aqua regia (Ultrex) and concentrated HF (Ultrex) and 
analyzed for Pb by atomic absorption spectroscopy 
(AAS) using a Perkin-Elmer 603 as outlined in Rantala 
& Loring (1977). 

Similar size mussels (65 + 3 mm, shell length) were 
selected and thawed at room temperature. The bi- 

valves were shucked (taking care not to damage the 
inner shell) using stainless steel instruments, the tis- 
sues dried (70°C), weighed and ground in an agate 
mortar. A total of 10 mussels per sampling station were 
analyzed separately. Approxin~ately 200 mg subsam- 
ples of each individual were digested with concen- 
trated H N 0 3  (BDH, Aristar) in Teflon bombs (Borg et  al. 
1981). 

The shells were cleaned of extraneous material e.g. 
sediments, with a nylon brush under running distilled 
water, dried at 70°C for 20 h and weighed. The cleaned 
shells were ashed in a muffle furnace at 400°C for 18 h 
after which the calcite and nacreous shell layers were 
separated (Bourgoin 1988), and weighed. Approxi- 
mately 50 mg of ashed nacre was lightly scraped from 
the inner growth surface of the nacre shell at a depth no 
greater than 0.1 mm to assure that only recently depo- 
sited material was collected. The nacre samples were 
then digested in concentrated H N 0 3  (BDH, Aristar), 
and made up to volume with double distilled deionized 
water (DDW). 

The tissue and shell digests were analyzed on a 
Perkin-Elmer HGA 2100 graphite furnace, which was 
programmed as follows: drying time 20 s at 180°C; 
charring time 20 s at 500°C; atomizing time 13 S at 
1800°C; cleaning time 3 s at 2700°C; wavelength 283.3 
nm; integration time 10 S; background correction - on; 
sample size 10 yl. The furnace assembly was cleaned 
after every 20 determinations. 

All mussel Pb concentrations (,ug g-l) refer to dry 
weight of soft tissues and nacreous shell. Significant 
differences in mussel-Pb levels were based on Schef- 
fe's method for testing differences among means 
applied to logarithmically-transformed values to 
ensure normal distributions of data (Sokal & Rohlf 
1981). Comparisons of other biophysical parameters 
throughout this study were based on the 95 O/O confi- 
dence intervals of means. 

Quality control. To minimize contamination, all 
glassware in contact with the samples and standard 
was soaked in 7N HNOS for a minimum of 48 h,  rinsed 
3 times with DDW, stored in 2N H N 0 3  and rinsed again 
with DDW before use. 

A standard reference material, oyster tissue (NBS 
1566), and an internal reference consisting of Pb- 
spiked calcium carbonate (Aldrich, Gold Label), were 
included in the analysis as  quality control samples for 
each day's run. These standard samples were stored in 
a desiccator and were treated in the same manner 
described for the samples. The Pb levels in the internal 
reference was cross-checked by inductively coupled 
plasma-mass spectronletry (ICP-MS) using a Sciex 
Elan model 250. Agreement with the certified value as  
well as the Pb recoveries determined by AAS and ICP- 
MS was good throughout. 
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RESULTS 

Physical parameters 

The mean tidal amplitude in the study area was ca 
2 m and hence only the mussels collected south of 
Belledune Harbor (Stns C1 to C4) were from the inter- 
tidal zone (Table 1). The salinity did not vary with 
depth and was essentially the same at all stations. 

The concentrations of SPM in the coastal samples 
south of Belledune Harbor (C1 to C4) were similar to 
those collected a t  Dalhousie Harbor (Table 1). The 
amount of SPM measured within Belledune Harbor (B1 
to B3) was 3 to 5 times lower than a t  all other sampling 
stations. Windy conditions prevailed throughout the 3 d 
sampling period. Consequently, the wave height in the 
more open areas such as Dalhousie and the coastal 
sites averaged ca 1.0 m. The waters inside Belledune 
Harbor were sheltered from the prevailing northwest 
winds and the recorded wave height was never greater 
than 0.3 m. Hence, calmer conditions coupled with 
greater sampling depths could explain the lower SPM 
concentrations measured within Belledune Harbor. 

Mussel age  determination 

Acetate peel observations revealed that the mussels 
collected from the subtidal zone were nearly 3 yr 
younger on average than similar sized mussels col- 
lected from the intertidal zone (Fig. 2). A 13-yr-old 
specimen was recorded at C1 whereas no mussels older 
than 8 yr were observed from the subtidal stations in 
Belledune and Dalhousie. The significantly (p  < 0.05) 
thinner growth bands in C1 mussels also suggested 

Table 1. Depth (m), salin~ty ( % Q ) ,  and concentration (mg l - l )  of 
suspended particulate matter (SPIV) at  sampling stations in 

the study area 

Station Depth Salinity SPM 

D1 4.0 23 6.12 
D2 3.0 24 4.34 
D3 3.5 25 5.04 
D4 4 . 0 25 3.56 
D5 3.5 25 5.92 
D6 5.5 27 5.14 
D7 3.5 24 3.78 

B1 12.0 24 1.30 
B2 11.0 24 1.82 
B3 6.0 24 1.86 

C 1 0.5 23 6.34 
C2 0.5 24 4.87 
C3 0.5 24 3.19 
C4 1.5 24 4.28 

slower growth rates for mussels located in the intertidal 
zone (Fig. 2). 

SPM-Pb concentrations 

The SPM-Pb contents in Table 2 have been hsted as 
Pb concentrations per unit weight of SPM (pg g-l) and 
by the more convenhonal parameter, Pb per unit vol- 
ume of seawater (pg 1-l). The latter, however, does not 
accurately convey the degree of contamination among 
the various sampling sites due to the high variability of 
SPM concentrations between sheltered and unshel- 
tered sampling sites (Table 1).  

The highest SPM Pb-concentration was recorded at 
the station nearest to the smelter's current outfall at Stn 
C l .  Slightly lower amounts of Pb were measured in the 
Belledune Harbor samples, all of which were at least 3 
times higher than those measured at Dalhousie Harbor. 
The SPM Pb-levels measured in the coastal stations 
south of Belledune Harbor (C1 to C4) decreased rapidly 
in relation to their distance from the smelter outfall. 

Annual layers 
Fig. 2. Mytilus eduljs. Frequency distribution of 'annual lay- 
ers' in shells, as determined by acetate peels of longitudlndl 
valve sect~ons  (65 + 3 mm shell length1 from selected stations 
in the study area. Sample size = 1.5 mussels per station. 
5: average thickness (pm) of individual annual layers; S: 

standard deviation 
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Table 2. Lead concentrations measured in the tissues and nacre of Mytilus edulis and suspended particulate matter (SPM). Data 
for nacre and tissue are mean of 10 individual analyses. (CV) percent coefficient of variation 

Station Tissue Pb (kig g-l) Nacre Pb (yg g-') SPM Pb 
Mean CV Mean CV g-'1 ( ~ g  I-') 

D1 17.3 46  % 2.1 14 % 192.4 1.18 
D2 12.9 42 % 1.0 20 % 241.3 1.05 
D3 9 3 4 3 O/o 0.7 26 % 178.9 0.90 
D4 9.3 35 "/D 0 7 30 % 105.0 3.74 
D5 7.6 47 % 0 3 17 % 135.1 0.80 
D6 8.2 41 % 0.4 27 % 162.3 0.83 
D7 6 .1  37 "/o 0.3 32 % 77.8 0.29 

B l 404.4 43 % 27.2 14 % 582.1 0.76 
B2 347.6 39  % 26.1 20 % 696.3 1.27 
B3 219.2 44 % 13.3 17 O/o 844.0 1.57 

C 1 505.8 52 'Yo 49.1 19  % 974.3 6.18 
C2 249.4 5 1 '10 18.6 16  % 383.4 1.89 
C 3  94.1 55  % 7.6 32 Yo 63.9 0.22 
C4 17.4 59  % 1.9 13  % 55.2 0.24 

Mean 45 % 22 % 

In Dalhousie, samples collected nearest to the ore 
loading facilities yielded the highest Pb concentrations, 
whereas the lowest Pb level was recorded off the 
Quebec coast at  Stn D?.  No significant Pb gradient was 
observed in the remaining Dalhousie stations. 

Mussel-Pb concentrations 

The tissue Pb concentrations were ca 1 order of 
magnitude higher than the Pb levels measured in the 
nacre (Table 2). The Pb levels in both materials were 
significantly (p < 0.001) correlated and best described 
by the following power equation: 

where Y and X represent the Pb concentrations in the 
nacre and tissues, respectively (Fig. 3 ) .  

The Pb concentratlons in mussels collected from 
Dalhousie Harbor generally decreased from west to 
east or relative to their distance from the ore loading 
facilities. Mussels collected from the westernmost por- 
tion of the harbor at Stn D1 sequestered the most Pb, 
whereas the lowest Pb levels were recorded in mussels 
collected off the Quebec coast at  D? (Table 2). 

The Pb levels in mussels collected from Belledune 
Harbor averaged 1 to 2 orders of magnitude higher 
than the Pb levels in mussels sampled from the 
Dalhousie region (Table 2). Tissue Pb-levels displayed 
a trend of decreasing Pb-levels from B 1  to B3. This 
gradient, however, was  not reflected in the shell data 
which showed that mussels collected from B1 and B2 
had comparable nacre-Pb levels; ca twice as high than 
that measured in nlussels from B3. 

Nacre = 0.35 X Tissue 
Pb 

r = 0.848 . 
n=140 i 

Tissue Pb ( p g / g )  

Fig. 3. Mytilus edulis. Relationship between lead concen- 
trations (pg g-' dry wt) in the nacreous shell layers and soft 

tissues 

The highest Pb concentration in either the tissues or 
nacre was recorded in mussels collected nearest to the 
current outfall, at  Stn C l .  The Pb-concentrations in the 
mussels collected south of Belledune Harbor (C1 to C4) 
decreased rapidly, similar to the SPM Pb-concen- 
trations (Table 2).  

The statistical variability associated with the nacre- 
Pb levels was approximately half that calculated for the 
tissues (Table 2). The coefficients of variation related to 
tissue-Pb ranged between 59 and 35 % whereas the 
highest value attributed to nacre-Pb was  only 30 % and 
as  low as  13 %. Although no trend was observed in the 
variability associated with nacre-Pb, the largest coeffi- 
cients of variance related to tissue-Pb consistently 
occurred in the mussels collected from the intertidal 
stations (C1 to C4). 
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DISCUSSION 

Although sessile mussels cannot avoid adverse con- 
ditions, they can stop feeding in excessively turbid 
water to avoid ingesting large amounts of refractory 
material such as sediments (Coker et al. 1921). Hence, 
the author feels that the absolute Pb concentrabon in 
the SPM, i.e. ~cg  g-l, better reflects the degree of 
contamination among the various sampling stations. 
Significant relationships (p < 0.01) were obtained 
when mussel-Pb levels, i.e. tissues and nacre, were 
regressed to absolute SPM-Pb concentrations, ktg g-' 
(Fig. 4) .  This illustrates the potential availability of Pb 
in the particulate phase to filter-feeding organisms. 
Mussels accumulate Pb and other trace metals from the 
seawater either directly from the solution, i.e. dissolved 
metals, or from the particulate phase. Schultz-Baldes 
(1974) demonstrated that Pb uptake by Myllus  edulis 
from either of these 2 routes occurred at similar rates at 
equal concentrations and suggested the latter route to 
be  more important because the concentration of dissol- 
ved Pb is relatively much lower in coastal environ- 
ments. Loring & Prosi (1986) also observed that Pb 

0 '  
Tissue = 0.5 SPM - 32.3 

Pb 0 

-2 r = 0.769 
n = 140 q 8' Y eoo q 

- so - Nacre = 0.04 SPM - 3.2 
Pb Pb 

9 r = 0.849 

3. 
n = 140 

V 

Fig. 4 .  Mytilus edulis. Relationship between lead concen- 
trations (yg g ' dry wt) In the suspended particulate matter 
(SPM) and in the nacreous shell layers and soft tissues of ( A )  

Dalhousie Harbor stations (D1 to Df) ;  (0) Belledune Harbor 
stations ( B 1  to B3); (0) coastal stations south of Belledune 

Harbor (C1 to C4) 

uptake by M. edulis was more closely related to the 
particulate levels. 

Although the dissolved Pb fractions were not deter- 
mined in this study, dissolved Pb concentrations rang- 
ing between 0.35 and 0.58 pg l-' were observed, in 
1984, within Belledune Harbor (P. A.  Yates, Bedford 
Institute of Oceanography, pers. comm.). Based on 
these observations, the particulate Pb fractions 
recorded in Belledune Harbor would have accounted 
for 67 to 78 % of the total Pb. These estimates conform 
with a previous study (Levaque Charron 1981) which 
reported that particulate Pb represented at least 73 "10 
of the total Pb in the seawater in Belledune Harbor. 

The mussel-Pb levels in specimens collected from 
Dalhousie Harbor plotted in Fig. 4 fell below the gen- 
eral relationship suggesting a lower bioavailability of 
the particulate Pb within this region. Tessier & Camp- 
bell (1987) have demonstrated that the chemical 
speciation of Pb is an  important factor in determining 
its bioavailability. Others (Ray et  al. 1981) have shown 
that the Pb and other sedimentary trace metals near 
Dalhousie Harbor had a lower bioavailability because 
much of it occurred as sulphide. Conversely, the Pb 
levels recorded In the coastal mussels downcurrent of 
Belledune Harbor generally occurred above the curve 
in Fig.4. This difference in the bioavailability of Pb 
between Dalhousie and Belledune may have been 
further accentuated because of the different point sour- 
ces in these 2 regions. Ferguson (1983) observed that 
Pb compounds from smelter effluent were labile or 
weakly complexed and displayed a higher bioavaila- 
bility. The high Pb-levels measured in mussels col- 
lected near the relocated outfall ( C l )  suggest that the 
smelter effluent continued to be a main source of con- 
tamination. In fact, the tissue-Pb measurements at Stn 
C1 were comparable to tissue Pb-levels recorded in 
mussels receiving untreated effluent within Belledune 
Harbor, in 1980 (Levaque Charron 1981). 

The rapidly decreasing SPM-Pb gradient observed at 
coastal stations south of Belledune Harbor illustrates 
how the particulate matter efficiently scavenges Pb 
from solution. Others (Loring et al. 1980) have similarly 
reported that SPM-Cd and Zn concentrations at  Bel- 
ledune decreased rapidly away from the harbor such 
that background levels were encountered within 4 km 
of the harbor. Ward et al. (1986) have also reported that 
Pb and Cd levels in biota and sediments decrease 
exponentially with increasing dlstance from a Pb smelt- 
er in South Australia. 

Nacre-Pb levels as an  index of bioavailability 

The higher Pb levels detected in the tissues relative 
to the nacre conform with other studies which reported 
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tissue-Pb concentrations 1 to 2 orders of magnitude 
higher than in the shells of bivalves (Segar et al. 1971, 
Frazier 1975). The substantial coefficient of determina- 
tion obtained in Fig 3 ( R ~  = 91 " i r )  illustrates how the 
Pb in the tissues and nacre are strongly inter-related. 
Phillips (1980) previously suggested that if the adsorp- 
tion of metals were non existent, the integration of 
metals into bivalve shells during their synthesis should 
occur in simple proportion to the amounts of the 
contaminants in the soft parts. 

The fact that other authors (Romerll 1971, Bi-yan & 

Uysal 1978) have not obtained such agreement 
between metals levels in whole shells and tissues sug- 
gests that the adsorption of metals to exposed shell 
surfaces is a highly significant parameter in determin- 
ing metal levels in outer shell layers, but not in the 
tissues. Sturesson (1976, 1978) observed that ca 75 O/O of 
the Pb and Cd in Mytilus edulis shells were passively 
adsorbed onto the periostracum. 

Variability associated with tissue- and nacre-Pb levels 

The variance associated with the tissue-Pb levels 
(Table 2 )  was within the range of those reported in 
previous studies (Lobe1 et al. 1982, Martincic et al. 
1987). Although the variability in the metal levels 
between mussels due to extrinsic factors e .g .  season, 
salinity, mussel size, can generally be eliminated by 
careful collecting techniques, a considerable amount of 
unexplained residual vanability, or inherent variabll- 
ity, often persists. Body weight fluctuations related to 
the reproductive (Ritz et al. 1982) and/or to the phys- 
iological (Luten et al. 1986) state of the bivalves are 
chiefly responsible for the high variability inherent to 
tissue analysis. Body weight fluctuations related to the 
biological state of mussels, i.e. mature vs senescent, 
may also be an important source of variability in larger 
mussels. Jorgensen (1976) observed that losses of soft 
body weight may occur prior to death in the largest 
Mytilus edulis. In the case of metals with long biologi- 
cal half-lives e.g.  Pb, the tissue-metal levels in sene- 
scent organisms may be artificially increased due to the 
loss of tissue mass but the retention of the metal itself. 

This problem is usually circumvented by restricting 
the metal analyses to bivalves of a standard size, i.e. 
shell length, under the assumption that bivalves within 
a size class are more or less all of the same age.  Results 
from age determinations (Fig. 2) demonstrated how- 
ever, that substantial age differences occurred within 
the size class chosen in this study. Based on a total of 45 
specimens, the age of mussels within the 65 mm size 
ranged between 5 and 13 yr. Mussels collected from 
the intertidal zone, which reportedly have a slower 
growth rate than those in the subtidal zone (Baird & 

Drinnan 1957), encompassed the highest age span, i.e. 
7 yr. It was also within this particular mussel group in 
which the highest degree of tissue-Pb variability was 
recorded (Table 2). Therefore, it is possible that mus- 
sels diffenng in biological state were not distinguished 
and may have significantly contributed to the high 
tissue-Pb variability. Others ( h t z  et al. 1982) have 
previously suggested restricting metal analyses to 
smaller size classes of mussels. 

Shell weight, as compared to tissue weight, is not as 
readily affected by the biological state of mussels. 
Fischer (1983) noted that in very large Mytilus edulis, 
i. e .  total shell weight > 10 g ,  soft-tissue growth ceased 
whereas shell secretion continued. This may explain 
why the higher variability associated with tissue-Pb in 
mussels collected from the intertidal stations was not 
reflected in the nacre. The fact that shell weight is 
much less variable than tissue weight could explaln the 
overall decrease in the variance of nacre-Pb as com- 
pared to that in the tissues. Fischer (1983) demon- 
strated that the trace metal variability in M. edulis 
could be significantly reduced by introducing shell 
weight as an independent variable in relation to the 
amount of trace metal in soft tissues. Koide et al. (1982) 
suggested that the relatively uniform pumping of met- 
als from the soft tissue to the new shell may further 
lower the variability associated to shell trace metal 
analyses. 

Site discrimination based on mussel-Pb levels 

The reduced variability associated wlth nacre-Pb 
would explain why it provided a better spatial resolu- 
tion on the degree of Pb contamination among the 
various san~pling sites as compared to the tissue-Pb 
levels (Fig. 5).  A total of 5 significantly different (p  
< 0.05) groups were defined based on the tissue-Pb 
levels, i.e. Croups a to e ,  whereas 3 additional groups 
were obtained when using nacre-Pb levels, i.e. Groups 
g to h. 

Aside from Stn C4, the 2 main groupings as defined 
by tissue-Pb levels essentially represented mussels col- 
lected either from the Belledune (a to c) or the 
Dalhousie (d to e )  region (Fig. 5).  Tissue-Pb levels in 
mussels collected nearest to the current smelter outfall 
( C l )  could not be distinguished from mussels collected 
at 2 stations within Belledune Harbor (Bl ,  B2). No 
significant difference was established among any of the 
mussels collected within Belledune Harbor even 
though the mussels collected at  B1 sequestered 
approximately twice the amount of Pb than mussels 
gathered from B3. These findings conform with a previ- 
ous study (Gordon et al. 1980) which reported that 
considerably larger sample sizes were required to yield 
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Stations 
Fig. 5. Mytilus edulis. Means of log-transformed lead concen- 
trations (pg g-' dry wt) in nacreous shell layers and soft tissues 
of specimens sampled in the study area (10 analyses per 
station). Vertical bars delimit 95 % confidence limits. Bars are 
labelled by the same letter when means are not significantly 
different (P>0.05;  Scheffe's method for testing differences 

among means, Sokal & Rohlf 1981) 

maximum resolution for tissue trace-metal concen- 
trations among different sampling sites. The signifi- 
cantly lower Pb uptake in mussels collected from Stn 
B3 was related to higher sedimentary-P levels encoun- 
tered at this station (Bourgoin et al. 1989). 

Based on nacre-Pb levels, mussels collected nearest 
to the outfall at C1 were significantly different from 
those sampled within Belledune Harbor (Fig. 5). Fur- 
thermore, significantly different mussel groups could 
be defined within Belledune Harbor (Bl ,  B2 vs B3). 
Koide et  al. (1982) also noted that mussel shells were 
more sensitive to environmental trace metal levels, e.g. 
lower variability, than the tissues. Except for the mus- 
sels collected at  D1 which displayed more affinity 
toward those collected at C4, no significant difference 
was established among any of the mussels collected at  
Dalhousie Harbor. 

ally improved because of the reduced variability. How- 
ever, as nacre-Pb levels are generally l order of mag- 
nitude lower than tissue-Pb, monitoring programs in 
less contaminated sites may be restricted to tissue 
analysis. In this instance, variability may possibly be 
reduced either by reporting the tissue-Pb content, i.e. 
kg Pb mussel-' or by normalizing this value by a less 
variable parameter, such as shell weight (Fischer 1983), 
rather than soft body weight. 

Aside from the obvious advantages associated with 
shell analyses such as by-passing depuration times and 
refrigeration of the samples, there is another powerful 
aspect of shell use in monitoring studies that has yet to 
be thoroughly explored. Bivalve shells have already 
proven useful in reconstructing the historical trace 
metal levels over tens (Lindh et al. 1988), hundreds 
(Carell et  al. 1987) or even thousands of years (Bour- 
goin & Risk 1987). These studies, however, were 
limited to trace metal variations within the shells and 
could not circumspect on what may have been the 
corresponding tissue-metal levels. However, after 
defining the metal's fractionation between the shell 
and tissues, such as was done in this study (Fig.3), 
historical tissue-Pb levels could be estimated from 
nacre-Pb levels measured in discrete 'annual layers' 
and compared with data from previous monitoring 
reports camed out in the same locality. Results from my 
study area are currently being compiled and will be 
reported in a separate paper (Bourgoin unpubl.). 

It has recently been noted that the progress in 
monitoring studies may depend on identifying specific 
pathways and storage sites of metals in molluscs 
(Fischer 1988). It is not known as of yet if shell analyses 
will equally apply to other non-essential metals e.g. Cd, 
Hg. However, I suggest other trace metals would follow 
a similar pattern and in this respect the deposition of 
metals in shells should be given renewed attention. 
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