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In situ measurements of the functional response of benthic suspension 

feeders exposed to cadmium and anti-fouling paint 

Abstract 

C. Andre, N. Kautsky, U. Kautsky,

C. Lindblad and M. Tedengren

Department of Zoology and Asko Laboratory, University of Stockholm, 
Stockholm, Sweden 

In situ measurements of the functional response (feeding, respiration and excretion) of 
Mytilus edulis and Ciona intestinalis showed that the effects of 2.5 µg 1-1 tributyl tin and 100
µg 1 -1 cadmium on an assemblage of the two species was lower than what could be
predicted from the response of the two species separately. This is explained by bio
logical interactions between the species and by the fact that the two species may react 
in different ways to the same disturbance. Thus, results from single species tests seem 
inadequate for making predictions of pollution effects in marine environments, and tests 
should instead be carried out at the community or ecosystem level. 

Introduction 

Concern about changes in the marine environment and their effects on the biota have 
evoked an extensive research. Many investigations have focussed on bivalve molluscs, 
where lethal toxicity levels, accumulation rates, and to a limited extent, sublethal effects 
have been studied (review in AKBERALI and TRUMAN 1985). The need of parallel tests on 
higher levels of biological organization e.g. ecosystems, instead of solely single species 
tests in hazard assessments has been emphasized (GIDDINGS and EDDLEMON 1978, 
CAIRNS 1983) as well as the importance of detecting sublethal effects, which are visible 
before structural changes such as shifts in species composition will occur (MATIEWS et 
al. 1982). To evaluate the possible danger arising from contamination with pollutants it is 
thus necessary to understand the mechanisms of their effects on the physiology of the 
species (THEEDE 1980, 1984), and to take into account effects on interactions between 
species. (O'NEILL and REICHLE 1980, CAIRNS 1983). 

The extrapolation of the results of physiological measurements made in the laboratory for 
the interpretation of physiological response in natural populations is often fraught with 
difficulties, both conceptual and technical. We have approached this problem by using a 
portable computer-operated in situ continuous flow-through system (LINDBLAD et al. 
1986, 1988). 

The toxic effects of the heavy metal cadmium on marine organisms, and its modification 
by abiotic factors such as salinity are well documented (M0HLENBERG and JENSEN 
1980, THEEDE 1980, 1984). Organic tin compounds enter the marine environment as a 
result of industrial activities, and from anti-fouling paint used on boats and fish farm net 
cages. Tin compounds have been shown to cause injuries in especially molluscs 
(GOLDBERG 1986, HIS and ROBERT 1987). 

We report here the acute effects of cadmium and anti-fouling paint based on tributyl tin, 
on the functional responce of two common benthic suspension feeders, Mytilus edulis and 
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Ciona intestinalis. Measurements of filtration rate, respiration, and excretion of NH4 and 
P04 were made in situ on natural populations, both on the two species separately and on 
mixed populations. 

Material and methods 

Mytilus edu/is and Ciona intestinalis were allowed to recruit naturally on to ceramic tiles, 
submerged at 9 m depth near the Tjarn6 marine biological laboratory (59°N, 11°E) on the 
Swedish west coast. Salinity and temperature annually range between 15 and 29 %o S, 
and 1 and 20° C, respectively. During the experimental period salinity was about 25 %o S, 
and temperature 17° C. Tiles with 2 year old fouling communities were retrieved by SCUBA 
and immediately brought to a raft outside a boat-house. All species except Mytilus and/or 
Ciona where then removed from the substrate. The mussels were about 6 cm in length and 
the ascidians 5 to 8 cm. The experiments were carried out in an in situ continuous 
flow-through system, with enclosures submerged to 1 m depth, decribed by KAUTSKY 
(1984) and LINDBLAD et al. (1986, 1988). Natural sea-water and in situ incubations were 
used to minimize experimental artifacts (cf. J0RGENSEN 1975, BAYNE et al. 1976). The 
equipment allowed the use of several parallel 15 I transparent acrylic enclosures. A tile 
with 30 to 40 specimen of the test animals was placed in each enclosure. Surface 
sea-water was pumped into an overflow tank 2 m above sea level, and flowed steadily 
through each enclosure at around 1.0 I min-1

• Oxygen concentration, temperature and 
flow were recorded continuously. Water samples for particle and nutrient analysis were 
taken after an initial 2-4 hours of acclimation. A second sample was taken two hours later. 
In the cadmium experiment the water flow was then turned off and a sea water solution of 
CdCl2.6H20, giving a nominal concentration of 100 µg 1-1

, was added to the enclosures. 
The enclosures were aerated during 10 h of cadmium exposure. After exposure to 
cadmium, the water flow was turned on again and two more particle and nutrient samples 
were collected at 2-hourly intervals. In the experiment with anti-fouling paint, "lnterracing" 
containing tributyl tin was painted inside PVC tubes, which were connected to the inlet of 
water to the enclosures. The concentration of TBT calculated from a leakage rate of 
approximately 22.5 µg cm---2 d-1 (LAUGHLIN et al. 1984), gave a nominal concentration of 
2.5 µg 1-1 in the enclosures, which corresponds well with actually measured concentra
tions (GOLDBERG 1986). 

In Baltic and North Sea coastal waters concentrations of more than 2 µg 1-1 cadmium 
have been reported (JANKOVSKY et al. 1977, MEELHUS et al. 1978, BRUG MANN 1981 ). 
Significantly higher concentrations, of more than 10 µg 1-1 cadmium, have also been
found in other coastal waters and estuaries (review in BRYAN 1984). The concentration of 
100 µg 1 -1 cadmium for 10 hours used in this experiment was thus considered a 
concentration high enough to give detectable effects, but not high enough to cause severe 
injuries in the animals. In the TBT experiment we used a considerably lower concentration, 
2.5 µg 1-1, which is similar to concentration reported in the water around small boat
marinas (LAUGHLIN et al. 1984, GOLDBERG 1986). 

In each experiment there were three experimental set-ups: Mytilus and Ciona separately, 
and Mytilus + Ciona combined. There were two replicates for each species combination 
except at 100 µg 1-1 Cd, where, unfortunately, the second replicate of Ciona had to be
excluded, since the enclosure broke. For each treatment there was one control. An empty 
enclosure was used to correct for the time lag between in- and outflowing water, and the 
metabolism of the plankton passing through the containers. Each replicate enclosure also 
served as its· own control, since there were at least two measurements before and two 
after exposure. 
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Filtration rate 

Particles in the 2 - 30 µm size range were counted with an Elzone 80 XY particle counter 
(Particle Data Inc. Elmhurst, Illinois, USA), using 48 and 190 µm orifice tubes. Three 
replicate counts were made on each sample. The dominating size fraction of the seston in 
the sea-water was in the range 4-8 µm. The filtration rate, FR, defined as the volume of 
water cleared of suspended particulates, in the 4-8 µm range, per unit time and biomass, 
was calculated as follows: 

FR = (No-N 1 )/No/B 
where N0 = The concentration of particles in the outflowing water from an empty 

enclosure 
(= inflowing water to the test enclosures) 
N 1 = The concentration of particles in the outflowing water from the enclosures 
containing test organisms 
F = Flow rate in I · min-1 

B = Biomass, as ash free dry weight, of the experimental organisms 

Respiration 

Oxygen consumption was calculated as the different in oxygen content between the in
and outflowing water multiplied by the flow rate. Respiration was then expressed as 
oxygen consumed per unit time and biomass. 

Excretion 

Samples for the analysis of NH4 and P04 were taken the same way as for particle analysis, 
two times before and two times after exposure, and analysed according to the New Baltic 
Manual (CARLBERG 1972). Nutrient release was then calculated as the difference in 
concentration between in- and outflowing water per unit time and biomass. 

O:N and O:P-ratios 

The atomic ratios between respiration and excretion were also calculated. Each oxygen 
value was divided by the interpolated value of the corresponding excretion value, since 
nutrients were measured only on four occasions. 

O:N is an index of the catabolic balance between carbohydrate, lipid an protein substrates 
in the metabolism, and used to describe the physiological status of the organisms (cf. 
BAYNE et al. 1985). 

Perturbation index 

In order to standardize measurements and eliminate differences in biomass and condition 
between organisms in different enclosures the results are also given as a ratio of the 
measured parameter after and before treatment. This is then related to the equivalent ratio 
for the control enclosures, thus: 

Perturbation index (Pl) = 
(X enclosure after IX enclosure before) 

(X control after I X control before) 

where X denotes the parameter measured, e.g. filtration rate, respiration, excretion etc. 
(LINDBLAD et al. 1986). 

To get an overall measure of disturbance, an Absolute Disturbance Index (ADI) was 
calculated accordingly to LINDBLAD et al. (1988). ADI is the absolute distance between 
the metabolic activities of an undisturbed system and a disturbed point in a multidimen-
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sional space where each dimension represents the Pl of a measured parameter (X). It is 
proportional to the disturbance; larger values indicate a more disturbed situation. ADI is 
expressed as: ADI = m:: (Pl (X) - 1 )2)/n]0-5

Results 

All physiological measurements are summarized in table 1 and 2. As shown by the Pl's 
(Figs. 1 a, b) the filtration rate and respiration in Mytilus, Giana and Mytilus+Giana were 
almost unaffected when exposed to 100 µg 1-1 cadmium (Table 1, Figs. 1 a, b). While
excretion of ammonium was highly stimulated in Mytilus and slightly stimulated in Giana, it 
was somewhat lowered in the treatments with mixed populations of Mytilus and Giana, 

compared to the controls (Fig. 1 c). Excretion of phosphate was affected the same way as 
the ammonium excretion except for the first replicate of Mytilus where excretion 
decreased instead of increased (Fig. 1 d). 

2,0 

1,5 
P.1. 

1,0 

0,5 

0,0 

P.I. 

Figure 1 

Filtration rate 

Myt1 Myt 2 Myt+ My\+ Ciona 1 
Ciona 1 Ciona 2 

Myt 1 Myt 2 Myt+ Myt+ Ciona 1 

Ciona 1 Ciona 2 

2,0 

1,5 
P.I. 

1,0 

0,5 

0,0 
Myt1 Myt 2 

Respiration 

My\+ Myt+ Ciona 1 
Ciona 1 Ciona 2 

Myt+ Myt+ Ciona 1 
Ciona 1 Ciona 2 

Perturbation indices± s.e. for Mytilus, Giana and Mytilus + Ciona exposed to 100 µg l -1 of cadmium for 10 h. 
Controls = 1 (dashed line). a. Filtration rate. b. Respiration. c. Excretion of ammonium. d. Excretion of 
phosphate 

O:N ratios were lowered in Mytilus and Giana, which indicates that these organisms had a 
higher protein catabolism, whereas for the combinations of Mytilus+Giana O:N slightly 
increased (Fig. 2a). As in the case with nutrient release 0:P ratios was affected the same 
way as the O:N ratios except for one replicate of Mytilus (Fig. 2b). 

When exposed to 2.5 µg 1-1 TBT both Myti/us and Giana completely stopped feeding (Fig.
3a). A control experiment with no test animals was also performed to check that an actual 
retention of seston was not masked by a leakage of particles from the tubes with 
anti-fouling paint. In respiration, on the other hand, there was little difference between the 
tin-treatments and the controls (Fig. 3b). Ammonium excretion was highly stimulated in 
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Perturbation indices± s.e. for Mytilus, Ciona and Mytilus + Ciona exposed to 100 µg l -1 of cadmium for 10 h. 
Controls = 1 (dashed line). a. O:N ratios. b. O:P ratios 

Mytilus but unaffected in Giana and Mytilus+Ciona (Fig. 3c), whereas the phosphate 
excretion increased in all species (Fig. 3d). The O:N and O:P ratios decreased for Mytilus 
and Ciona, but were unchanged or increased in the mixed species (Figs. 4a, b). 
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Figure 4 
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Perturbation indices ± s.e. for Mytilus, Giana and Mytilus + Giana exposed to 2.5 µg l-1 TBT. Controls = 1 
(dashed line). a. O:N ratios. b. O:P ratios 

Discussion 

The overall response of the treated animals, expressed as the Absolute Disturbance Index 
is shown in Figs. 5a, b. It is clearly indicated that the mixed populations displayed a 
different reaction to the added toxicants, cadmium and organic tin, than did the single 
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for 10 h and b. 2.5 µg l-1 TBT 
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species. In terms of overall physiological response the two-species assemblages were 
less disturbed than the single species ones. Partly, this was due to the opposite 
physiological responses in Mytilus edulis and Giana intestina/is, which realized the net 
response of the ,,community". Both cadmium and TBT caused a high ammonium and 
phosphate release in Mytilus edulis which resulted in the high ADI-values observed for that 
species, while in Giana intestinalis the release was much lower. The results suggests 
some sort of interaction between the species. A possible mechanism is that some 
limiting resource, such as food, was released. ANDRE and KAUTSKY (unpubl.) showed that 
exposure to 1000 µg 1-1 cadmium caused decreased retention of food-particles< 7 µm in
Mytilus but not in Giana. Small seston and/or suspended feces may thus have increased 
as a food resource for Ciona in the mixed populations. Different morphological and 
physiological properties in different species may also increase the possibility that at 
least some species survive and can maintain the suspension feeder function. 

Our results show that the effects of two different pollutants on an assemblage of two 
species were quite different from what could be predicted from the response of the two 
species separately, indicating that results from single species tests alone is insufficient 
for making predictions about responses on higher levels of biological organization. In 
order to give appropriate predictions about the effects of pollutants in the marine 
environment it is thus necessary to perform tests also on higher levels of organization, 
preferably on the ecosystems level. 

Acknowledgement 

The work was carried out at the Tjarno marine biological laboratory, with financial support 
from the Swedish National Research Council and the National Swedish Environmental 
Protection board. 

References 

AKBERALI, H.B. and E.R. TRUEMAN, 1985. Effects of environmental stress on marine 
bivalve molluscs. Adv. Mar. Biol. 22, 101-198. 

BAYNE, B.L., J. WIDDOWS and R.I.E. NEWELL, 1976. Physiological measurements on 
estuarine bivalve molluscs in the field. In: B.F. KEEGAN, P.O. CEIDIGH and P.S. BOADEN 
(eds.), Biology of benthic organisms, 57-68. Pergamon Press. 

BAYNE, B.L., D.A. BROWN, K. BURNS, D.R. DIXON, A. IVANOVICI, D.R. LIVINGSTONE, D.M. 
LOWE, M.N. MOORE, A.R.D. STEBBING and J. WIDDOWS, 1985. The effects of stress and 
pollution on marine animals. CBS educational and professional publishing 1985, Praeger 
publishers. 

BROGMANN, L., 1981. Heavy metals in the Baltic Sea. Mar. Pollut. Bull. 12, 214-218. 

BRYAN, G.W., 1984. Pollution due to heavy metals and their compounds. In: 0. KINNE (ed.), 
Marine Ecology, Vol. 5, Part 3, 1289-1431. 

CAIRNS, Jr. J., 1983. Are single species toxicity tests alone adequate for estimating 
environmental hazard? Hydrobiologia, 100, 47-57. 

CARLBERG, S. (ed.), 1972. New baltic manual. ICES Cooperative research reports, Ser. A, 
No. 29. 

GIDDINGS, J.M. and G.K. EDDLEMON, 1979. Some ecological and experimental proper
ties of complex aquatic microcosms. Intern. J. Environmental studies, 13, 119-123. 

GOLDBERG, E.D., 1986. TBT an environmental dilemma. Environment, 28, 17-20 and 
42-44.

HIS, E. and R. ROBERT, 1987. Comparative effects of anti-fouling paints on the oyster 
Crassostrea gigas. Mar. Biol. 95, 83-86. 



C. Andre et al.: In situ measurements of the functional response of benthic suspension feeders 413 

JANKOVSKY, H., A. AITSAM and T. PODER, 1978. Some characteristic features of 
contamination of the Baltic Sea by toxic substances. Proc. XI Cont. Baltic Oceanograp
hers, 2, 560-573. 

KAUTSKY, N., 1984. A battery operated, continuous-flow enclosure for metabolism studies 
in benthic communities. Mar. Biol. 81, 47- 52. 

LAUGHLIN, R., K. NORDLUND and 0. LINDEN, 1984. Long-term effects of Tributyl tin 
compounds on the Baltic amphipod Gammarus oceanicus. Mar. Env. Res. 12, 243-271. 

LINDBLAD, C., N. KAUTSKY and U. KAUTSKY, 1986. An in situ method for bioassay studies 
of functional response of littoral communities to pollutants. Ophelia, Suppl. 4, 159-165. 

LINDBLAD, C., U. KAUTSKY and N. KAUTSKY, 1988. An in situ system for evaluating effects 
of toxicants on the metabolism of littoral communities. In: J. CAIRNS Jr. and J.R. PRATI 
(eds.}, Functional testing of aquatic biota for estimating hazards of chemicals. American 
society for testing and materials. ASTM, STP 988, Philadelphia. 

MANLEY, AR., 1983. The effects of copper on the behaviour, respiration, filtration and 
ventilation activity of Mytilus edu/is. J. mar. biol. Ass. U.K. 63, 205-222. 

MATIEWS, R.A., Jr. A.L. BUIKEMA, Jr. J. CAIRNS and Jr. J.H. RODGERS, 1982. Biological 
monitoring. Part. II b. Receiving systems functional methods, relationships and indices. 
Water Res. 16, 129-139. 

MEELHUS, A., K.L. SEIP, H.M. SEIP and S. MYKLESTAD, 1978. A preliminary study of the 
use of benthic algae as biological indicators of heavy metal pollution in S0rfjorden, 
Norway. Environ. Pollut. 15, 101-107. 

M0HLENBERG, F. and A. JENSEN, 1980. The ecotoxicology of cadmium in fresh and 
sea water, and water pollution with cadmium in Denmark. The national agency of 
environmental protection, Denmark. 

O'NEILL, R. V. and D.E. REICHLE, 1980. Fresh perspectives from ecosystem analysis. In: 
R.W. WARING (ed.}, Forests, 11-26. Oregon State Univ. Press., Corvallis. 

THEEDE, H., 1980. Physiological response of estuarine animals to cadmium pollution. 
Helgolander Meeresunters. 33, 26-35. 

THEEDE, H., 1984. Physiological approaches to the environmental problems of the Baltic. 
Limnologica (Berlin}, 15, 443-458. 




