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ABSTRACT: Two recirculated marine seawater systems (capacities: 150 and 300 1) were used 
for the study on cadmium accumulation of biological filter sludge, by the mussel Mytilus edulis 
and the plaice Pleuronectes platessa for a period of up to 300 days. In the contaminated 
system Cd concentrations varied from 2.5 to 7.0 #g/1 with a mean of 4.6 + 1.15 #g/1 (control: 
1.04 + 0.46 #g/l). Accumulation of Cd by the filter sludge from the control system as well as 
from the contaminated system was significant. Mean concentrations of control and con- 
taminated sludge over the experimental period were 2.01+0.86 ng Cd/mg dry wt and 
9.98+3.55 ng Cd/mg dry wt respectively. Accumulation of Cd by M. edulis both in the 
control and in the contaminated system was considerable. After 163 days of exposure the 
whole body burden of mussels rose from 0.3 ng Cd/mg dry wt to around 10 ng Cd/mg dry wt 
in the controls and to 70 ng Cd/mg dry wt in the contaminated systems. Accumulation of Cd 
by P. platessa was analysed in backbone, fins, gills, liver, muscle (fillet), otolith and skin (dorsal 
and ventral) over a period of 280 days. Elevated Cd contents of livers from control specimens 
were noticed after 200 days and reached 1.75 ng Cd/mg dry wt in liver. There was considerable 
accumulation in the liver (maximum values: 3.0 ng Cd/mg dry wt) and gills (6.0 ng Cd,'mg 
dry wt) of specimens from the contaminated system, Cd contents of plaice exposed for identical 
periods of time were very variable. Growth of plaice living in the contaminated system was 
at times significantly slower than that of the control group. Of the three biological objects 
tested - filter sludge, M. edulis, P. platessa - the mussel seemed to be the most sensitive indicator 
of elevated Cd-concentrations, while the reaction of the plaice was slow and less distinct. 

I N T R O D U C T I O N  

Although cadmium is on the "black list" of water protection conventions, the 
total cadmium load entering estuaries and coastal waters is not l ikely to decrease 
in the near future. Reduction schemes will be implemented at the earliest in the 
middle of the next decade hopefully reducing emission by 50 ~ Thus scientific 
concern has still to be high, since many details of accumulation and effects of this 
metal in marine organisms are still poor ly  understood. 
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In recent years investigations on the effects of cadmium on aquatic organisms 
have begun to shill emphasis from toxicity testing by means of short-term exposures 
to more complex formulation of problems. Experiments employing high (ppm levels) 
cadmium concentrations (Eisler, 1971; v. Westernhagen et al., 1975) have been 
supplemented with long-term experiments at low levels (ppb) of cadmium (Greig et 
al., 1974; Dawson et al., 1977; Mac Innes et al., 1977; see also National Oceanic 
and Atmospheric Administration, 1974) and bioassays in which experimental animals 
were allowed to complete a full life cycle in contaminated flow-through systems 
(Nimmo et al., 1978). 

The search for sensitive methods to investigate effects and fate of pollutants in 
the natural environment has prompted us to initiate experiments in small and 
relatively simple artificial marine ecosystems. From the results we hope to gain insight 
into processes occurring under natural conditions. 

Although cadmium concentrations in seawater are low, ranging from 0.01 to 
0.41 #g/1 (Preston, 1973; Chester and Stoner, 1974) in open waters, concentrations in 
river estuaries are from 10 to 100 times higher. Butterworth et al. (1972) reported 
up to 5.8 #g/1 in water from the Severn estuary and Eustace (1974) found cadmium 
concentrations of up to 3.9 #g/1 in the Derwent estuary. Thus for the present study 
cadmium concentrations similar to those found in polluted areas (~-, 5 #g/l) were 
employed. 

MATERIAL AND METHODS 

R e c i r c u l a t e d  s e a w a t e r  s y s t e m  

The experiments were conducted in two semi-closed recirculated seawater 
systems with a capacity of 150 (control) and 300 1 each. The water was treated in 
a 60 1 (control), 120 1 (cadmium) biological co&le-shell gritt-gravel filter, then 
pumped into a header tank from which it flew by gravity into the fish basins. Water 
flow through the filters was 21 I/min (control) and 34 1/min (cadmium). Water flow 
in the fish basins was 1.2 1/min. The basins (90 • 90 X 20 cm) contained 100 1 sea- 
water ea&. Two of these fish basins were installed in the cadmium-contaminated 
system while the control system only contained one basin. From the fish basins the 
waste water ran on top of the filter unit. 22 days prior to the start of the experi- 
ments the cadmium content of one system was elevated by adding enough CdCI2 to 
the water to reach a cadmium concentration of about 5 /~g/1. Each following day 
15 ~ of the water in each system was replaced with new water of the respective 
kind. Water quality parameters were controlled throughout the experiment (S%o, 
NOe, PO4, pH). Cadmium determination in the control and contaminated system 
was conducted daily. The experiments were performed at 13.7-15.6 ~ C (mean: 15.04 
+ 0.26) in seawater with a salinity of about 33 % (mean: 33.6 + 0.3). 22 days before 
the start of the experiments both systems were sto&ed with plaice in order to build 
up a bacterial population in the biological filter. At the start of the described 
experiments both filter systems had successfully developed their purification capacity. 
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P l a i c e  (Pleuronectes platessa) 

Juvenile plaice (1.0-2.0 g) were caught in the Elbe estuary and transferred to 
the laboratory where they were allowed to acclimatize for 4 weeks at 15~ and 
32 % salinity in a recirculated seawater system. The fishes then were transferred to 
their experimental basins, in which they were kept for more than 280 days (40 
specimens in the control and 80 specimens in the cadmium contaminated system). 
The fish were fed alternately two daily rations of minced fresh Mytilus edulis meat 
or a ground fish-shrimp mixture at rates between 8 to 15 % food wet weight of their 
total body weight. Cadmium content of mussles used for food was 0.3 ng/mg dry wt, 
maximum values found were near 1.0 ng/mg dry wt. The ground fish-shrimp mixture 
contained between 0.25 and 0.38 ng Cd/mg dry wt throughout the experiment. The 
fish were measured and weighed every 14 days. At regular intervals individuals were 
sacrificed and samples of tissues were taken for cadmium analysis. Tissues analysed 
for cadmium content were: backbone, fins, gills, liver, muscle (fillet), otoliths, skin 
(dorsal and ventral). 

M u s s e l  (Myti lus  edulis) 

Throughout the experiment 98 (control) and 112 (cadmium) (valve length 
6-7 cm) Mytilus edulis (from List harbour, North Sea) were kept on the biological 
filter. Accumulation of cadmium by mussels was measured by analysing total sof~ 
tissue of mussels at regular time intervals. 

B i o l o g i c a l  s l u d g e  

With the activation of the filter system, biological sludge, consisting of bacteria 
and meiofauna (mainly nematoda, copepoda and ciliates), developed in the gravel 
filter. Throughout the experiment the sludge was collected a~er stirring the upper 
2 cm of the filter and was then analysed for cadmium content. 

C a d m i u m  d e t e r m i n a t i o n  

Determination of cadmium was accomplished by means of a flameless atomic 
absorption spectrophowmeter (Perkin Elmer Type 300) equipped with an elec- 
as well as biological sludge were dried at 80~ for 24 h. The samples were then 
trodeless discharge lamp. Water samples were treated with (NH4)2SeOs and diluted 
with double distilled wa*er prior to measurement. Samples of fish and mussel tissues 
placed in 1.5 ml polypropylene test tubes. For cadmium determination the dried 
matter was digested in a mixture of H N Q  and HCIO4 (1:4), at 60 ~ C for 24 h. 
Cadmium content was then analysed by means of atomic absorption spectrophoto- 
merry. 
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RESULTS 

Q u a l i t y  o f  e x p e r i m e n t a l  w a t e r  

Figure 1 (a and b) gives data on the quality and cadmium concentrations of 
the experimental water. Cadmium concentrations in the control water varied from 
0.3 to 1.8 #g/1 with a mean value of 1.04 4-_ 0.46 #g/l, while in the contaminated 
system concentrations varied between 2.5 and 7.0 #g/1 with a mean of 4.6 _+ 
1.15/zg/1. 
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Fig. 1 a: Water quality parameters in a recirculated seawater system. Arrows indicate intro- 
duction of experimental fish into the system 



Effects of cadmium 475 

A c c u m u l a t i o n  o f  c a d m i u m  b y  f i l t e r  s l u d g e  

In Figure 2 cadmium contents of the sludge from the control and the contamin- 
ated filter system are depicted. In the control sludge initial cadmium concentration 
was 1.3 ng Cd/mg dry wt. After 300 days maximum values were around 4.0 ng 
Cd/mg dry wt. Cadmium accumulation over the 300 days period was significantly 
different from zero (0.534 > 0.393 = ral; 0.001). Mean cadmium content of the 
control sludge over the experimental period was 2.01 + 0.86 ng Cd/mg dry wt. In 
the sludge of the contaminated system initial values at the beginning of the 
experiment were around 3.5 to 8.0 ng Cd/mg dry wt (y intercept of a linear 
regression at 7.7 ng Cd/mg dry wt). Aflcer 300 days cadmium content of the sludge 
had risen to 17.0 ng Cd/mg dry wt. Mean cadmium content over the experimental 
period was 9.98 +_ 3.5 ng Cd/mg dry wt. 
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Fig. 1 b: Water quality parameters in a Cd-contaminated seawater system, Arrows indicate 
introduction of experimental fish into the system 
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Cadmium accumulat ion over  the 300 days period was significantly different 

f rom zero (0.381 > 0.372 = r45; 0.001). Thus the cadmium content  of  the sludge 

of  both systems showed a slow, significant increase over  the exper imental  period. 
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Fig. 2: Accumulation of Cd by sludge derived from a biological filter and Mytilus edulis in a 
recirculated seawater system with normal and Cd-contaminated water. For water quality see 
Figure 1. Large arrow: introduction of Mytilus into the system; small arrow: no further 

exchange of control and Cd-contaminated water 
control sludge: y = 1.30 + 0.0046 x; r41 = 0.534; contaminated sludge: y = 7.76 + 0.0133 x; 
r45 = 0.381; control Mytilus: y = --1.96 + 0.0753 x; r~0 = 0.899; contaminated Mytilus: 

y = -- 14.5 + 0.555 x; r.90 = 0.888 

A c c u m u l a t i o n  o f  c a d m i u m  b y  m u s s e l s  

A rapid  increase in cadmium content  could be observed in soPc tissues of  Mytilus 
edulis individuals  kept  in both systems for 163 days. Whole  cadmium body  burden 

of control  animals rose f rom 0.3 ng C d / m g  dry  w t  at the beginning, to around 

10 ng Cd /mg  dry  wt  aflcer 163 days of  exposure (linear regression line y = - 1.96 + 

0.075 x;  rl9 = 0.899). Mussels l iv ing in the contaminated  system accumulated cad- 

mium up to a whole  body burden of 70.7 ng C d / m g  dry  w t  (linear regression: y = 

- 1 4 . 5  + 0 .56  x;  r~0 = 0.888). 
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A c c u m u l a t i o n  of cadmium by p la ice  

As can be seen in Figure 3, cadmium concentrations in the liver of control 
specimens increased to a certain extent. Muscle and gill tissues contained very low 
levels of cadmium, never reaching values higher than 0.2 ng Cd/mg dry wt. 
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Fig. 3: Cadmium uptake by plaice, Pleuronectes platessa, exposed to 5 ppb cadmium in a 
recirculated seawater system with partial water exchange. For water quality see Figure 1 

In cadmium-exposed fish liver and gills showed significant accumulation of the 
metal only after 25 to 30 days. After about 40 days cadmium content in gills rose 

from less than 1.0 to 3.5 ng Cd/mg dry wt and to almost 6.0 rig Cd/mg dry wt 
after 115 days. Cadmium concentration in the gills experienced strong fluctuations 
throughout the course of the experiment. Levels of cadmium in the liver rose after 
10 days of exposure to more than 1.0 ng Cd/mg dry wt reaching maximum values 
of 4.0 ng Cd/mg dry wt after 200 days. Strong fluctuations in cadmium concen- 
trations of the liver were encountered, but they were not as pronounced as those 
occurring in the gills. Cadmium concentrations in muscle samples were low through- 
out the experiment. 

Table 1 lists means and range of cadmium values recorded from specimens 
sacrificed at the start and at the termination of the experiment after 283 days. 

Except for liver and backbone differences in cadmium content of control 
samples from the start and after the experimental period are not significant (P > 
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0.05). Cadmium content in liver and gills of metal-exposed plaice was significantly 
higher than found in control animals. All other tissues tested showed no significant 
cadmium accumulation over the experimental period, when compared with controls. 
As can be seen from the indicated range, ir~dividual variations in cadmium content 
of certain tissues are high. 

Table 1 

Cadmium content in tissues of plaice, Pleuronectes platessa, reared for 283 days in a control 
(n = 4) and a cadmium contaminated (5 ~g/1, n = 8) recirculated seawater system as ng 

Cd/mg dry wt 

Tissue Control + Cd start (I) Control end (II) Cadmium end (III) 
P 

range "2. range ~ range (I, II) (II, III) 

ba&bone 0.023 0.014-0.049 
fillet 0.017 0.005-0.042 
fin (dorsal) 0.109 0.028-0.160 
gills 0.3 0.190-0.524 
liver 0.214 0.032-0.439 
otoliths 0.195 0.005-0.370 
skin 
(dorsal) 0.082 0.039-0.164 
skin 
(ventral) 0 .100 0.027-0.168 

0.078 0.018-0.128 0.206 0.041-0.399 <0.05 >0.05 
0.064 0.055-0.079 0.028 0.005-0.086 >0.05 >0.05 
0.205 0.068-0.395 0.321 0.105-0.587 >0.05 >0.05 
0.290 0.190-0.363 1.510 0.530-3.401 >0.05 <0.05 
0.917 0.460-1.604 1.617 0.820-2.800 <0.05 <0.05 
0.179 0.133-0.261 0.482 0.177-0.576 >0.05 >0.05 

0.084 0.047-0.123 0.149 0.038-0.272 >0.05 >0.05 

0.089 0.039-0.138 0.130 0.080-0.192 >0.05 >0.05 

S u b l e t h a l  e f f e c t s  o f  c a d m i u m  o n  p l a i c e  

Growth of the fish over a period of 265 days is depicted in Figure 4. From the 
70th day until the 180th day control fish grew significantly (t-test, P < 0.05) better 
than specimens kept in the contaminated system. After 180 days differences were 
not significant anymore (P ~> 0.05), probably because the sample size was too low 
(n = 10). Fish living in the contaminated system were highly excitable when ex- 
posed to sudden mechanical-shock waves or sudden optical stimuli. During the 
measuring and weighing procedures fish from the cadmium system were more diffi- 
cult to handle than control animals due to increased activity ("nervousness"). Aiter 
200 days of experiments this phenomenon subsided and behavioural differences 
between control and cadmium exposed fish were not detectible anymore. During the 
experimental period there was no significant difference in mortality rates between 
control and cadmium exposed fish. The experimental animals showed no apparent 
ill effects from cadmium. 

E f f e c t s  o f  c a d t n i u m  o n  t h e  b i o l o g i c a l  f i l t e r  s y s t e m s  

During the experiments there was no indication of the cadmium hampering the 
purification capacity of the contaminated filter system (Fig. 1 b). NO-) values in the 
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Fig. 4: Growth of plaice, Pleuronectes platessa, in a control and Cd-contaminated recirculated 
seawater system. Daily rations of food indicated as ~ total fish biomass. P: indication of 

significant growth differences (t-test). For water quality see Figure 1 

control water varied from 0.05-0.28, while the values recorded in the contaminated 
system never exceeded 0.1 mg NOe/1. NO~ values in control water were at maximum 
after 170 days reaching almost 200 mg NOJl .  In the contaminated system NO3 
concentrations never went beyond 115 mg NOJI.  A similar relationship existed with 
the increase of PO4 in both systems. Maximum phosphate concentration in the con- 
trols were 150 mg/1, while in the contaminated system maximum values were 
120 rag/1. 

DISCUSSION 

C a d m i u m  c o n c e n t r a t i o n  i n  w a t e r  

Cadmium concentrations in the seawater of the contaminated system were 
reasonably stable over the experimental time. Even after we discontinued adding 
cadmium to the system (Fig. 2, day 294), its level in the sludge and the water 
(Fig. 1 b) did not drop until the experiment was terminated after a further 40 days. 
This method therefore seems to be suitable for investigating long-term effects of 
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heavy metals on organisms in laboratories when large amounts of seawater as 
required for a flow-through system are not available. The method compensates for 
the shortcomings of static test methods by offering stable water quality and stable 
toxicant-concentration for long periods of time. In addition it offers possibilities to 
investigate the dynamics of toxicants in a model ecosystem. 

F i l t e r  s y s t e m  

Cadmium accumulation in the sludge of the biological filter was fairly rapid 
(Fig. 2), reaching a plateau around 10 ppm (ng/mg dry wt) 30 days after the first 
addition of cadmium to the system. This indicated, that after an initial period of 
accumulation a final saturation point was reached and no further cadmium accu- 
mulated in the sludge occurred. 

A linear regression line fitted to the data after the 50th day intercepted the 
y-axis at 10.04 ng Cd/mg dry wt and ran almost parallel to the x-axis (y = 10.04 
+ 0.04 x). 

Thus a value of around 10 ng Cd/mg dry wt sludge possibly represents a satur- 
ation level which is not exceeded even atter longer exposure periods, indicating that 
the accumulation of Cd by the sludge is mainly due to adsorption on the surfaces 
of the bacteria, which constitute the bulk of the sludge's blomass (The exact com- 
position of the sludge and the species identification is presently being worked upon 
and will be the subject of a separate paper). Data gathered from analyses of organic 
matter and sludge collected from natural water bodies seem to support this view. 
Cadmium content of organic sediment collected from near shore areas in the North 
Sea contained 7 ppm cadmium (DSrjes & Little-Gadow, 1976), sediment of 
a salt marsh artificially contaminated with this metal contained 12 to 13 ppm 
cadmium (irrespective of the degree of contamination) (Banus et al., 1975). Ex- 
periments conducted by Gardiner (1974) on the adsorptive capacity of fecal 
matter and other material accumulating i~ fish tanks yielded an concentration factor 
of 200 to 1000 aider 24 h, a value that agrees well with our findings (Fig. 2). The 
rapide uptake and the building of a final plateau of cadmium concentration in filter 
sludge seems to indicate that this uptake is largely due to adsorption processes; ai~ 
saturation of available surface-blndlng sl.tes, no further uptake occurs. 

During the course of the experiments the purification capacity of the contamin- 
ated filtering unit never seemed to be negatively influenced by the heavy metal load. 
In fact, values for NO~ and NO3 were generally lower in the contaminated system 
than in the control. Although due to their different sizes the two systems cannot be 
regarded identical, it is interesting, that the values for NOs and NO3 were generally 
lower in the contaminated system than in the control. These findings agree very 
well with observations of other authors who found no significant growth inhibition 
of estuarine bacteria up to cadmium concentrations of 0.1 ppm, when only the most 
sensitive strains showed response (Thorman, 1975); and Fargo & Fleming (1977) 
did not find any negative effects of cadmium on Nitrosornonas and Nitrobacter 
bacteria below 100 ppm. In fact cadmium up to a concentration of 10 #g/l stimul- 
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ated estuarine bacteria activity in sewage sludge as observed by Sylvester & Ware 
(1977). 

M y t i l u s  e d u l i s  

The pattern of accumulation of cadmium by Mytilus edulis in the system as 
depicted in Figure 2 agrees well with records of heavy metal uptake by filter feeding 
bivalves. Animals newly introduced into the system contained around 0.3 ppm 
cadmium (dry weight basis), a value commonly found in total body burden of 
mussels and other bivalves derived from unpolluted areas (Topping, 1973; Nielsen, 
1974; Ratkowski et al., 1974; Nielsen & Nathan, 1975). Over a relatively short 
period (25 to 35 days) cadmium values in the experimental animals rose up to 4.0 
and 7.0 ppm, a value normally found in bivalves collected from polluted areas such as 
river estuaries and near-shore waters of industrialized areas (Ratkowski et al., 1974; 
Frazier, 1975; Karbe et al., 1977; Pesch et al., 1977; Bryan & Aysal, 1978). Eustace, 
(1974) reports 5.5 ppm/wet weight for Mytilus eduIis from the Derwent Estuary 
(Tasmania) which would correspond to about 25 ppm/dry wt. 

Values of up to 90 ng/m dry wt (90 ppm) have not yet been found in naturally 
occurring mussel sto&s and are probably only found in artificially contaminated 
systems. The pattern of cadmium uptake is very similar to that found by Schulz- 
Baldes (1974) for the uptake of lead by Mytilus edulis. The correlation factors 
for the regression lines (both in control and cadmium system) indicate linear uptake 
(P <2 0.01). The accumulation of considerable amounts of cadmium by specimens 
held in the control system (Fig. 1 a) might indicate slightly elevated cadmium con- 
centration in the control water. Since the anaIytlcal method applied for seawater 
analysis is a routine technique allowing for analysis of large sample sizes with 
minimum amounts of seawater, the detection limit was in the range of 0.5 #g Cd/I. 
Thus nothing can be said as to the real increase of cadmium in the water of the 
control system. Nevertheless accumulation of cadmium by Mytilus edulis was signi- 
ficant, indicating its sensitivity to increased ambient levds of cadmium. 

P l e u r o n e c t e s  p l a t e s s a  

The levels of cadmium recorded in our experiments for gills and liver varied 
considerably (Fig. 3). These variations were not due to analytical errors, since most 
of the data were derived by muItiple measuring of the samples. In fact the combined 
data for the last tissue sample (day 303, Table 1) were remeasured 5 months aPcer 
the first analysis. Strong variations in the - relatively high - cadmium contents of 
the gills suggest that the gills are the main site for cadmium uptake from the water 
and that fluctuations might be related in some way to the transfer of the metal 
to final storage sites in the body. Differences in the metal contents of liver tissue 
are well in the range expected for differences between individuals. 

While values for cadmium found in fish from the contaminated system are well 
above metal concentrations detected in fish from natural waters (Won, 1973; Eustace, 
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1974; Greig & Wenzloff, 1977), the values for the control animals agree quite well 
with data gained from the examination of metal content in wild catches from polluted 
a r e a s .  

Leatherland & Burton (1974) found 0.03 ppm cadmium in the muscle of 
plaice from the Solent region, and the data given by Topping (1973) for plaice 
from Scottish waters are similar. Cadmium content in liver as reported by Port- 
mann (1972) for North Sea plaice are between 0.05 and 0.12 ppm wet wt (to be 
applied with a factor of 2 for dry wt) and are well within the range of most of our 
data gained from control specimens. The slight increase in cadmium content of the 
livers of control fish a&er 180 days could be due to a new charge of feed mussels, 
the new mussels having slightly higher total body loads of cadmium than those fed 
before this period. 

Only for heavily polluted areas such as the Severn Estuary (Hardisty et al., 
1974) values for cadmium contents in liver of wild catches (21.2 ppm) equal or 
surpass cadmium content measured in specimens of the described experiments, 
indicating high metal concentrations in the seawater of those areas. When compar- 
ing our data with the results of other authors who conducted similar experiments, 
we notice that generally bone and muscle accumulate little cadmium (Cearley & Cole- 
man, 1974). 

In experiments conducted with winter flounder (Pseudopleuronectes americanus) 
exposed for 60 days to 5 and 10 #g/1 cadmium (Calabrese et al., 1975) uptake 
of cadmium was not detectable ( <  0.3 ppm). Figure 3 shows that in our experi- 
ments considerable accumulation occurred only aflcer 70 days, although a slight 
increase of cadmium-concentrations in the livers was already detected after 10 days 
of exposure. The results of the experiments with winter flounder are not surprising 
since total animals were analysed. Experiments conducted with the tautog, Tauto- 
goIabrus adspersus, at high concentrations (>  1 ppm; Greig et al., 1974) are not 
directly comparable, since exposure periods were only 4 days. Yet of all tissues 
examined liver of the experimental fish showed highest cadmium accumulation. 
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