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ABSTRACT: Shell weight of molluscs is introduced as alternative parameter for biological monitoring 
of heavy metals. Variability of metal concentration due to variations in soft-body weight can be 
eliminated by relating metal body burden to shell weight. A reformed 'Mussel Watch' concept IS 

outlined. Detailed investigation of Cd in mussels exemplifies advantages of the new approach. The 
relation of Cd body burden to shell weight is constant in relation to environmental Cd concentration. In 
contrast, conventional Cd concentration values of soft tissues, in general, are related to the physical 
condition of mussels. The dependency of condition and Cd concentration on individual size, tidal 
exposure, spawning, and nutrient supply is documented. Accumulation of Cd in soft tissues and 
formation of the calcareous shell are discussed in terms of influx of environmental ions and organismic 
immobilisation, together with their respective organic ligands. 

INTRODUCTION 

Molluscs are known to concentrate numerous toxic 
substances to a considerable degree over environmen- 
tal levels. This property makes them a potential hazard 
for the human consumer since commercially exploited 
stocks normally grow in inshore waters and may be  
contaminated. On the other hand, the molluscan 
capacity to magnify and integrate aquatic pollutants is 
considered to play a key role in monitoring environ- 
mental quality: substantial methodological efforts and 
risks of contamination in sampling water containing 
only traces of pollutants might be  circumvented via 
analysing molluscs instead. Thus bivalves have been 
proposed as indicator organisms for heavy metals (e.g. 
Schulz-Baldes, 1973; Darracott and Watling, 1975; 
Phillips, 1976a, b). Meanwhile the term 'Mussel 
Watch' (Goldberg, 1975) has entered the environmen- 
talists' terminology as a standard phrase, and first 
synopses on monitoring by means of biological content 
indicators have been published (Phillips, 1977, 1980; 
Wright, 1978). 

As a convention, analytical data are expressed as the 
concentration of heavy metals in the soft body of 
molluscs on a dry weight or wet weight basis. High 
concentrations of metals were found in samples from 
heavily contaminated estuaries or harbour areas (e.g. 

O Inter-Research/Printed in F. R .  Germany 

Butterworth et  al., 1972; Phillips, 1976b; Theede et  al., 
1979) or in the close vicinity of known point sources 
(e.g. Popham et al.,  1980; Jensen et  al., 1981). But since 
metal concentrations in molluscs from uncontaminated 
water masses vary widely, only differences of more 
than one order of magnitude have been considered a s  
being significant (Goldberg e t  al., 1978). Thus the 
indicator ability of molluscs for heavy metals in the 
environment appears to have been restricted to 
extremely polluted water masses. 

Many authors stress that local differences in body 
weight (or 'metabolic and physiological status', Davies 
and Pirie, 1980) and seasonal weight fluctuations are 
responsible for much of the variability of heavy-metal 
concentrations in molluscs (e.g. Phillips, 1976a; Cossa 
et al . ,  1979; Orren et al . ,  1980; Zaroogian, 1980). The 
total content of heavy metals in the soft body of 
molluscs, however, varies considerably less than the 
tissue concentration (Zaroogian, 1980), or may even 
remain almost constant over the year (Phillips, 1976a). 
Consequently, there are 2 principal ways for improv- 
ing the use of molluscs as indicators of environmental 
heavy metals: ( l )  reducing weight variability by 
eliminating or correcting for the influence of causative 
environmental or organismic factors; (2) using a less 
variable parameter that relates to heavy metal body 
burden better. 
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This study introduces the shell weight of conchifere- 
ous molluscs as an alternative variable in relation to 
the heavy metal content of the soft body. 

The investigations were restricted to cadmium. This 
heavy metal is of low toxicity to marine biota (review: 
M~hlenberg  and Jensen, 1980), but it may become 
hazardous to man as a result of his intake of seafood, 
especially when the burden from other sources is 
already high (Umweltbundesamt, 1981). Mytilus 
edulis, the common blue mussel, is accepted world- 
wide as a sentinel organism for heavy metals. This 
species was investigated in detail with regard to varia- 
bility due to individual size, position in the water 
column, and season (compare Phillips, 1976a), and 
with regard to its indicator ability for environmental 
Cd. 

MATERIAL AND METHODS 

Sampling 

Molluscs were collected in the Western Baltic Sea at 
locations known to be more (Kiel Fjord) or less polluted 
(Eckernforde Bight) according to preceding investiga- 
tions (water data 1977/78: Kremling et al., 1979; cad- 
mium in mussels 1975/76: Theede et al., 1979). The 
mean salinity in  this area is approximately 15 %O S; 
water temperature ranges from about 0 "C (winter) to 
over 17°C (summer); there is virtually no tide. Other 
samples were taken from the German Wadden Sea NE 
of the island of Sylt (30 %o S; mean tidal range 1 .71 m). 

No attempt was made to minimize variability in the 
sampling procedures. In contrast, utmost heterogeneity 
of individuals was chosen as a major test criterion for 
the applicability of shell weight as an independent 
variable throughout the study. 

The mussels were collected and placed in clean sea 
water to allow elimination of gut contents; they were 
then killed by wet heat at 60°C. Following water 
drainage the bivalves were deep-freeze stored. In con- 
trast, gastropods were extracted from their shells 
immediately; after freezing and thawing their diges- 
tive glands would otherwise often remain in the shell. 

Analyses 

For cadmium analyses 40 to 50 specimens of each 
sample covering the whole size range collected were 
thawed and shucked. Soft bodies were freeze-dried 
individually, oven-dried for 2 d at  60 "C, weighed, and 
ground to powder. Approximately 20-mg subsamples 
of each individual were wet-digested with 0.2 m1 of a 
1 : l  mixture of concentrated nitric acid and perchloric 

acid, gently heated to near dryness, and dissolved in 
de-ionised water. Samples were analysed for Cd by 
flameless AAS. 

Shells were dried overnight at 60°C, weighed, and 
the length (gastropods: height) determined. Shells (of 
Mytilus edulis only), selected at random, were dissol- 
ved in diluted hydrochloric acid (Sturesson, 1978) or 
acetic acid, and the organic components analysed for 
Cd in the same way as the soft tissues. The HCl- 
dissolved calcareous components of the shells were 
analysed by straightforward injection into the AAS. In 
this case the Cd-references were prepared from satu- 
rated CaC1,-solutions. 

Calculations 

All calculations refer to dry weight of soft tissues and 
shells. Treatment of data follows the outlines given by 
Boyden (1974, 1977). He found that the plotting of 
element content against soft-body weight on double 
logarithmic scales generally produces a straight line 
relationship: 

log metal = log a + b log weight 

If this holds for the metal over the whole size range 
of specimens, and if the slope b remains constant in 
different samples of a given species, then comparisons 
could be based solely on the intercept log a or its linear 
equivalent a by reference to a standard weight of 1 unit 
(as b log 1 = 0). 

The nutritional state of mussels is expressed as the 
condition index (Gabbott and Walker, 1971), which is 
the soft body dry weight fraction of the total dry 
weight: 

dry weight of soft tissues 
C 1  = X 100 (%) 

total dry weight 

Throughout this study, comparisons of slopes and 
intercepts are based on the 95 % confidence intervals 
of means. Real differences are evident when the confi- 
dence intervals do not overlap (Sachs, 1978). 

RESULTS 

Multispecies survey 

Samples of different conchifereous species were col- 
lected at locations distant from industrialised areas 
(Fig. 1; Locations 1, 2 and 4). Sufficient numbers of 
cockles Cardium edule  and clams Mya arenaria could 
be found at more sheltered places only (Locations 5 
and 6). 
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Fig. 1. Sampling sites in SW- 
Kiel Blght Exposed (1  to 4), 
sheltered (5 to 7) and polluted 

locations 18 to 101 

As described by Boyden (1974, 1977), power func- 
tions 

Cd = a X wtb, hence log Cd = log a + b X log wt 

were suitable to describe the relation between cad- 
mium content (Cd, pg) and soft-body dry weight (meat 
wt, g) or the dry weight of the shells (shell wt, g). 
Linear or exponential functions relating Cd and weight 
did not fit the data as well (Table 1). 

In Astarte borealis it was not possible to compute a 
common Cd/meat-wt regression over the whole size 
range, since older and younger specimens, which may 
represent year classes, exhibited different slopes. The 
same trend was observed in a Mytilus edulis sample, 
but there were too few older specimens to permit a 
separate calculation. In Cardium edule there were 

slightly higher Cd concentrations in one of the sam- 
ples, but the 95 %-confidence intervals of means over- 
lapped. 

When the weight of the calcareous shell was used as 
the independent variable instead of the soft body dry 
weight, the Cd/shell-wt regression was continuous 
over the whole size range in Astarte borealis. In con- 
trast, the 2 samples of Cardium edule differed mark- 
edly with respect to their intercepts (Fig. 2, right). 

In most species analysed the accumulation rate of Cd 
in the soft tissues tends to proceed slightly faster than 
the formation of the calcareous shell. This is expressed 
by the fact that the slope b of the Cd/shell-wt regres- 
sion is slightly greater than 1. The intercept In a may 
express a species-dependent ratio between the rates of 
both processes when comparing different species from 

Table 1. Cadmium body burden (pg) of several mollusc species in relation to soft-body dry weight (meat wt, g) and shell weight 
(shell wt, g) .  Sampling: autumn 1980; sltes see Fig. 1 

Species Site n Cd = a X meat wtb Cd = a X shell wtb 
In Cd = In a + b X In meat wt In Cd = In a + b X ln shell wt 
a ln a b r a In a b r 

Astarte borealis 1 21 2.4893 0.9120 0.9061 0.9641 
37 13.1195 2.5741 1.4248 0.8919 

} 0.1392 -1.9715 1.1121 0.9743 

Cardium edule 5 31 0.7333 -0.3102 0.7532 0.8736 0.1033 -2.2697 1.1248 0.8825 
6 28 0.5523 -0.5929 0.7181 0.8986 0.0654 -2.7271 1.0610 0.9192 

Mya arenaria 5 17 0.3240 -1.1270 0.9802 0.9628 0.0843 -2.4731 0.8922 0.9835 
Macoma balthica 4 106 0.2196 -1.5160 1.0275 0.8867 0.0342 -3.3745 0.9489 0.8997 
Mytilus edulis 4 105 1.5971 0.4682 1.0290 0.9786 0.2420 -1.4189 1.0916 0.9913 
Uttorina littorea 3 52 2.6993 0.9930 1.0474 0.9781 0.2416 -1.4203 1.3135 0.9834 
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Fig. 2 Astarte borealis (Location 1) and Cardium edule (Locations 5 and 6, autumn 1980). Relating the Cd body burden to shell 
weight (right) instead of to meat weight (left) produces steady regression lines (A. borealis) and clear-cut differences (C. edule, 

with 95 % confidence intervals of means). r: linear regressions 
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ratio of approximately 0.14 and a Cd concentration of 
approxin~ately 2 pg X g-1 meat are further basic data 
for a balance calculation: 

A shell of 1 g contains at most 0.05 pg Cd 
The corresponding soft tissues 
of 0.14 g contain 0.28 yg Cd 
The entire mussels contains at most 0.33 yg Cd 

Hence, 85 % or more of the Cd in Kiel Bight mussels 
is located in the soft parts. 

Throughout this study, the Cd body burden refers to 
the amount accumulated in the soft tissues, disregard- 
ing minor quantities that may be present in the shells. 

Individual size 

Size and condition 

Mussels were dredged from 7 m depth in Eckern- 
forde Bight (Location 3, autumn 1980). The size of 
individuals analysed ranged from 13 to 100 mm shell 
length, or 0.01 to 40 g shell weight. 

Subsamples of small, medium-sized, and large indi- 
viduals were distinguished with regard to size fre- 
quency, shell characteristics, and condition index (C I). 
Shell weights of approximately 5 and 20 g were 
appropriate to delimit the subsamples from each other. 

When Cd was related to weight of soft parts, the 
subsamples differed markedly (Fig. 3, left). In S m a l l 
mussels, the Cd concentration of soft parts decreased 
with size, i.e. the slope b of the Cd/meat-wt regression 
was significantly (p  5 .01) smaller than 1 (Fig. 3, left). 
In mussels of m e d i U m s i z e , the Cd concentration 
increased with size: b exceeded 1 (p 5 ,0001). In very 
l a r g e specimens, Cd concentrations were highest, 
but the accumulated amount was not correlated with 
the weight of the soft body. The calculated Cd/meat-wt 
regression line was almost parallel with the In soft- 
body dry-wt axis, the slope being not significantly 
different from zero. 

When the amount of Cd in the soft body was related 
to the weight of the shells, the Cd/shell-wt regressions 
of the subsamples were virtually identical. A common 
regression line could be calculated that covered the 
whole size range of individuals (Fig. 3, right). 

Plotting analytical data against shell weight as inde- 
pendent variable (Fig. 4) shows: (1) In the subsample 
of small individuals, soft-body weight increases faster 
than shell weight. In medium-size mussels, the trend is 
reversed. In very large mussels there is no more net 
growth of the soft body, but the shell weight continues 
to increase (Fig. 4a, solid lines). (2) C I and ratio shell 
weight to soft-body dry weight are derived from basic 
data. Their relation can be characterised roughly as 
being inversely proportional (Fig. 4a, b, broken lines). 

.OS .l .2  .5 1.0 2.0 .S 1 2 5 10 20 

Soft-Body D r y  Weight (g )  Shell Weight (g)  

Fig. 3.  Mytjlus edulis (Location 3, autumn 1980). Size-dependent differences of Cd/meat-wt regressions (left) and common 
Cd/shell-wt regression (right) with 95 % confidence intervals of means. r: linear regression lines 
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higher ratios of shell weight to soft-body weight have 
been observed repeatedly - a phenomenon that may 
be modified by external variables in its extent, but not 
in its general pattern. In medium-size (adult) mussels, 
the net increase of the soft body declines with size. In 
the largest (senescent) mussels, seasonal weight 
increase equals losses by spawning and seasonal star- 
vation (Jorgensen, 1976), and net losses of soft body 
weight may occur prior to death. Shell growth in terms 
of annual length increments is known to diminish with 
age,  but formation of the calcareous shells continues: 
heavy (thick) shells indicate greater age of mussels 
(Havinga, 1929; Seed, 1968). 

The inverse development of Cd concentration and 
C I within all size subsamples intensifies doubts as to 
the usefulness of soft-body weight as an  appropriate 
independent variable for biological monitoring. It can 
be predicted that any variable influencing the C I, or 
nutritional state of mussels, will modify the Cd con- 
centration in the opposite direction. 

The Cd concentration of Eckernforde Bight water 
has been shown to remain almost constant with time 
(Kremling et al.,  1979) under normal hydrographical 
conditions. The size range of individuals analysed cov- 
ers ages from 0.5 to more than 6 yr. Constancy of 
environmental cadmium is reflected in a common Cd/ 
shell-wt regression for all size subsamples. 

Position in water column 

High turbulence, n o  tide 

Mussels were collected in Dec. 1980 in Eckernforde 
Bight (Location 3) from depths of 7 m (coarse sand and 
gravel) and l m (wooden structure). 

Cd concentrations were the same in mussels of com- 
parable size in the 2 subsamples, and there were no 
differences in nutritional state in terms of the C I. Size- 
dependent differences were similar to those described 
above. 

The Cd/shell-wt regressions of the surface and the 
bottom subsamples were virtually identical and steady 
over the whole size range. Slope and intercept were 
the same as in the preceding sample from the same 
location (Fig. 3, right). 

High turbulence, tidal waters 

Mussels were collected in Aug. 1981 from a remote 
tidal flat NE of the island of Sylt (cp = 55"05,4'N; 
h = 8" 16 , l '  E) and dredged from a nearby submerged 
mussel bed (cp = 55"02,2'N; h = 8"17,2'E). 

When relating Cd body burden to soft-body dry 

Table 2 Mytilus edulis from the German Wadden Sea, sum- 
mer 1981  Effect of tidal exposure on condition, Cd concentra- 
tlon, and Cd/shell-wt interrelationship. 95 % confidence 

interval of mean values 

Submerged bank,  n = 52 Tidal mud flat, n = 31 
p- 

C1 = l 5  3 % C1 - 8.6 % 
- .p 

,3716 ,8068 
Cd = X meat wt 9378 Cd = X meat wt9745 

,2957 .4795 

Cd = X shell wtl Cd = 0601 X shell wt'3054 
,0612 ,0527 

weight, the tidal subsample contained ca. twice the Cd 
concentration of submerged mussels (Table 2). 

The C I of the tidally submerged mussels was 
roughly half that of the subtidal mussels (Table 2). 

No differences were found between the Cd/shell-wt 
relationship of the tidal and the subtidal sample 
(Table 2).  

Low turbulence, no  tide 

Mussels were collected in Kiel Fjord (Location 7,  
Dec. 1980) from the bottom (6 m depth) and from 
wooden piles (2 m depth and surface). A soft bottom at 
this site indicated low turbulence in the water. Apart 
from a minor salinity gradient with depth of + 0.2 %OS 
m-' (Kandler, 1960) the water column was virtually 
unstratified with regard to hydrographical parameters. 

Mussels from different depths exhibited different 
Cd/meat-wt regressions both with regard to intercepts 
and slopes (Fig. 5,  left). In small specimens below 0.1 g 
meat weight, the 95 % confidence intervals overlap- 
ped. Highest mean concentrations of approximately 
5 yg Cd g-' meat were found in the bottom subsample. 
Mussels from 2 m depth and from sporadic groups near 
mean water level exhibited lower Cd concentrations 
(1.5 and 0.9 yg g-' meat). High Cd concentrations were 
also detected in specimens from 2 m depth located in 
the centre of dense clusters (double circles). 

The C I declined with increasing water depth. Mean 
values were 22, 15, and 5 % in the surface, 2 m, and 
bottom subsamples. Individuals overgrown by others 
were also of lower nutritional state (C I = 9 %). 

When the Cd body burden was related to shell 
weight as a n  alternative parameter, there were virtu- 
ally no differences between the 3 subsamples in the 
slopes and intercepts of the Cd/shell-wt regressions 
(Fig. 5,  right). The mussels from the interior of clumps 
(double circles) fitted the common pattern as well. 
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Fig. 5. Mytilus edulis (Location 7, winter 1980). Depth-dependent differences of the Cd/meat-wt regression (left), but close 
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Fig. 6. Mytilus edulis (Location 7,  December 1980), and prim- 
ary production of inner Kiel Fjord (means of monthly determi- 
nations 1974-1975; original data: Probst, 1977). Depth- 
dependent differences of Cd concentrations reflect the 
decrease of the C1 with depth which is a result of lower 
nutrient supply. The Cd/shell-wt ratio indicates uniform Cd 
availability with depth (95 % confidence intervals of means 

are given) 

Evaluation 

High turbulence in Eckernforde Bight, tidal mixing 
in the Wadden Sea, and virtually no hydrographical 
stratification above 7 to 8 m in Kiel Fjord water are 
indicative of uniform availability of Cd with depth. In 
all 3 cases the congruence of the depth subsamples' 
Cd/shell-wt regressions is in accordance with the 
assumption that there is no depth gradient in Cd 
availability. 

The observed differences of Cd/meat-wt regression 
can be  attributed to differences in the condition of the 
mussels with depth, as described by the C I.  However, 
the reasons for this relationship vary. In t i d a l  
W a t e r s , populations from sites above the low water 
mark are characterised by slow growth and heavy 
shells (Baird and Drinnan, 1957) though, when sub- 
merged, food supply will be the same due  to tidal 
mixing. In mussels from c a l m W a t e r S , a low C I in 
bottom samples reflects limited food supply which is a 
result of reduced primary production with depth (Kiel 
Fjord data: Probst, 1977) interacting with low turbu- 
lence (Fig. 6). In either case a low C I and a high Cd- 
concentration of the soft parts are the resulting charac- 
teristics while the Cd/shell-wt relationship remains 
unchanged. This holds as  well for those individuals 
that live in a high productivity water layer but are 
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Table 3. Mytilus edulis from inner Kiel Fjord, June 1982. Effect of spawning on condition index, Cd concentration, and Cd/shell- 
wt ratio. 95 % confidence intervals of means 

Shell weight Criterion Controls, n = 32 Spawned, n = 35 

C I 26.9 m 29.0 13 4 14.6 16.0 

g Cd/meat wt .90 p 1.01 1.13 2.13 p 2.50 2.94 
Cd/shell wt .34 .38 .43 .32 .42 .55 

C I 23.4 p 24.3 25.3 16 2 p 17.6 19.2 
5.0 g Cd/meat wt 1.03 p 1.16 1.30 1.68 p 1.98 2.32 

Cd/shell wt -34 3 .43 .32 .42 .56 

overgrown by competitors and thus cut off from nu- 
trient supply. 

Seasonal variability 

Spawning 

programme has been carried out since the summer of 
1981 in the Wadden Sea (cp = 55O05, 2' N; h = 

8" 17,2' E). Calculations for mussels of 10 g shell 
weight are illustrated in Fig. 7. 

Mytilus edulls 

Mussels in a ready-to-spawn state were dredged 
from Eckernforde Bight (Location 2, Feb. 1981) and 
scraped from piles in Kiel Harbour (Locations 7 to 8, 
June 1982). Vigorous spawning could be induced by 
combined mechanical and temperature stimuli 
(Loosanoff and Davies, 1963). Mussels smaller than 
0.8 g shell weight = 0.35 g dry weight (Kiel Harbour) 
did not spawn. 

Larger mussels of more than 5 g shell weight lost 35 
to 40 % of their initial soft body dry weight (Table 3). In 
small specimens of 0.8 to 1.0 g shell weight the loss 
was ca. 55 %. In either case the decrease of the condi- 
tion index was accompanied by a corresponding 
increase in the mean Cd concentration of the remain- 
ing soft tissues. 

The relation between Cd in soft-body and shell 
weight was not significantly affected by spawning, but 
data were scattered more than in the controls. Table 3 
gives a balance calculation for the sample from Kiel 
Harbour. The different extent of weight loss in small 
and large specimens, the cadmium body burden 
remaining unchanged, results in a reduced slope and 
an increased intercept of the spawned mussels' Cd/ 
meat-wt regression. The observation of small mussels 
having released a higher percentage of body weight as 
gonadal products may be due to uncompleted spawn- 
ing of the large individuals (findings and calculations 
of Bayne and Worrall (1980) show the opposite). 

Changing growth conditions 

Since autumn 1980, mussels have been dredged at 
3-mo intervals from submersed beds in Eckernforde 
Bight (Locations 3 and 1, upshore). A similar sampling 

I I , Western Bol t i r  S r o  I 

Fig. 7. Mytilus edulis (Western Baltic Sea and Wadden Sea; 
individual shell weight 10 g, broken line: 1 g). (a) Western 
Baltic Sea and Wadden Sea mussels show a temporal offset in 
seasonal nutritional state. (b) Seasonal differences of physi- 
cal condition are reflected in Cd concentration. (c) Cd/shell- 
wt ratio reflects Cd availability. 95 % confidence intervals of 

means 
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The weight ratio of shell to soft body differed with 
season in  both populations (Fig. 7a). In the Western 
Baltic Sea, minimum values, i.e. maximum condition 
indices, were found in late winter and spring, followed 
by a sharp increase towards maximum relative shell 
weight in early summer. Maximum and minimum shell 
weight of Wadden Sea mussels were found in late 
winter and late summer, respectively, and the average 
relative shell weight was lower than in mussels from 
the Western Baltic Sea. 

In general, the Cd concentration of the soft body 
varied in the same direction as the weight ratio of shell 
to soft body (Fig. 7b). In Baltic mussels, however, there 
was a disproportionate decrease of Cd concentration in 
autumn 1981, and from November 1981 to February 
1982 the concentrations increased though the relative 
shell weight decreased. Mean Cd concentrations of 
Western Baltic mussels were approximately 4 times 
higher than in Wadden Sea mussels. 

Relating the accumulated Cd to shell weight pro- 
duced an almost constant ratio in the Baltic samples 
from autumn 1980 until summer 1981. Reasonable 
lower values were recorded in autumn 1981. After a 
slow increase the initial values were reached again in 
the summer of 1982. 
The Cdhhell-wt ratio of Wadden Sea mussels was 
roughly one third of the Baltic value, and seasonal 
differences were apparent (Fig. ?c). 

The Cd/shell-wt ratio in small mussels of 1 g shell 
weight, i.e. the (transferred) intercept a of the Cd/ 
shell-wt regression exhibited the same general pattern 
in both samples, but changes in small mussels were 
more pronounced and values were lower than in larger 
specimens. 

Evaluation 

Spawning and variable food supply are the main 
reasons for seasonal weight fluctuations of the soft 
body. 

For spawning, prior environmental influences 
including Cd are identical for both spawned mussels 
and controls. Weight losses correspond to increases in 
Cd concentration. The Cd/shell-wt regression remains 
unchanged; this shows that the Cd body burden is not 
influenced by spawning. 

In seasonal studies, constancy of environmental vari- 
ables - with time in t h ~ s  case - cannot be presumed, 
and the observed data on mussels need to be related to 
results on water parameters. In mussels from the 
Wadden Sea and from the Western Baltic Sea the Cd 
concentrations reflect gross changes of nutritional state 
throughout the years. The C I of Wadden Sea mussels 
seems to be closely related to the annual cycle of 
irradiation, which determines primary production 

rates. The observed shift of the seasonal patterns in 
Western Baltic mussels can be attributed to specific 
hydrographical and biotic variables that modify the 
actual availability of phytoplankton (Review: Lenz, 
1981). 

The unexpected course of Cd concentration in Baltic 
mussels between autumn 1981 and spring 1982 corres- 
ponds to lower values of the Cd/shell-wt ratio. In the 
light of the results presented so far this has to be 
ascribed to lower Cd availability in the water, and 
there are data to support this conclusion: 

(1) A general constancy of dissolved Cd in Eckern- 
forde Bight throughout the year has been established 
by Kremling et al. (1979). 

(2) In September 1981, the bottom water (below 
20 m) in large parts of the Western Baltic Sea was void 
of oxygen due to an unusual period of calm weather 
(Ehrhardt and Wenk, 1982). According to Kremling 
(1982), the Cd concentration of the water below the 0,/ 
H+-interface must have drastically decreased due to 
the precipitation of cadmium sulfide. 

(3) In October 1981 the meteorological situation 
changed, and the surface water was mixed with the 
(Cd-depleted) bottom water (Ehrhardt and Wenk, 
1982). Lowered Cd availability in the surface water as 
a consequence is reflected in lower Cd/shell-wt ratios 
in mussels. 

For the Wadden Sea NE of Sylt, direct water data are 
available: Sperling (1982) reports minimum total and 
dissolved Cd in autumn and roughly double those 
concentrations from winter to early summer at this and 
several other Wadden Sea locations. The course of the 
Cd/shell-wt ratio of small mussels follows these 
changes. Larger specimens reflect an integrated over- 
all state. Compared to summer 1981, the 1982 values in 
large mussels were higher, though the ratio in small 
mussels was the same. The reason for this can be found 
in the development of the mussel population: The 
largest individuals of the 1981 sample had shell 
weights of 5 to 6 g, and the Cd/shell-wt ratio was 
extrapolated to 10 g shell weight. One year later, the 
largest mussels had grown to approximately 10 g shell 
welght. Their higher Cd/shell-wt ratio reflects one 
additional year of age with higher environmental cad- 
mium from winter to spring 1982. The higher general 

Table 4. Mytilus edulis. Slopes (with 95 SO confidence inter- 
vals) of Cd/shell-wt regressions of Western Baltic Sea and 

Wadden Sea mussels 

Western Balt~c 
Wadden Sea 30% 1.08 111 1.14 



Fischer: Shell weight in rela ltion to Cd content of molluscs 69 

level in large mussels corresponds to the slope b of the 
Cdshell-wt regressions exceeding 1 in both popula- 
t i o n ~ .  

Reformed 'Mussel Watch' concept 

Cadmium/shell-weight index 

Shell weight as independant variable 

All results obtained so far suggest that shell weight 
should replace the conventional soft-body (dry) weight 
for biological monitoring of Cd. Additional evidence is 
gained from statistical elimination of the influence of 
one of the variables on the determination of the Cd 
body burden by the other (Sachs, 1978). In all cases 
studied there was a significant positive correlation 
(p 5 ,001) between Cd and shell weight of Mytilus 
edulis when the influence of soft body dry weight was 
excluded. Cadmium and soft body dry weight a l o n e 
were not correlated in the majority of cases. Therefore 
higher Cd amounts in mussels with larger soft body 
weights must be attributed to the concomitant increase 
of shell weight. 

Size normalisation 

Normalisation is necessary when samples cannot be 
compared directly because of differing individual 
sizes. As an undispensable prerequisite, the slopes of 
the samples' regression lines must be the same. It has 
been shown that this is not always the case when Cd is 
related to soft-body weight. Different slopes of the Cd/ 
meat-wt regressions reflect unequal development of 
the C I due to intrinsic or extrinsic variables. In con- 
trast, slopes (and intercepts) of the Cd/shell-wt regres- 
sions are constant when environmental cadmium 
remains the same (Table 4). 

Deviating slopes (and intercepts) of Cd/shell-wt 
regressions indicate recent trends: When the small 
individuals have grown under conditions of altered 
(e.g. i n c r e a s e d ) environmental cadmium, the 
s l o p e  will f a l l  b e l o w  andthe  i n t e r c e p t  will 
e X c e e d normal values, and vice versa. The Cd/shell- 
wt ratio derived from small specimens reflects the 
environmental Cd in a short period before sampling; 
older mussels give an integrated picture correspond- 
ing to their longer life span (Fig. 7c). 

Cd/shell- wt index 

Since the slope b of the Cd/shell-wt regression 

log Cd = log a + b log shell wt (1) 

has been shown to vary to a minor extent only, biologi- 

cal monitoring of Cd can be based on the intercept log 
a, using mussels of the same shell weight. Referring to 
a standard shell weight of 1 g would give 

log Cd = log a (2) 

Transformation to linear scales produces 

a is termed the 
Cd/shell-wt index 

It is the amount of Cd (pg) in the soft body of a mussel 
having a shell weight of 1 g. The Cd/shell-wt index is 
derived from a log Cd/log shell wt regression with a 
slope b different from 1 and should not be miscon- 
ceived as a mere ratio. Cd/shell-wt indices and, to a 
lesser extent, the slopes of the respective regression 
lines are distinct for different species of conchifers 
(Table 1). 

Outlines for sampling design 

Naturally, when using shell weight as an indepen- 
dent variable, mussels with eroded shells should not 
be collected. Comparisons should refer to mussels from 
the same salinity, since the chemical speciation (Man- 
toura et al., 1978) and the concentrations of Cd and Ca 
relative to each other are modified by this environmen- 
tal variable. 

No sampling restrictions as to individual size, posi- 
tion in the water column, or season need to be 
observed. Sampling instructions of conventional 
('Mussel Watch') programmes (reference of metal con- 
tent to soft-body weight) can be accomplished by 
recording individual shell weight as an additional pa- 
rameter. 

Analyses of numerous individuals covering a size 
range as wide as possible provide information as to the 
present state and the trend of environmental cadmium. 
The (logged) Cd/shell-wt regressions must be calcu- 
lated. 

Alternatively analyses of several, say 10 to 15, indi- 
viduals of the same size can be performed. Individual 
Cd/shell-wt ratios must be normalised to the standard 
shell weight of l g to produce the Cd/shell-wt index 
(log-transformation and normalisation with the slope 
b; Table 4). Means and standard deviations are then 
calculated. Results from large individuals reflect mean 
environmental Cd over an  extended life span; results 
from small individuals reflect the state during a shorter 
period before sampling. Samples can be pooled when 
individuals have the same shell weight. Normalisation 
can be avoided by choosing specimens of l g shell 
weight from the outset. The shell length of such 'stan- 
dard' individuals was approximately 28 to 31 mm in 
submerged mussels from both Western Baltic Sea and 
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German Wadden Sea. Relating soft-body weight to The 2 sets of data are combined on the assumption 
shell weight may provide additional information on that no major changes of environmental Cd with time 
health and growth conditions of mussels. have occurred under normal meteorological and hy- 

drographical conditions from 1978 to 1980 (Fig. 8). The 
Cd concentration (diamonds) is given for comparison. 

Cd/shell-wt index and environmental Cd 

Kiel Bight background 

Water data are reported by Kremling et  al. (1979): no 
significant local and seasonal changes of dissolved 
cadmium were observed from Jan. 1977 to June 1978 at 
a number of sampling stations from the inner Eckern- 
forde Bight to the open Kiel Bight. The mean Cd 
concentration was 71 ng dm-3 (SD = 40; n = 27). 

Mussel data refer to 5 analyses of the Cd/shell-wt 
regressions from autumn 1980 to spring 1981 with a 
mean sample size of 64 individuals; sampling was 
done at Locations 2 to 4 (Fig. 1). The 95 % confidence 
interval of the Cd/shell-wt indices was 
.2291< ,2434 < .2596. 

(2) Pollution gradient in Kiel Harbour 

Water data on dissolved Cd (Jan. 1977 to June 1978; 
Kremling et al., 1979) reveal an  overall decline of Cd 
concentration in Kiel Harbour (off Location 9) towards 
the inner Kiel Fjord (off Location ?), where Kiel Bight 
levels are reached. The same trend has been observed 
in the Cd/shell-wt indices of Mytilus edulis from Loca- 
tion 10 northward (sampling: winter 1980/81). 

Inner K ~ e l  Fjord 

C 

, 
/ - - 

a, 

I 

50 100 150 200 

Dissolved Cadmium (ng din-') 

Fig. 8. Mytilus edulis from Kiel Fjord and Western Baltic Sea. 
Possible relationship between Cd/shell-wt index (w~nter 
1980/81; this study) and dissolved Cd (1977-1978; Kremling 
et al., 1978). Double bars: 95 4b confidence intervals of mean 
values; single bars: SD of mean values; diamonds: mean Cd 

concentration in soft parts (this study) 

(3) Evaluation 

Earlier data on Cd concentrations of mussels from 
Kiel Fjord and Eckernforde Bight (Theede et al., 1979; 
sampling: winter 1975/76) confirm the assumption that 
there have been no major changes in the environmen- 
tal Cd background through the years. The 1975/76 
concentrations in mussels from Kiel Harbour, however, 
were considerably higher. Thus the general trend of 
Cd from higher values in Kiel Harbour towards lower 
values in the inner Kiel Fjord is well documented, but 
not the extent of this decline, i.e. the slope of the 
interrelationship. Because of this uncertainty, the 
information in Fig. 8 is tentative without calculating 
the regression. The principle advantage of basing the 
biological monitoring of environmental Cd on the Cdl 
shell-wt index, however, becomes evident by an une- 
quivocal positive interrelationship. This cannot be said 
with regard to Cd concentrations. 

DISCUSSION 

Immobilisation of Cd and Ca 

Close interrelations between Cd in the soft tissues of 
mussels and the weight of their shells have been found 
throughout this study, the Cd concentration changing 
inversely with respect to condition index, for various 
reasons. Accumulation of Cd and depositing of Ca as 
carbonate in the shell take place at constant rates 
relative to each other. Irrespective of metabolic turn- 
over, both processes can be regarded as organismic net 
immobilisation of matter which produces increasing 
amounts with time. It seems attractive to compare 
pathways and balance of Cd and Ca, the more so since 
both elements occur as free bivalant ions in the marine 
environment (Mantoura et al., 1978) and have a similar 
ion radius. 

With regard to Ca, scientific consensus states that 
the main route into molluscs is influx from the water, 
and that immobilisation in the shells is virtually 
irreversible (reviews: Allen, 1963; Wilbur, 1964, 197 2). 

Concerning the p a t h W a y s of Cd (and other toxic 
metals) there are differences of opinion. Incorporation 
by molluscs under environmental conditions has been 
discussed prevalently In relatlon to filter feedlng on 
suspended food (reviews: Philllps, 1977; Wright, 1978), 
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or ingesting other particles, such as mud (e.g. Talbot et 
al., 1976; Bryan and Uysal, 1978), that may contain 
increased levels of metals. Storage of metals in the 
digestive gland was interpreted as indicating uptake 
via the digestive tract (e.g. Bryan and Hummerstone, 
1978; Bryan and Uysal, 1978). In contrast, passive 
influx from water is implied to be more important in 
most experimental work on toxic effects or on 
exchange rates - the so-called dynamics -, since high 
doses of metals are administered as inorganic salts 
and the animals are not fed (reviews: Wright, 1978; 
M~hlenberg and Jensen, 1980). 

Concrete results on uptake routes of Cd under 
equilibrated conditions are scarce. According to Ker- 
foot and Jacobs (1976), oysters accumulated 90 % 
directly from the water and 10 % from food when 
grown under conditions of slightly elevated environ- 
mental Cd and fed equilibrated food. This study pre- 
sents a confirmation from field investigations for the 
predominance of the direct route from water into mol- 
luscs, as with Ca: mussels of low condition, that have 
been cut off from nutrient supply by directly adjacent 
well-fed competitors, exhibited the same Cd/shell-wt 
ratio. Investigations on other metals indicate that 
influx from water may be more important in general 
(Dahlgaard, 1981; Miramand et al., 1982) with the pas- 
sible exception of predatory gastropods (review: 
Mohlenberg and Jensen, 1980). 

Once accumulated from the marine environment, 
depuration of Cd from molluscs is of minor importance 
(Peden et al., 1973; Phillips, 1976a; Bryan and Hum- 
merstone, 1978; Greig and Wenzloff, 1978; Noel-Lam- 
bot et al., 1980). The fact that highest body burdens are 
correlated with highest shell weights in senescent 
mussels (this study) confirms that cumulative net 
uptake under field conditions is a similar irreversible 
process. 

Losses during spawning have been reported for con- 
taminated oysters (Zaroogian, 1980). In mussels, how- 
ever, Cd balance is not affected to a detectable extent 
by spawning (this study). Concentration-dependent 
influx/efflux rates have been observed in short-term 
laboratory experiments (e.g. Scholz, 1980), where the 
high doses applied most certainly exceeded the 
organismic capacity to bind Cd. Fowler and Benayoun 
(1974) calculated biological half-lives of up to 3.4 yr 
after mussels had lost exchangeable fractions of low 
radiocadmium doses. This calls for some caution when 
interpreting results of short-term experiments and 
underlines the capacity of mussels to integrate m e a n 
levels of environmental Cd. This study has shown that 
an average long-term state of environmental Cd is 
reflected in the Cd/shell-wt index of large mussels. 
Small individuals reflect the recent environmental 
level according to their shorter life span (Fig. 7c). 

Immobilised organic ligands 

Either process, the accumulation of Cd in the soft 
body as well as the formation of the calcareous shell, 
includes net transfer of specific organic ligands from 
the living pool of the soft body to metabolically inert 
metallo-organic compounds or to the stable structure of 
shells. 

The free Cd" ' ion has a strong affinity for functional 
groups and especially for the sulfhydryl group. Acute 
toxicity of high doses is a result of this property, Cd 
replacing essential metals and occupying their specific 
binding sites (review: Vallee and Ulmer, 1972). Long- 
term toxicity of low doses, Cd cumulatively loading 
certain organs (like kidney in man; review: Friberg et  
al., 1974) is a consequence of the same biochemical 
property, and of a low organismic capacity to excrete 
Cd. Immobilised Cd is bound to thioneins - proteins 
with a characteristically high percentage of the sulfur 
amino acid cysteine (Kagi and Vallee, 1960; review: 
Kagi and Nordberg, 1979). Thioneins have been found 
in many systematic categories, from protozoans (e.g. 
AI-Atia, 1980) to vertebrates where they were detected 
first (Margoshes and Vallee, 1957). A significant 
biological function has not been detected so far (Val- 
lee, 1979). In molluscs, detectable quantities may be 
present under environmental conditions (e.g. Howard 
and Nickless, 1977), and positive interrelations 
between Cd, metallothionein, and individual age have 
been found in limpets (Noel-Lambot et al., 1980). In 
mussels, thioneins or similar protein fractions have 
been recorded after laboratory contamination with 
high doses of Cd in the water (Noel-Lambot, 1976; 
George et  al., 1979; Scholz, 1980; Kohler and Riisgbrd, 
1982). 

Molluscan shells are covered by the organic perio- 
stracum, and the calcium carbonate crystals are inbed- 
ded in an organic matrix (reviews: Wilbur, 1964, 1972). 
Main organic structural elements of Mytilus edulis 
shells are the amino acids glycine (291), alanine (216), 
aspartate (118) and serine (98 of 1000 residues; review: 
Wilbur and Simkiss, 1968). Though they have only a 
ca. 5 % share of the shell dry weight of Western Baltic 
mussels (Schlieper and Kowalski, 1957), the amount of 
the organic components of shells should not be under- 
estimated: basing balance calculations on a mean 
shell-weight/dry-weight ratio of 6.5 in Western Baltic 
mussels (this study, Fig. 7a), periostracum and organic 
matrix equal 30 % in relation to the weight of the soft 
tissues. There must be a considerable potential in the 
soft bodies' metabolism for providing proteinaceous 
organic substances to be transferred to the shells. 
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Metabolic interactions? 

The main amino acid constituents of mussel shells 
(Gly, Ala, Asp, and Ser) also represent a major propor- 
tion of the intracellular pool of free amino acids (FAA) 
- in Mytilus edulis ca. 50 % (adductor muscle; Gilles, 
1972). Gly, Ala, and Ser are main constituents of (verte- 
brate) metallothioneins as well (Kagi and Nordberg, 
1979). The molar concentration of the intracellular 
F M  pool follows salinity changes, and a characteristic 
osmotically active substance in many molluscs, includ- 
ing M. edulis, is the amine taurine (Lange, 1963; Bric- 
teux-Gregoire et  al., 1964; Gilles, 1972; review: Gilles, 
1975). It has been confirmed for blue mussels that Cys, 
the characteristic element of the thioneins, is the 
metabolic precursor of taurine (Allen and Awapara, 
1960). Cys itself is derived from Ser. Chemical specia- 
tion of environmental Cd and Ca (Mantoura et al., 
1978) and concentrations relative to each other are 
determined by salinity. 

Combination of the above findings (Fig. 9) implies 
functional interrelations between Cd accumulation in 
soft tissues and Ca deposition in shells, the osmotic 
reactivity and the synthesis potential of the molluscan 
intracellular FAA pool playing a central role in both 
immobilisation processes. It may be of importance to 
note a dominant role of taurine in some intertidal 
molluscs such as Littorina littorea, Patella vulgata and 
Nucella lapillus (Hoyeaux et al., 1976), and high Cd 
concentrations in the same species (Butterworth et al., 
1972; this study). Vice versa, minor amounts of taurine 
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Fig. 9. Model of interrelationship between shell formation 
and Cd accumulation in marine molluscs. (Living structurcts 
rounded, immobilised structures angular). Are shell forma- 
tion and Cd accumulation linked by multiple functions of 

sulfur amino acids in the physiology of molluscs2 

were found in Mya arenaria (DuPaul and Webb, 1970). 
This species exhibits considerably lower cadmium 
concentrations (this study). 

Current problems of biological monitoring 

Relating heavy-metal content of soft tissues to 
weight of soft tissues has been accepted for expressing 
analytical results of 'Mussel Watch' programmes. 
However, the great variability of soft-body weight has 
been recognized as a limitation of the conventional 
approach. Sampling instructions (Phillips, 1976a; 
Cossa et al., 1979; Orren et al., 1980) are attempts to 
reduce variability of metal concentrations by eliminat- 
ing the variability of the soft body weight. 

This study has shown that the cadmium concentra- 
tion of the soft body reflects, above all, the nutritional 
state of mussels, unless differences of environmental 
Cd exceed the variability of the condition index. 

The idea of relating accumulated heavy-metal con- 
tent with a less variable parameter, e.g. with the pro- 
tein fraction of the soft body, was touched on by Zaroo- 
gian (1980). Simkiss and Taylor (1981) suggest expres- 
sing analytical results as ratios of pollutants to essen- 
tial elements until future knowledge of specific 
metabolic pathways allows the essential elements to 
be related to their interfering toxicants. 

Alternative approach 

This study introduces shell weight as an alternative 
parameter in  relation to the amount of heavy metals in 
the soft body of molluscs, investigating, as an example, 
the interrelationship with Cd in detail. The basic con- 
cept has been to regard accumulation as the conse- 
quence of organismic immobilisation. Body burdens 
thus increase with time, and they should be related 
with time (individual age) itself or with parameters of a 
similar cumulative character - such as the weight of 
calcereous shells. Age determination of mussels was 
recognized as a key problem of monitoring metals with 
long biological half-lives (Goldberg et al., 1978). 
Attempts to describe the age of mussels by means of 
metal concentrations and shell thickness (Griffin et al., 
1980) introduced an additional, highly variable para- 
meter. Concerning Cd, using shell weight as an inde- 
pendent variable has been shown to be a feasible way 
out of the current difficulties. 

However, all parameters that alter the rates of Cd 
accumulation and shell formation relative to each 
other, must be allowed for. With regard to relative 
rates, temperature may be of minor importance 
because both biochemical processes take place at the 
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same temperature. Salinity as the second major 
environmental variable in coastal areas may alter the 
Cd/shell-wt index by influencing physiologically 
determined rates of both processes, and by modifying 
the availability of Cd and Ca to different extents. 
Research on this aspect is only beginning, and for the 
time being comparisons should be restricted to results 
concerning the same salinity. 

The new approach to biological monitoring requires 
a record of the shell weight of mussels as an additional 
parameter. This can be achieved precisely with no 
great additional expense. Applying the Cd/shell-wt 
index for monitoring environmental Cd, relating soft 
body weight to shell weight as well can produce addi- 
tional information, e.g. on health and growth condi- 
tions. Conventional concentration values of commer- 
cial shellfish will remain important concerning public 
health. 

Would shell weight be an adequate parameter in 
relation to other heavy metals as well? This can be 
predicted for metals (and other toxicants) that accumu- 
late in the soft body of molluscs due to biochemical 
immobilisation processes. As a consequence, such 
metals would have a long biological half-life. Storage 
in the digestive gland may indicate relative constancy 
of metal body burden since weight fluctuations con- 
cern mainly gonads and connective tissues. Further 
research should provide definite results, and some 
findings suggest this may be a promising approach: 
The concentrations of mercury (DeWolf, 1975) and lead 
(Griffin et al., 1980) in the soft body of mussels have 
been reported to be positively related with tidal expo- 
sure (Hg) or shell thickness (Pb). Lobe1 and Wright 
(1982) found an inverse relationship between Zn con- 
centration and meat condition (in terms of meat/shell) 
in mussels from different shore levels. Hence, shell 
weight might be an  appropriate independent variable 
also in relation to other (but probably not all) metals. 

Documentation is required for each metal, and 
research on Cd is to be continued. I feel encouraged, 
however, to recommend basing the monitoring of 
environmental Cd on the Cd/shell-wt index, and I 
suggest recording shell weight as an additional routine 
parameter of 'Mussel Watch' programmes in general. 
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