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Abstract 

Organisms in contaminated aquatic ecosystems are often exposed to toxicants for their entire 
lifetime. In order to evaluate the ecological consequences of long-term exposure to metals, we 
studied the relation between short-term and long-term effects of Zn and Pb on the filtration rate 
and survival of zebra mussels (Dreissena polymorpha) in laboratory experiments. The results 
indicated that the effects of Zn and Pb on the filtration rate of D. polymorpha increased when 
the exposure time was increased, but it remained unclear whether the decrease in filtration rate 
is caused by accumulation of metals by the mussels or by the metal concentration in the water, 
or both. The capacity ofD. polymorpha to regulate the body concentration of the essential metal 
Zn decreased when the exposure time was increased, whereas the non-essential metal Pb could 
not be regulated by the zebra mussel. Not only the concentration of metal accumulated is of 
importance for survival, but also the rate of accumulation. It was concluded that the relation 
between short-term and long-term toxicity was different for each metal and could not be predic- 
ted from the results of the short-term experiments. 
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I. Introduction 

Organisms in contaminated aquatic ecosystems are often exposed to toxicants for 
their entire lifetime. Consequently, chronic experiments will give a better reflection of  
the field situation than acute experiments. It has been demonstrated that effective 
concentrations decrease during chronic exposure; e.g. for the freshwater mussel Cor- 
bicula manilensis the LCs0 for Cu decreased with increasing exposure time (Harrison 
et al., 1984). Kenaga (1982) calculated acute-chronic ratios (ACR; the acute ECs0 
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divided by the chronic ECs0) for a number of substances and organisms and demon- 
strated that for Daphnia magna the ACRs for Pb and Cd were much higher than for 
Zn and Cu, possibly because Cu and Zn are essential metals, whereas Pb and Cd are 
not known to have any biological function. Kraak et al. (1992) observed that the ECs0 
for Cd for filtration rate of the zebra mussel Dreissena polymorpha decreased when 
exposure time was increased from 48 h to 10 weeks, whereas the effects of Cu did not 
increase during prolonged exposure. This seems to support the idea that during chro- 
nic exposure the effects of non-essential metals increase more than the effects of 
essential metals. In the present study, the chronic effects of Zn (essential) and Pb 
(non-essential) on the filtration rate of D. polymorpha were analysed to determine 
whether this concept can be generalised. This provided the possibility to compare the 
relationships between the acute (48 h) and chronic (10 weeks) responses of the same 
sublethal parameter of the same organism for four metals. The zebra mussel Dreis- 
sena poymorpha was chosen as test organism because it plays an important role in 
many freshwater ecosystems. Lake IJsselmeer contains approximately 10 ~ zebra 
mussels. It is the main source of food for benthivorous fish and for diving ducks 
(Suter, 1982; Prejs et al., 1990). Zebra mussels are able to reduce high phytoplankton 
abundances by their high filtration activity (Stanczykowska et al., 1975; Reeders et 
al,  1989) and, therefore, the filtration rate was chosen as the effect parameter. 

To study the influence of differences in metal accumulation on the relation between 
short-term and long-term toxicity, the effects of exposure to metals on the filtration 
rate of the mussels and on the accumulation of the metals were determined in the 
same experiments. It may be expected that the non-essential metal Pb will be accumu- 
lated at every Pb concentration in the water (Bleeker et al., 1992). In contrast, it has 
been shown that during short-term exposure (48 h) zebra mussels could regulate the 
body concentration of the essential metal Zn at low external Zn concentrations (up to 
191/lg L -l) (Kraak et al., 1994). 

2. Materials and Methods 

Mussels and water were collected from Lake Markermeer (The Netherlands), a 
relatively clean location (Kraak et al., 1991). The water was sieved (25/,tm) and kept 
in a storage barrel from which it was pumped continuously over a sand filter. The 
mussels were sorted by length (1.6-2.2 cm) and distributed over the experimental 
treatments such that the average length did not differ between treatments. An experi- 
mental treatment consisted of 25 mussels placed in a plastic aquarium (10 L), contain- 
ing 3 L of filtered lake water. Approximately 90% of the mussels re-attached within 
24-48 h, indicating a good condition. The water temperature was kept at 15°C, the 
hardness was 150 mg CaO L -L, and the pH was 7.9. The water was aerated and always 
saturated with oxygen. The experimental set-up is discussed in more detail by Kraak 
et al. (1994). 

Filtration rate and mortality were scored within one experiment. In the first exper- 
iment 0, 40, 100, 400, 1400, and 3000 pg Zn L -1 were tested. 1400 pg Zn L -1 is slightly 
above the 48-h ECs0 (1355 pg L -1) (Kraak et al., 1994). To get insight in the variation 
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between control treatments, a second control (control-B) was run simultaneously. 
Since high mortality was expected in the 3000/lg Zn L -~ treatment, also this treatment 
was duplicated (3000-B). In this treatment, the filtration rate was not measured and 
mortality was the only effect parameter. In the second experiment the following Pb 
concentrations were tested: 0, 4, 10, 40, 100 and 400 pg L -1. 400 Hg Pb L -1 is slightly 
above the 48-h ECs0 (370 Hg L-l) • In this experiment also the control and the highest 
concentration were tested twice (control-B and 400-B). In the treatments control-B 
and 400-B, the filtration rate was not measured and mortality was the only effect 
parameter. The experiments lasted for 10 weeks and a total of 400 mussels were used. 
Metals were added to the water in the aquaria the day after the mussels were collected, 
using stock solutions of I000 mg L -~ (ZnC12 and Pb(NO3)0. Water was renewed and 
metals were re-added each working day. Just before renewal and one hour after 
renewal water samples were taken, which were analysed for metals by flame or fur- 
nace AAS. The average actual concentrations of metals to which the mussels were 
exposed during the experiments were determined from these values. The actual con- 
centrations were: 3, 38, 101,382, 1266, 2758 and 2739 pg Zn L -l (0.05, 0.58, 1.55, 
5.84, 19.42, 42.20 and 41.90¢tmol Zn L -~) and 0.5, 4, 10, 38, 85,358 and 369Hg Pb L -~ 
(2.4, 19.3, 48.26, 173.75, 410.25 nmol Pb L -1, 1.73 and 1.78/.tmol Pb L-~). The mussels 
were fed with Chlamydomonas eugametos (20 000 cells per mL lake water) each Mon- 
day and Friday and with Scenedesmus acuminatus (20 000 cells per mL lake water) 
each Wednesday. 

The filtration rate was measured after 48 h and subsequently every Wednesday 
until the end of the experiment. To determine the filtration rate, the mussels were fed 
with Scenedesmus acuminatus (20 000 cells per mL). The algal concentration decreas- 
ed due to the filtration activity of the mussels. Pilot experiments showed that in this 
experimental set-up sedimentation of algae and cell division played an insignificant 
role. The decrease was determined by taking three water samples (5 ml) from each 
aquarium at 0, 15, and 30 min after addition of the algae. The algal concentrations in 
the water samples were measured using a Coulter Counter. The filtration rate was 
calculated from the decrease in algal concentration, according to Coughlan's formula 
(1969): 

m = M l n  C° 
nt Ct 

where m is filtration rate in mL h -1 per mussel, M volume of the test solution (3000 
mL), n number of animals per aquarium (25), t duration of the experiment in h, 
Co algal concentration at the beginning of the determination of the filtration rate, and 
C, algal concentration at time t. 

The measurements of filtration rate failed in week 9 of the Zn experiment, because 
of an infection of the algae culture; in week 8 in 1400 pg Zn L -~ and in week 10 in 
control-A of the Zn experiment, because of technical problems with the coulter coun- 
ter. ECs0 and LCs0 values were calculated by probit analysis (Finney, 1971). In the 
case of 1400/lg Zn L -1, 3000 pg Zn L -1 (A and B) and 400/ag Pb L -~ (A) enough 
mussels died to determine the LTs0 (the time it takes to kill 50% of the animals) by 
probit analysis. 
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The aquaria were checked every day for dead mussels, which were removed. A 
mussels was considered to be dead when during gaping it did not react on a mechani- 
cal stimulus. Their length was measured, after which the soft tissues were freeze-dried, 
weighed and digested by wet destruction with ultrex H N O  3 and H202. The samples 
were analyzed for metals by flame or furnace AAS following Timmermans et al. 
(1989). Quality control of  metal analysis was performed, using destruction blanks and 
reference materials (IAEA shrimp MA-A-3/TM and NIST water SRM 1643c). The 
measured values were in good agreement with the certified values (< 10% deviation). 
After the experiments were finished, the dw/length ratio of  the soft tissues of  the 
remaining mussels was determined and the samples were analyzed for metals. The 
results were tested successively using Bartlett 's test for homogeneity of  variances, 
analysis of variance (one way ANOVA) and Scheffr's test for a posteriori comparison 
of  means. When two groups were compared the t-test was used. 

3. Results 

The control mussels remained in a good condition in all experiments; the mussels 
continued filtering throughout  the entire experiment and mortality in the controls was 
low (average 8%). The mussels for the Zn experiment were collected in April 1993, 
when the temperature of  the lake water was rising rapidly. This resulted in a high 
filtration rate (max. 216 mL -l per mussel) at the beginning of  the experiment. The 
filtration rate decreased later on, but in the lake this happens as well (Kraak, unpub- 
lished results). At the end of  the Zn experiment, the filtration rate in the controls was 
still higher than the filtration rate in the controls of the Pb experiment, which was 
carried out in the autumn of  1992. In both experiments, the control mussels filtered 
at a level similar to the higher values reported in the literature (Morton, 1971; Sprung 
and Rose, 1988), as discussed by Kraak et al. (1994). 

The filtration rate of  mussels exposed to 38 and 101//g Zn L -~ followed the pattern 
in the controls and no effect on the filtration rate was observed (Fig. 1). Expressed as 
percentages of  the controls, the average filtration rates of  mussels in these treatments 
were 104% and 99%. The effect of  exposure to 382/.tg Zn L -x increased strongly 
during the experiment: the filtration rate decreased from an initial 67% to 23% at the 
end of  the experiment. In the two highest treatments (1266 ~tg and 2758/zg Zn L -1) the 
filtration rate was very low, and after 6 weeks of  exposure to 2758/.tg Zn L -1 so many 
mussels had died that a reliable estimation of  the filtration rate could no longer be 
performed. The effects of  Zn on the filtration rate of  D. polymorpha increased when 
the exposure time was increased, caused mainly by the increasing effects in the 382/lg 
Zn L -I treatment and the mortality in the 2758/.tg Zn L -1 treatment. 

The three lowest Pb concentrations tested (4, 10 and 38/zg Pb L -1) had no signifi- 
cant (p < 0.05) effect on the filtration rate (104, 95 and 94%, respectively) and the 
trends of  the filtration rate in these treatments followed those in the controls (Fig. 2). 
The filtration rate of mussels exposed to 85/.tg Pb L -l also followed the pattern in the 
controls, but was reduced to an average of  81% (Fig. 3). Exposure to 358/zg Pb L -~, 
approximately the 48-h ECs0 (370/.tg Pb L-l), resulted in a filtration rate of  60% after 
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Fig. 1. Filtration rates of  control D. polymorpha (A and B) and mussels exposed to 38, 101,382, 1266, and 
2758/.tg Zn L -t for 10 weeks. 
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Fig. 2. Filtration rates of  control D. polymorpha and mussels exposed to 4, l0 and 38/.tg Pb L -~ for 
10 weeks. 

48 h, but after one week the filtration rate dropped to zero (Fig, 3). Subsequently, a 
recovery to about 50% was observed until mass mortality started to occur (from week 
7 onwards) and filtration rate dropped definitely to zero. The same remarkable pat- 
tern as in the 358/tg Pb L -1 treatment has been observed previously for Cd (Fig. 4). 
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Fig. 3. Filtration rates of control D. polymorpha and mussels exposed to 85 and 358 pg Pb L -1 for 
10 weeks. 
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Fig. 4. Percentage filtration rates of D. polymorpha exposed to 399/.tg Cd L -~ and 358/lg Pb L -~ (approxi- 
mately the acute EC50's) for 10 weeks. Data on Cd from Kraak et al. (1992). 

In  the  la t te r  case, however ,  full recovery  was no t  observed,  since m o r t a l i t y  a l r eady  
s ta r t ed  af ter  2 weeks.  

The  increas ing effects o f  Zn  and  Pb dur ing  p r o l o n g e d  exposure  can  be demons t r a t -  
ed by  c o m p a r i n g  the acute  and  chron ic  ECs0 values  and  by  ca lcula t ing  the  A C R  
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Table 1 
Acute and chronic EC50's and ACR's for Cu, Zn, Pb, and Cd 

83 

Metal ECho 48 h ECso 10 weeks ACR 

Cu 41 43 1.0 
Zn 560 131 4.3 
Pb 370 91 4.1 
Cd 388 27 14.4 

(Table 1). The ECs0's for  Zn and Pb decreased by a fac tor  4 dur ing 10 weeks o f  
exposure, whereas the toxicity o f  Cu  did no t  increase and the effects o f  Cd increased 
strongly dur ing the same period o f  time. Consequently,  a low A C R  was observed for  
Cu  (1.0) and a high A C R  for  Cd (14.4). 

Mor ta l i ty  occurred at higher concentra t ions  than effects on the filtration rate. 
Exposure  to 38, 101 and 382 p g  Zn  L-~ did no t  affect survival, while exposure to 1266, 
2758 and 2739 p g  Zn L -~ caused substantial  morta l i ty  (Table 2). In 2758/.tg Zn L -~ 
(3000-A) only one mussel survived the experiment,  while in 2739 p g  Zn L -~ (3000-B) 
all the mussels died. The LTs0 in the 1266 p g  Zn  L -~ t reatment  was significantly 
(p < 0.05) longer (67 days) than  in the 2758 Zn L -~ (3000-A) t reatment  (26 days), 
which was in turn significantly (p < 0.05) longer  than in the 2739 p g  Zn  L -~ (3000-B) 
t rea tment  (17 days). Exposure  to 4, 10, 38 and 85 p g  Pb L -1 did not  affect morta l i ty  
(Table 3). A n  increased morta l i ty  was observed in 358 and 369 p g  Pb L -1. F r o m  these 
results the LTs0 for  358 p g  Pb L -~ (400-A) was calculated as 72 days. The LC50 for  Zn 
could be determined f rom week 3 onwards  and decreased f rom 4293 p g  L -~ to 1065 
p g  L -l. The LCs0 for  Pb could be determined f rom week 8 onwards  and decreased 
f rom 2330 to 497 p g  L -~ at the end o f  the experiment.  

Table 2 
Cumulative percentage mortality of D. polymorpha exposed for 10 weeks to different 
the water 

Zn concentrations in 

Time Control A Control B 3000 A 3000 B 
(weeks) 3 pg L -1 

3pg 38pg lOlpg 382~g 1266pg 2758pg 2739pg 
L-I L-I L-I L-1 L-I L-I L-t 

0.3 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 
2 0 4 0 0 0 0 4 12 
3 0 4 0 0 0 8 16 44 
4 0 8 0 0 0 20 40 60 
5 0 8 0 0 0 24 48 84 
6 0 8 0 0 0 24 68 92 
7 0 8 0 0 0 28 88 100 
8 0 8 0 0 0 28 92 100 
9 0 8 0 0 4 40 96 100 

10 0 8 0 0 4 56 96 100 
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Table 3 
Cumulative percentage mortality of D. polymorpha exposed for 10 weeks to different Pb concentrations in 
the water during 

Time Control A Control B 400 A 400 B 
(weeks) 0.5/lg L -~ 

0.5/zg 4/zg 10/.tg 36/zg 85/lg 358/ag 369/zg 
L-t L-t L-1 L-t L-t L-I L-i 

0.3 0 0 0 0 0 0 0 0 
1 0 4 0 0 0 8 4 8 
2 0 4 0 0 0 16 4 8 
3 0 8 0 4 0 16 4 8 
4 4 8 4 4 0 16 8 8 
5 4 8 8 4 0 16 8 8 
6 8 8 12 4 4 16 12 12 
7 8 8 12 4 8 16 16 20 
8 12 8 12 4 8 16 24 28 
9 16 8 12 4 12 16 40 32 

10 16 8 12 4 16 16 52 32 

All Zn and Pb concentrations in the water resulted in a significant (p < 0.05) in- 
crease of  the metal concentration in the surviving mussels (Figs. 5 and 6), indicating 
that D. polymorpha was incapable of regulating the body concentration of Zn during 
exposure to 38/zg L -1 and the body concentration of  Pb during exposure to 4/ lg  L -1, 

No  significant (p > 0.05) difference was observed between the dry weights of  mus- 
sels which survived the Zn treatments and those of the controls. For  3000/zg Zn L -1 
(A and B) this could not be tested, since no or only one mussel survived. For Pb, only 
the mussels which survived exposure to 400/~g Pb L -~ (A and B) had a significantly 
(p < 0.05) lower dry weight than the controls. Thus, only in the highest metal concen- 
trations tested was.a clear loss of  condition and subsequent mortality observed. 

4.  D i s c u s s i o n  

The results clearly demonstrate the importance of  chronic ecotoxicity experiments. 
For  both Zn and Pb, the effects increased by a factor 4 when the exposure period was 
increased from 48 h to 10 weeks. Kenaga (1982) calculated acute-to-chronic ratio's 
(ACR) based on LCs0's for several toxicants. The few data available for invertebrates, 
mainly Daphnia, suggest that these ACR's  are much higher for non-essential metals 
than for essential metals. The results on the sublethal parameter filtration rate presen- 
ted here (Table 1) partly support this idea. Relatively low ACR's  were observed for 
Cu and Zn, indicating that the effects of  these metals increase with time, but not 
dramatically. The ACR for Cd was high, caused by a strong decrease of the ECs0 with 
time, as reported by Kraak et al. (1992). Our results for Pb deviate from those of  
Kenaga (1982), since the ACR for this metal is as low as the one for the essential metal 
Zn. It is concluded that the relation between short-term and long-term ecotoxicity 
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mussels which differed significantly (p < 0.05) from the controls. 
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was different for each metal and could not be predicted from the results of  the short- 
term experiments (Bleeker et al., 1992; Kraak et al., 1994).  

In the present experiments the 48-h EC50 for Zn was determined as 560/2g L -~, 
lower than the EC50 for Zn found in 1989 (1355/2g L -1, Kraak et al., 1994). Routine 
checks of the sensitivity of zebra mussels from Lake Markermeer for Cu showed a 
remarkable stability and hence reproducibility of the acute EC50. Apparently, the 
zebra mussels in Lake Markermeer have become more sensitive to Zn. 

The chronic ECs0 for Zn (131 pg L -1) is in good agreement with results obtained for 
other bivalve species. Doherty et al. (1987) studied valve movement of  the Asiatic 
clam Corbiculafluminea. They observed that the concentration needed to decrease the 
effect parameters (mean time to first closure and mean time of  valve being parted) was 
around 200/zg L -l. Redpath and Davenport  (1988) demonstrated that concentrations 
of  230--470/2g L -~ reduced the pumping of  the marine mussel Myti lus  edulis. Abel 
(1976) found higher effect concentrations (1.5 mg L -~) for the filtration rate of Myt i -  
lus edulis, but this concerned acute experiments. Salanki and V.-Balogh (1989) ob- 
served that exposure to 50 pg  Pb L -~ significantly reduced the active periods of the 
freshwater mussel Anodonta cygnea. This concentration is close to the chronic ECs0 in 
our study (91 pg L-l). 

A striking feature was the complete breakdown of the filtration rate after one week 
and the subsequent recovery after 2 weeks of  exposure to Cd and Pb. This phenome- 
non occurred at concentrations which resulted in approximately 50% reduction after 
48 h of  exposure (Fig. 4). This pattern was not observed for the essential metals Cu 
(Kraak et al., 1992) and Zn (Fig. 1). The reason for this pattern remains unclear, but 
it suggests that the zebra mussel reacts differently to essential and to non-essential 
metals, which could possibly be related to differences in regulation/accumulation of  
the metals. At low, but elevated, Zn (38 and 101 pg L -l) and Pb (4, 10 and 38 pg L -~) 
concentrations in the water, the filtration rate was not affected, no mortality oc- 
curred, but a significant accumulation took place. This may indicate that the amounts 
of  metals accumulated were too low to cause an effect on the filtration rate or that 
accumulation and effects on filtration are not related. The latter suggestion is suppor- 
ted by the treatment at 85/zg Pb L -1. The filtration rate of  these mussels was lower 
than in the control, but did not decrease with time, in spite of a continuing accumula- 
tion. However, in the 382 pg  Zn L -~ treatment a different response was observed: a 
gradually decreasing filtration rate coincided with a continuing accumulation. For  Cu 
and Cd examples for both possibilities were found (Kraak et al., 1992). So it remains 
unclear whether the decrease in filtration rate is caused by accumulation of  metals by 
the mussels, or by the metal concentration in the water, or both. For  mixtures of  
metals indications were found that the filtration rate was determined by the metal 
mixture concentration in the water and was not related to the increasing metal con- 
centrations in the mussels (Kraak et al., 1993). Consequently, differences in accumu- 
lation/regulation between essential and non-essential metals cannot explain the dif- 
ferences in reaction of  the mussels to these metals. 

In the present chronic experiments, the mussels accumulated Zn during exposure to 
38 pg L -~, while in acute experiments (48 h) exposure to 191/2g Zn L -~ did not result 
in an increase of  the Zn concentration in the mussels (Kraak et al., 1994). This 
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suggests that the capacity to regulate the body concentration of this essential metal 
decreased from 191/,tg L -~ after 48 h to lower than 38 gtg L -~ after 10 weeks. These 
findings are in accord with those of Amiard et al. (1987), who observed that the 
concentration at which the marine mussel Mytilus edulis could regulate the body 
concentration of Zn decreased from 100/zg L -~ after 4 days to 50/tg L -~ after 16 days 
of exposure. The ability to regulate the body concentration of Zn was observed for all 
bivalves studied (Lakshmanan and Nambisan, 1989), for amphipods (Ahsanullah 
and Williams, 1991; Borgmann et al., 1993) and other invertebrate taxa studied 
(Amiard et al., 1987; Rainbow and White, 1989). Pb was accumulated at all Pb 
concentrations in the water, indicating that this non-essential metal could not be 
regulated by D. polymorpha. This is in agreement with the results of acute experiments 
on Pb (Bleeker et al., 1992) and holds for all bivalves (Amiard et al., 1987; Lakshma- 
nan and Nambisan, 1989; Salanki and V.-Balogh, 1989), as well as for all other 
invertebrate taxa studied (Amiard et al., 1987; Borgmann et al., 1993). 

From the present experiments, it appeared that not only the amount of metal 
accumulated is of importance, but also the rate of metal accumulation. Only one 
mussel survived the total exposure period of 10 weeks in the 2739 and the 2758/zg Zn 
L -j treatments and this mussel contained 2949 mg Zn/kg dw. In the 1266 ~tg Zn L -l 
treatment about half of the mussels survived the experiment, but they contained 
approximately the same Zn concentrations (3105 mg/kg dw) as the mussel that sur- 
vived the higher treatments. This can be explained by the lower rate of metal accumu- 
lation in the 1266/tg L -~ treatment compared to the 2758 and 2739/zg L -~ treatments. 
Bivalves are capable of detoxifying metals by the synthesis of metallothioneins 
(Doherty et al., 1988, Bebianno and Langston, 1991). As long as metal accumulation 
is matched by metallothionein synthesis, the mussels can survive. When accumulation 
increases, metallothionein synthesis probably reaches a maximum. It is possible, that 
in the 1266 ~tg L -~ treatment a higher percentage of the accumulated metal was 
detoxified than in the 2758 and 2739/tg L -l treatments, resulting in lower mortality 
in the 1266/zg L -~ treatment. In addition to the rate of accumulation, the individual 
sensitivity matters as well: within one treatment, metal concentrations in dead and 
surviving mussels did not differ. This suggests that the dead individuals had a lower 
lethal body burden than the surviving mussels. 

5. Conclusions 

The relation between short-term and long-term toxicities was different for each 
metal (Cu, Zn, Pb and Cd) and could not be predicted from the results of the short- 
term experiments. It remained uncertain whether the decrease in filtration rate is 
caused by accumulation of metals by the mussels, or by the metal concentration in the 
water, or both. The differences between responses of zebra mussels to essential and 
non-essential metals cannot be explained by differences in regulation/accumulation of 
these metals. The capacity ofD. polymorpha to regulate the body concentration of the 
essential metal Zn decreased when the exposure time was increased. The non-essential 
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metal Pb could not be regulated by the zebra mussel. Not only the concentration of 
metal accumulated is of importance for survival, but the rate of accumulation as well. 

Acknowledgements 

We would like to thank Dr. Kees Davids, Dr. John Parsons and Jaap Postma 
(M.Sc.) for their comments. 

References 

Abel, P.D. (1976) Effect of some pollutants on the filtration rate of Mytilus. Mar. Pollut. Bull. 7(12), 
228-231. 

Ahsanullah, M. and A.R. Williams (1991) Sublethal effects and bioaccumulation of cadmium, chromium, 
copper and zinc in the marine amphipod Allorchestes compressa. Mar. Biol. 108, 59-65. 

Amiard, J.C., C. Amiard-Triquet, B. Berthet and C. Metayer (1987) Comparative study of the patterns of 
bioaccumulation of essential (Cu, Zn) and non-essential (Cd, Pb) trace metals in various estuarine and 
coastal organisms. J. Exp. Mar. Biol. Ecol. 106, 73-89. 

Bebianno M.J. and W.J. Langston (1991) Metallothionein induction in Mytilus edulis exposed to cadmium. 
Mar. Biol. 108,91-96. 

Bleeker, E.A.J., M,H.S. Kraak and C. Davids (1992) Ecotoxicity of lead to the zebra mussel Dreissena 
polymorpha Pallas. Hydrobiol. Bull. 25(3), 233-236. 

Borgmann, U., W.P. Norwood and C. Clarke (1993) Accumulation, regulation and toxicity of copper, zinc, 
lead and mercury in Hyalella azteca. Hydrobiologia 259, 79-89. 

Coughlan, J. (1969) The estimation of filtering rate from the clearance of suspensions. Mar. Biol. 2, 
356-358. 

Doherty, F.G., D.S. Cherry and J. Cairns Jr. (1987) Valve closure responses of the Asiatic clam Corbieula 
fluminea exposed to cadmium and zinc. Hydrobiologia 153, 159-167. 

Doherty, F.G., M.L. Failla and D.S. Cherry (1988) Metallothionein-like heavy metal binding protein levels 
in Asiatic clams are dependent on the duration and mode of exposure to cadmium. Water Res. 22, 
927-932. 

Finney, D.J. (1971) Probit analysis, 3rd edition. Cambridge Univ. Press, London. 
Harrison F.L., J.E Knezovich and D.W, Rice Jr. (1984) The acute toxicity of copper to the adult and early 

life stages of the freshwater clam Corbicula manilensis. Arch. Environ. Contam. Toxicol. 13, 85-92. 
Kenaga, E.E. (1982) Predictability of chronic toxicity from acute toxicity of chemicals in fish and aquatic 

invertebrates. Environ. Toxicol. Chem. 1,347-358. 
Kraak, M.H.S., M.T.C. Scholten, W.H.M, Peeters and W.C. de Kock (1991) Biomonitoring of heavy 

metals in the western European rivers Rhine and Meuse using the freshwater mussel Dreissena polymor- 
pha. Environ. Pollut. 74, 101-114. 

Kraak, M.H.S., D. Lavy, W.H.M. Peeters and C. Davids (1992) Chronic ecotoxicity of copper and cad- 
mium to the zebra mussel Dreissena polymorpha. Arch. Environ. Contam. Toxicol. 23, 363-369. 

Kraak, M.H.S., H. Schoon, W.H.M. Peeters and N.M. van Straalen (1993) Chronic ecotoxicity of mixtures 
of Cu, Zn, and Cd to the zebra mussel Dreissena polymorpha. Ecotoxicol. Environ. Saf. 25, 315-327. 

Kraak, M.H.S., M. Toussaint, D. Lavy and C. Davids (1994) Short-term effects of metals on the filtration 
rate of the zebra mussel Dreissena polymorpha. Environ. Pollut. 84, 139-143. 

Lakshmanan, RT. and P.N.K. Nambisan (1989) Bioaccumulation and depuration of some trace metals in 
the mussel, Perna viridis (Linnaeus). Bull. Environ. Contain. Toxicol. 43, 131-138. 

Morton, B. (1971) Studies on the biology of Dreissena polymorpha Pall. V. Some aspects of filter-feeding 
and the effect of micro-organisms upon the rate of filtration. Proc. Malac. Soc. London 39, 289-301. 



M. H.S. Kraak et al./Aquatic Toxicology 30 (1994) 77-89 89 

Prejs, A., K. Lewandowski and A. Stanczykowska-Piotrowska (1990) Size-selective predation by roach 
(Rutilus rutilus) on zebra mussel (Dreissena polymorpha): field studies. Oecologia 83, 378-384. 

Rainbow, P.S. and S.L. White (1989) Comparative strategies of heavy metal accumulation by crustaceans: 
zinc, copper and cadmium in a decapod, an amphipod and a barnacle. Hydrobiologia 174, 245-262. 

Redpath, K.J. and J. Davenport (1988) The effect of copper, zinc and cadmium on the pumping rate of 
Mytilus edulis L. Aquat. Toxicol. 13, 217-226. 

Reeders, H.H., A. Bij de Vaate and F.J. Slim (1989) The filtration rate of Dreissena polymorpha (Bivalvia) 
in three Dutch lakes with reference to biological water quality management. Freshwater Biol. 22, 133- 
141. 

Salanki, J. and K. V.-Balogh (1989) Physiological background for using freshwater mussels in monitoring 
copper and lead pollution. Hydrobiologia 188/189, 445-454. 

Sprung, M. and U. Rose (1988) Influence of food size and food quantity on the feeding of the mussel 
Dreissena polymorpha. Oecologia 77, 526-532. 

Stanczykowska, A., W. Lawacz and J. Mattice (1975) Use of field measurements of consumption and 
assimilation in evaluating the role of Dreissena polymorpha Pall. in a lake ecosystem. Pol. Arch. Hydro- 
biol. 22(4), 509-520. 

Suter, W. (1982) Der Einfluss van Wasserv6geln auf Populationen der Wandermuschel (Dreissena polymor- 
pha Pall.) am Untersee/Hochrhein (Bodensee). Schweiz. Z. Hydrol. 44(1), 149-161. 

Timmermans, K.R., B. van Hattum, M.H.S. Kraak and C. Davids (1989) Trace metals in a littoral food- 
web: concentrations in organisms, sediment and water. Sci. Total Environ. 87/88, 477-494. 


