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6a.

6b.

De bepaling van de koper complexerende capaciteit van water is essentidel om
uvitspraken te kunnen doen over dosis-effect relaties van koper.
-Dit proefschrift

De incidenteel hoge koperconcentraties in het weefsel van nonnetjes uit anoxische
sedimenten, zoals in de Oosterschelde {(Stroodorperpolder) en Groot-Brittannié
worden niet veroorzaakt door eigenschappen van het sediment.

-Luoma SN. en Bryan G.W. (1982). Est. Coast. Shelf Sci. 15, 95-108.

-Dit proefschrift

In tegensteiling tot wat aangenomen wordt voor mossels, is voor nonnetjes voedsel
een belangrijke bron van metaalopname. Deze tegenstelling kan verklaard worden
door het verschil in ventilatiesnelheid.

-Riisgdrd, H.U. Bjgrnestad, E. en Mphlenberg, F. (1987}. Mar. biol. 96, 349-353.
-Meyhdfer E. (1985). Mar. Biol. 85, 137-142.

-Dit proefschrift.

De groei van nonnetjes in de Westerschelde kan alleen verklaard worden als
detritus mede als voedselbron wordt beschouwd.
-Dit proefschrift.

De ecotoxicologie wordt nog te veel vanuit humaan gezichtspunt beschouwd. De
geringe belangstelling voor koper in vergelijking met cadmium getuigt hiervan,

Een causaal verband tussen de fosfaattoename en toegenomen vangsten in de
Noordzee tussen 1950 en 1985 hoeft niet te impliceren dat de recente fosfaatdaling
in de Noordzee de oorzaak is van verminderde vangsten.

-Boddeke, R. en Hagel, P. (1991). Counc. Meet. of the Int. Counc. for the
Exploration of the Sea, La Rochelle 1991 (ICES Coperhagen).

Het ongelijk van R. Boddeke is nog niet bewezen.

Edward Goldberg gaat er ten onrechte van uit dat alle metalen die geassocigerd
zijn met organische groepen makkelijker worden opgenomen door hun lipoficle
¢igenschappen.

Goldberg, E. (1992). Mar. Poll. Bull. 25, 4548,

Indien op individueel nivean bij een organisme met (moleculzir) biologische
technicken een effect van een stof is aangetoond, is het niet nodig te wachten op
effecten op populatienivean, alvorens maatregelen te nemen.

Spanjaarden zullen hun recept voor paella moeten aanpassen om instandhouding
van de schelpdierpopulaties in de Nederlandse kustwateren te waarborgen.
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Het is uiterst teleurstellend dat de op handen zijnde Europese richtlijn op het
gebied van het Bestrijdingsmiddelenbeleid de per 1 oktober van kracht zijnde
alternatieventoets te niet doet.

Met het cog op het toenemend accent op de presentatic van posters bij
wetenschappelijke congressen zou een cursusje posterontwerpen een
basisonderdeel van onderzoeksscholen moeten vormen.

Om vogels te verdrijven uit het land van een boer is een verjager een beter
alternatief dan een jager.
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The present study has been carried out in the framework of the research of the group Estuarine
Ecophysiology at the Netherlands Institute of Ecology. The aim of the group is to study the
relation between the variation in environmental factors {(with emphasis on pollution} and the
variation in ecophysiology in organisms in estuarine and coastal areas.



Chapter one

Introduction

The large scale pollution in estuarine and coastal areas has been a matter of concern for
years. These areas have high biological productivity rates and function as important breeding
and nursery areas for juvenile stages of numerous marine species, which also explains why
coastal regions have a high value in economic terms as well. Therefore it is understandable
that the possible negative effects caused by contaminants are cause for concem.

The concentrations of organic micropollutants and heavy metals in coastal regions are
often elevated by the loads brought in by rivers. Moreover, traditionally many industries are
located in coastal areas because of harbour facilities and possibilities of waste discharge. A
lot of contaminants tend to concentrate in the sediments as a result of geochemical and
physical processes in the estuarine turbidity zone that cause a sinking of particles and
associated contaminants. Consequently, concentrations of contaminants in the sediment in
coastal and estuarine areas are often relatively high compared to the waterphase and thus form
a serious threat to animals associated with the sediment.

In order to predict the risks of certain pollutants on the biota it is essential to have
information on concentrations as well as susceptibility of the crganisms. For the purpose of
this risk assessment, several approaches have been followed to set standard criteria for
sediment quality (Chapman, 1989), One promising method is the equilibrium partitioning
theory (Shea, 1988), where toxicity is correlated with the free concentrations of contaminants
in the interstitial water. The main disadvantage of this approach is that it is not valid for
metals (Chapman, 1989).

Another method to assess sediment quality is the application of short term laboratory
bioassays, for example the frequently used assessment of mortality with amphipod species
{(Long and Chapman, 1985; Chapman, 1989). These tests enable the effects of contaminant
mixtures to be assessed. The approach assumes that sediment bioassays performed in the
laboratory provide a true measure of in situ biological effects. For metals in particular, this
assumption cannot be maintained. Metal availability in the laboratory will be different from
the field situation as a result of alteration of the chemical speciation while transporting
sediments. For example, oxidation and breakdown of organic matter cause metals like copper
and cadmium to leach from the sediment (Gerringa, 1990, 1991). Moreover, oxygen gradients
are very difficult to copy in a laboratory situation.

Another disadvantage of standardized bioassays is that indigenous species are likely to
react in a different way on contaminated sediments than the standard test species. QOther

11




Chapter one

disadvantages of these tests are that they do not reflect chronic effects. The tests therefore
give no information abeut in sitw sediment toxicity.

To assess the risks under field conditions, in principle one would like to know the in situ
biological availability of toxicants from different compartments of the environment. As
contaminants can be accumulated throngh several pathways (sediment, water and food), all
these compartments should then be measured regularly, a rather time consuming and
expensive option. By using a biological monitor species, the possible exposure pathways are
integrated both in time and space. Assessing the accumulation in species that are exposed to
the environment (actively or passively) should give an indication of the potential harmfulness
of an environmental sitvation. With heavy metals, uptake is proportional to concentration in
invertebrates, which is why they have been suggested and used as environmental monitors.
For monitoring of the waterphase, bivalves are considered particularly suitable (Phillips, 1977;
Phillips and Segar, 1986). This idea has been worked out in for instance the Mussel Watch
Program (Goldberg et al., 1978) where mussels in cages are exposed to different waters for
several weeks,

For sediment monitoring, the benthic deposit feeding bivalve Macoma balthica is often
suggested as an alternative to the mussel Myrilus edulis. Several arguments are given for this:
deposit and detritus feeders are critical components of the decomposer food web. It is
widespread in temperate and coastal regions, probably because of its higher tolerance for
lower salinities. It is useful in soft bottom sediments, where there is no suitable substrate for
Mpytilus (Broman and Ganning, 1986) and it responds adequately in short term testing of
bioavailability of copper, lead, zinc and cadmium. Moreover, it car be held easily and is easy
to collect as it often occurs in high densities (Cain and Luoma, 1985).

A problem with sediment monitoring is that many sediment associated species do not
accumulate metals relative to the concentrations in their environment, So far, no consistent
relations were found between metals in sediments and in sediment dwelling bivalves (Luoma
and Bryan, 1982; Bryan, 1985). Besides the sediment, metals can be accumulated from the
overlying or interstitial water and through food. There is still very little known about the
relative importance of these uptake rates of metals for Macoma balthica. Therefore it will be
diffzcult to interpret field data of accumulated metal levels.

In this thesis, a contribution is made to the understanding of the biological availability

of metals from the various uptake routes to Macoma balthica. With the experiments, emphasis
has been laid on copper.
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Introduction

STUDY AREA: THE OOSTERSCHELDE
AND WESTERSCHELDE ESTUARIES

The bioavailability of metals in the field is stndied in the Dutch Delta area (SW
Netherlands - see Figure 1.1). The rivers Meuse, Rhine and Scheldt used to have a major
impact on this estuarine area, but due to major engineering works aimed at protecting the area
from flooding, the tidal characteristics of the estuary have been modified. In the northern part,
the ecosystem has been changed drastically by the formation of stagnant brackish- and
freshwater lakes. Because the Qosterschelde estuary is very important for nature conservation
and shellfish culture, it was desirable that the saline tidal character be maintained. Therefore,
it is now partially closed off from the North Sea by a storm sturge barrier, which will only
be closed under severe storm flood conditions. Riverine input in the Oosterschelde estuary has
been largely reduced, so it now has almost a marine character,

In the Delta area, the estuary of the river Scheldt (called the Westerschelde estuary) is
the only one left with a true estuarine character. Pollution brought in by the river Scheldt
(freshwater input is on average 100 m® s) forms a serious threat to the ecosystem of this
estuary, The water is polluted by mostly untreated industrial and municipal waste water from
areas such as Brussels and Antwerp. Together with the Rhine and Meuse, the Scheldt is a
major source of contamination for the North Sea. In biota of the Westerschelde estuary
elevated levels of many contaminants have been found (for a review, see van Eck et al.,
1991).

Although the loadings of heavy metals into the Westerschelde have decreased since the
carly 1980s, dissolved copper levels in the estuary are still high: between 10.7 and 152 nM,
(Van Den Berg et al., 1987) which is well within the range that can cause effects in sensitive
organisms. In the sediments copper levels vary from 1-207 mg kg (Van Eck ef al., 1991).

STUDY ORGANISM: MACOMA BALTHICA

Macoma balthica is a very common sediment dwelling bivalve. It is found from the
Northern latitudes down to France, and on the Atlantic and Pacific coasts of America. The
bivalve prefers silty sediments. In Dutch intertidal mudflats, it can be found in the sediment
at an average depth of 2 cm in summer, and at a depth of about 5 cm in winter (Zwarts and
Wanink, 1989). Through an inhalant and exhalant siphon it feeds on deposited material as
well as on suspended particles. It is regarded as a facultative deposit feeder, which means that
it can switch between its feeding habits, depending on food availability (Hummel, 1985). M.

13




Chapter one

balthica feeds on benthic and pelagic diatoms, as well as smaller particles like bacteria. The
maximum size of the clam is about 18 mm at an age of 7 years. After a pelagic larval stage,
the bivalve will settle in the sediment. It is presumed that M. balthica will remain at one
location for the rest of its life, However, there are reports of postlarval transport, indicated
as summer migrations directed to the higher parts of tidal flats, and winter migrations directed
towards sublittoral areas (Sorlin, 1988; Giinter, 1991). Because of its high densities, the clam
plays an important role in the coastal food web: M. balthica is an important food source for
waders, and the siphon tips are part of the diet of carnivorous bottom feeders (e.g., (De Vlas,
1979).

Westerschelde

Figure 1.1 Map Delta Area. The marks point at the sampling stations of the different experiments and field work:
In Oosterschelde 1: Jacobahaven 2: Kattendijke 3: Stroodorpepolder A: Dortsman B: Oesterput C:
Krabbendijke. In Westerschelde 4: Rammekes 5: Ellewoutsdijk 6: Kruiningen Veerhaven 7: Baalhoek 8:
Appelzak 9: Doel 10: Lillo 11: Burcht D: Waarde E: Paulinapolder. The shaded areas are salimarshes (dark)
and intertidal mudflats (light).
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COPPER: SOURCES AND ENVIRONMENTAL RISK

Copper can enter the estuarine environment through various pathways. A large part is
brought in by rivers, which contain copper from industrial discharge (mining activities,
petrochemical industry) as well as by agricultural runoff. In the Netherlands, emission to
surface waters from agricultural areas amounted to about 151 tonnes in 1985. Total emission
has not changed considerably since 1977: it amounts to 7000 tonnes per year. However, the
contribution of different sources has changed: the supply with the rivers Meuse and Rhine
diminished from 1104 in 1977 to 474 tonnes in 1985. However, copper in waste products
increased by almost 900 tonnes to 5800 tonnes. In 1985, of the total 258 tonnes discharged
in wastewater, 11 tonnes immediately entered the coastal area (Vos, 1987).

For living organisms, copper is an essential metal. For man, daily uptake in the
Netherlands is around the advised minimum (1.8 mg), so rigks for human health are not to
be expected. This might be one of the reasons why copper has not received much attention
in risk assessment studies. Attention has been focussed on non-essential metals, e.g., cadmium
or mercury, and most of all organic micropollutants like poly-aromatic hydrocarbons (PAH)
and polychlorinated biphenyls (PCB}, that tend to accumulate through food-chains.

In general, biomagnification is less important in the case of metals, except the methylated
forms. It is suggested that higher species like birds will retain only a small portion of heavy
metals ingested with their invertebrate diet (Simkiss and Taylor, 1989). In the Westerschelde
estuary, cadmium, copper and zinc levels in fish and birds are lower than in sediment
dwelling bivalves (Van Eck et al., 1991), indicating that indeed there is no evidence of
biomagnification.

Although copper shows relatively little human risk, the ecosystem effects of elevated
copper levels are underestimated: for species on the bottom of the food chain like algae and
invertebrates, in particular bivalves, copper is extremely toxic. It therefore might have a
deleterions effect on marine productivity (Bryan, 1985).

For bivalves, copper is essential for haem-pigments, However, the range between essential
and toxic copper concentrations is very narrow (about a factor of 10). Toxicity far exceeds
even cadmium toxicity levels (e.g., Watling, 1981). On the other hand, environmental
concentrations of copper are generally much higher than cadmium. For copper, concentrations
in coastal seawater only need to be one order of magnitude higher, for ecosystem effects to
be seen. For cadmium and zinc this factor is 100 and for lead a 1000-fold increase would be
needed (Bryan, 1985). The risk of copper to the ecosystem is therefore much more obvious
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than for cadmium.

COPPER AVAILABILITY FOR

MACOMA BALTHICA dfmlvod/ \ particulate
Sediment dwelling bivalves are ||¢a:u{°£"“\\t"‘° . / \\\\*cm

) . x y tigana 80 setrit

exposed in different ways to copper: E mimerals

copper bount to sediment, copper in the kL

interstitial and overlying water, and copper ; l)

associated with food particles (Figure 1.2),

The relative contribution of the different

pathways to uptake by M. balthica

depends on the partitioning of copper

between the wvarious particulate and Figure 12 Major metal pathways and processes that

dissolved metal species: the form in which  affect the availability of Cu to aquatic organisms (adapted

the metal is present. from Luoma, 1983).

Sediment

Copper concentrations in estuarine sediments are often five orders of magnitude higher
than in the overlying water. However, a large part of this copper is firmly associated with
sediment compounds Jike iron oxides, sulphides and organic material. Consequently, it will
not be available for uptake. Deposit feeding bivalves like M. balthica do filter sediment
granules so it might very well be that a certain part of the metals that are associated with the
sediment are taken up. Several studies suggest that interstitial water rather than ingested solids
is the dominant uptake route of pollutants and the principal source of toxicity for infaunal
organisms. However, measurements with dyed water suggested that not more than 4% of the
total amount of water ventilated by a clam, was from interstitial origin (Specht and Lee,
1989).

Food

Another source of uptake can be the food particles that are ingested. M. balthica mainly
feeds on benthic and pelagic diatoms, bacteria and detritus. As this material can be in close
contact with high sediment metal concentrations, food metal levels might be high.
Unfortunately, data on metal contents in pelagic diatoms are scarce and data on metals in
benthic diatoms are not yet available, as far as I know. In general for filter feeding bivalves,
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food is considered as a minor source of heavy metal uptake, compared with uptake of
dissolved metals from the water (Janssen and Scholz, 1979; Borchardt, 1985; Riisgérd ez al.,
1987; Ettajant ef al., 1991). The deposit feeder Macoma balthica however has pumping rates
that are far inferior to those of suspension feeders and average about 10% of the latter
{Hughes, 1969). It is very well possible that for deposit feeding bivalves, metals associated
with food particles contribute relatively more to the overall uptake.

Water

If uptake from the waterphase is considered, it is rernarkable that with dose-effect studies,
limited attention has been paid to the speciation of copper in the dissolved phase. Copper
toxicity is generally represented as (total) Cu in pg I''. However, it is recognized that the free
cupric ion {Cu™) is the most readily available and toxic inorganic species of Cu (Crecelius
et al., 1982; Zamuda and Sunda, 1982). This free ion accounts for only a small portion of the
total dissolved copper in seawater. The cupric ion can be complexed easily with natural (e.g.
humic acids) or artificial (EDTA, NTA) organic ligands, thereby reducing toxicity. Other,
more lipophilic organic ligands tend to increase the toxicity of copper: these compounds can
easily penetrate the cell membrane (Florence, 1983; Blust et al., 1986; Roesijadi, 1992).

From the above it may be obvious that the operationally defined quantities "dissolved"”
and "total" metal are of limited use, as in the dissolved (supposedly available) fraction, copper
is partitioning between many dissolved organic carbon species that are more or less labile
(and therefore differ in biological availability). So far, few field studies have been carried out
in which the different chemicat species are related to copper accumulation.

COPPER TOXICITY

Because toxicity of a metal is mostly related to the total (nominal) concentration the
metal, neglecting the importance of metal speciation, correct information on metal toxicity is
hardly available.

Concentrations at which toxic effects are found for bivalve molluscs vary considerably.
The differences are to be attributed to variation in metal speciation (see above), but also to
inter-species differences and adaptation.

At a concentration of 20 pg.I" (320 nM) above the background copper level, physiological
and behavioural responses were observed in Mytilus eduiis (Manley, 1983). Ventilation rate
was affected at 6-7 pg.1! Cu. Valve closure was detected at 10 pg.I" for Scrobicularia plana.
Lethal concenirations vary depending on life stage and exposure time,
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Copper toxicity for Macoma balthica is rather variable according to literature data (see
also Table 1.1 and 1.2): LC,, for 10 days was reported to vary between 210 and 1290 pg.l?,
depending on the orginal locality of the clams. This indicates that intraspecific tolerance can
differ considerably (Luoma et al., 1983). Other reports of LCq, between 25 and 70 hours
gave concentrations of 5-25 mg.I" Cu (McLeese and Ray, 1986). As solubility of CuCl, in
seawater decreases above 1 mg.1”, these data are of limited value, The tissue copper levels
at which Macoma balthica dies vary roughly between 50-150 pg.g"', where the higher copper
tissue levels are found in clams that were exposed for a prolonged time to low concentrations
(personal observations). In Pacific populations (San Francisco Bay) however, tissue copper
levels between 50 and 800 pg.g! are common in healthy individvals (Luoma et al., 1985).
This can be attributed to interpopulation or maybe even interspecies differences in sensitivity,
Based on genetic comparison, it was suggested that populations in the eastern and western
North Atlantic were separate species (Mechan, 1985). Considering the geographical isolation,
it is very well imaginable that Pacific populations are a different species as well. This
hypothesis is supported by the differences in size of the clams: maximum shell lengths of 30
mm with soft tissue dry weight of more than 400 mg are reported for San Fransisco Bay
(Cain and Luoma, 1986), while shell length in eastern Atlantic populations generally does not
exceed 18 mm, with a dry weight up to 80 mg. In view of possible genetic differences, it
should be remarked that in Macoma balthica collected from San Fransisco Bay a metal
detoxifying mechanism {metallothionein-like proteins) has been detected (Johansson et al.,
1986) whereas this was not found in eastern Atlantic populations (Langston and Mingjiang
Zhou, 1987),

INFLUENCE OF ENVIRONMENTAL FACTORS ON
AVAILABILITY AND TOXICITY

Copper uptake and toxicity is often largely influenced by local environmental conditions.
Generally at reduced salinity, toxicity will be increased because competition from Ca and Mg
for uptake sites is reduced (Wright and Zamuda, 1987). On the other hand, with an increase
in salinity the calcium and magnesium ions will compete with copper for the available
binding locations in organic ligands (Mantoura et al., 1978; Langston and Bryan, 1984). An
increase in salinity would decrease the available binding sites for copper, with an increased
concentration of free ions as a result.

About the influence of temperature, no information for Macoma balthica is available.
The clam Mya arenaria accomulated copper more rapidly at summer temperatures than at
winter temperatures, whereas with the oyster Crassostrea virginica, copper toxicity was not
significantly influenced by temperature (McLusky et al., 1986).
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Table 1.1 Summary of dissolved copper toxicity data for various deposit feeding bivalves
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Species toxicity copper comments Reference
unit nM/g DW ug/gDW
M. batthica body burden 30d 251 594 37.4 52% organic matter  Ray 1981
(nM/g DW)
M. baithica body burden 90d 240 160 10 2.2% organic matter  Jenner
(nM/g DW) Waddensea sand & Bowmer
440 1778 112 5.1% organic matter 1990
Rarbour sludge
470 1746 110 2.8% organic matter
100% Pulverized
Fuel Ash
Protothaca ET50(h) 15.8-20.4 514 33 sediment Phelps
staminea burrowing enriched 1983
with Copper
P. Staminea ET50(h) 20.3-59.1 478 sediment Phelps
burrowing enriched 1985
P. Staminea montality 15-25% 478 with copper
48 days

Table 1.2 Summary of data on sediment toxicity of copper for two sediment dwelling bivalves.

For benthic organisms, several processes that are related with pH change, might influence
copper availability. In ficld situations with sediments in the reduced state, pH will decrease
at the sediment-water interface (microlayer) as a result of oxidation of sulphides. In
experimental situations, decreased oxygen pressure causes an increased respiration of
organisms, leading to an increase of the CO, concentration and, in turn, shifts the balance
of the bicarbonate system to a more acidic pH. This explains the increased copper uptake by
M. balthica at decreased oxygen pressure (Neuhoff, 1983). With decreasing pH the
concentration of copper in the free ion form will increase as metal hydroxides, oxides or
carbonates will dissolve (Cairns ez al., 1984). Also sorption to particulates and complexation
with (weak) organic ligands will decrease as a result of proton competition with the binding
places.

However, decreasing pH does not necessarily result in increased Cu uptake. With a
decreasing pH in chemically defined solutions, the uptake is decreased, in spite of the increase
of the free ion form (Blust et al., 1991; Roesijadi, 1992). This phenomena is explained by the
increase of the concentration of hydrated metal ions with decreasing pH. At the same time,
the concentration of protons which compete with the metals for the carrier molecules in the
lipid phase is increased.
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METAL ACCUMULATION IN THE FIELD

A country where heavy metal accumulation in estuaries has been studied very thoroughly
in the past decade, is Britain (Bryan et al., 1980; Luoma and Bryan, 1981, 1982; Bryan and
Gibbs, 1983; Bryan and Langston, 1992). In several estuaries, very high copper and zinc
concentrations in the sediment can be found because of past mining activities. However,
concentration factors in Macoma balthica are generally lower than 1. Although sediment
metal levels can be very high, it has been almost impossible to attribute deleterious effects
on benthic organisms to specific metallic pollutants, In estuaries contaminated with metal-
mining wastes, an effect of copper and zinc on species distribution was cbserved, but it was
less obvious than would be expected from experimental data. In Restronguet Creek, the part
of the Fal estnary most poluted by copper and zinc, bivailves including the cockle
Cerastoderma edule, the clam Macoma balthica and mussels Mytilus edulis were absent. The
toxicity of surface sediments containing over 2000 pg g* of Cu towards juvenile bivalves
appears to be the reason (Bryan and Gibbs, 1983).

It was not possible to establish consistent relationships between copper concentrations in
the sediment and those in Scrobicularia plana and Macoma balthica over a wide range of
different estuaries. One reason for this are high concentrations of Cu (exceeding 1000 pg g*
DW in M. balthica) that were found at relatively uncontaminated sites with anoxic sediments
(Luoma and Bryan, 1982). This phenomena has also been cbserved in the Delta area, although
less pronounced: in a mudflat with low sediment copper concentrations (2 mg kg, 8% <16
pr and 0.45% organic carbon) in the relatively unpolluted Oosterschelde sea arm, elevated
tissue copper levels were found: where the average in the Qosterschelde contained 20 pg g’
DW, in Stroodorpepolder this was more than 40 pg g' DW (Goossens, 1989). As in the
British case, clam shells were blackish in colour as a result of the reduced condition in the
sediment. This unexplained phenomena indicates that the redox situation in the sediment could
be influencing copper availability for sediment dwelling deposit-feeders.

Another well studied area is the San Fransisco Bay in California.
Concentration factors as high as 5.0 are observed in these populations (Luoma ef al., 1985).
Tissue concentrations vary from around 50 to more than 400 pg g' DW, with peak
concentrations of more than 1000 pg g' DW (Thomson et al., 1984). Large fluctuations are
observed between stations and years: concentrations could fluctuate up to tenfold at certain
stations and as little as two- or threefold in other years (Luoma et al., 1985).

On a mudflat in British Columbia (Canada), M., balthica living in sediments with 39.6 pg
Cu g’ sed DW contained 314 pg g tissue DW copper. Copper bioconcentration factors
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ranged from 1.95 to 7.98. In sediments with copper concentrations higher than around 70 pg
g sed DW (median particle size < 63pm), clams were absent. Heavy metals were considered
to be the most controlling factor which affected the settling and survival of larval and juvenile
clams. Salinity, substrate grain size and dissolved oxygen did not satisfactorily explain the
distribution of M. balthica (McGreer, 1982).

In the southem Baltic, copper tissue levels are reported to vary between 26 and 130 pg
g'. Compared with mussels, zinc and copper accumulated strongly in Macoma balthica, while
cadmium accumulated more efficiently in Mytilus edulis (Szefer and Szefer, 1990).

In the Wadden sea and Dutch Delta area, copper levels in clams from relatively
unpolluted sites vary between 15 and 30 pg g’ DW. Tissue copper levels in animals from the
relatively clean Qosterschelde estuary generally equal those from amimals from the more
polluted Westerschelde estnary. This is remarkable because dissolved copper concentrations
in the Westerschelde are higher than in the Oosterschelde. An explanation can possibly be
found in the concentration and character of copper complexing ligands in both waters.

From very polluted areas in the Netherlands, no information is available because clams
are mostly absent due to anoxic sitnations in the water, or a low salinity.

The large variation in concentration factors and tissue levels again indicates that the
susceptibility of Macoma balthica to copper in the different estuarine areas is extremely
variable.

OBJECTIVES AND APPROACH OF THE PRESENT STUDY

The aim of the research was to assess the contribution of the major uptake routes of trace
metals to the body burdens in Macoma balthica. These routes include the sediment, the
overlying water and food. The importance of these pathways was assessed using a multi-level
approach: short-term laboratory experiments with the radiotracer *Cu (Chapters Two to Four);
flow-through systems for long term accumulation studies (Chapters Five and Six), and a
monitoring program in the field, for assessment of the actual sitvation (Chapters Seven and
Eight). In the uptake experiments, emphasis has been laid on the study of copper. In all
experiments, environmentally realistic concentrations of metals were used.

In Chapter Two, a method for the effective separation of different metal uptake pathways

is described. For this method, the radiotracer **Cu is used in combination with the chelating
agent EDTA.
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In Chapter Three, the availability of copper from phytoplankton and water is studied,
* based on the method described in Chapter two.

The influence of salinity and organic ligand content of natural waters on copper uptake
is described in Chapter Four. The use of the radiotracer *Cu in these experiments was
essential because due to the lability of the natural ligands, uptake experiments had to be
performed within a short time period.

Accumulation and effects of copper, cadminm and zinc from spiked unaged and aged
sediments in a long term study is described in Chapter Five. The aged sediments with an
oxygen gradient with depth give a more realistic representation of the field situation than do
freshly spiked, oxidized sediments.

The results from long term kinetic experiments under ambient conditions with continuous
copper administration through water or food are given in Chapter Six.

As it was obvious that food might play a significant role in the overall metal uptake by
Macoma balthica, contents of copper, cadmium, zinc and lead in benthic diatoms from the
Westerschelde and Qosterschelde were assessed. A description of the collection method and
the results of the survey are presented in Chapter Seven.

Largely based on the results of the laboratory uptake studies, a dynamic simulation model
of growth and uptake of heavy metals by Macoma balthica has been developed. With the
concept of this model, special attention is given to the feeding behaviour in different
environments. The growth submodel is calibrated with data from monitoring program, where
sediment, water and Macoma baithica tissue metal levels from an intertidal mudflat in the
Westerschelde estuary were followed for two consecutive years. The metal uptake submodel
is validated with the data from the field monitoring program. The model and simulation
results are presented in Chapter Eight,
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Chapter Two

Separation of *Cu uptake via water
and via food by Macoma balthica.

ABSTRACT

To study the role of food in Cu accumulation by bivalves, algae spiked with Cu can be
used. With spiked algae however, redistribution of Cu between the dissolved and the
particulate phase hampers the assessment of the contribution of food. This also occurred in
our efforts to label algae with the radiotracer *Cu.

A method was designed to overcome this problem of redistribution. By adding excess
EDTA to the seawater, the biological availability of dissolved Cn was minimized. The
effectiveness of complexation by EDTA was controlled through adsorption on Macoma
balthica shells and uptake in Macoma balthica tissue,

M. C. P. Absil', 1. 1. Kroon?, H. Th. Wolterbeek?
1: Netherlands Institute of Ecology, Centre for Estarine and Coastal Ecology, Yerseke, The

Netherlands
2: Interfaculty Reactor Institute, University of Technology, Delft, The Netherlands
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INTRODUCTION

The assessment of the contribution of different uptake pathways to the overall metal
accumulation in aquatic organisms has been proven to be relatively difficult. Because of their
feeding behaviour, they can be directly exposed to metals in the waterphase, as well as to
food-associated metals. For bivalves, some information is available on Cd accumulation via
food (Borchardt, 1985; Riisgrd et al., 1987). On Cu accumulation however, very little is
known. An obvious reason for the scarcity on Cu data is the problem of assessment of the
bioavailability of different Cun species: when Cu-contaminated particles are placed in clean
water, a solute-solid equilibrium will be establised. The distribution of Cu between the
dissolved and particulate phase depends among other things on the ligand concentration in
solution (Cu complexing capacity) (Zamuda and Sunda, 1982; Gerringa et al., 1991). From
the dissolved species, the free ionic form is considered the best biologically available
{Crecelius ef al., 1982; Zamuda and Sunda, 1982; Cross and Sunda, 1985). The complex
chemistry of Cu makes it difficult to assess the contribution of a particular species to the
overall accumulation. The objective of this study was to design a method that would make
it possible to study the dissolved and particulate Cu uptake route separately. To this end, we
labelled algae with the radiotracer ®#Cu and used ethylenediaminetetraacetate (EDTA) to
minimize the biological availability of dissolved *Cu. The effectiveness of EDTA
complexation was assessed in adsorption and uptake experiments with the bivalve Macoma
balthica.

MATERIALS AND METHODS
“Cu preparation and measurement

“Cu was obtained by irradiating 3 mg copper wire (99.99%; Ventron, Karlsruhe) for 24
hours in the nuclear reactor of the Interfaculty Reactor Institute of the University of
Technology, Delft, The Netherlands (the so-called Hoger Onderwijs Reactor (HHOR); neutron
flux = 10"-10"*/cm?/sec). Radioactivity of the wire after 24 hours was 125 MBg/mg. The
irradiated wire was dissolved in 25 pl concentrated nitric acid, and diluted in 50 mM Na-
acetate buffer (pH 5.6). The final Cu™ concentration in the stock solution was 1 mg/ml. The
isotope has a half-life of 12.8 hours. By preparing this stock solution just before starting the
experiment, we were able to perform measurements for at least 4 days. The starting activity
of a 30 nM Cu solution, spiked with #Cu, was about 900 cpm/ml. As a simplification, Cu
solutions spiked with **Cu are further referred to as *Cu solutions.
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%Cu accumulation in Macoma balthica was followed by measuring radioactivity of
dissected shells and tissue, or living individuals (whole bodies). To facilitate accurate
dissecting after exposure, the individuals were quickly frozen and subsequently separated into
shells and tissue. Samples (water, labelled algae, or M. balthica) were counted with the help
of a Nal detector. Counting time was maximally 10 minutes; counting error was < 5%.
Corrections were made for background radioactivity, *Cu decay, and shell size.

%“Cu uptake by phytoplankton (experiment 1).

The diatom Phaeodactylum tricornutum was spiked with #Cu. This Cu-tolerant diatom
species is often used as food sonrce for bivalves in experimental situations. It can continue
to grow at Cu concentrations up to & pM. Other reports also mention a relatively high survival
and growth of P. fricornutum wnder Cu stress, compared with other phytoplankion species
(Bentley-Mowat and Reid, 1977). Strains from a batch culture in the late exponential phase
were concentrated using a tangential flow membrane filtration system (Millipore). Further,
they were resuspended in 2-ltr polyethylene beakers in 0.45 pm membrane filtered sea water
(FSW, salinity 32 %o). The water contained 0.79 or 7.9 pM *Cu. The algae were allowed to
grow for 24-48 hours at room temperature under continuous tube light (Philips, 40 W, colour
nr. 33). The algal culture was stirred gently with a magnetic stirrer.

After the uptake period, the *Cu-labelled algae were concentrated by tangential flow flux
and additional centrifuging for 10 minutes at 2000 g. The algae were resuspended in a 5 pM
EDTA solution in FSW in 50-ml centrifuge tubes to remove the loosely bound *Cu. After
a rinsing period in the EDTA solution, varying between 1 and 24 hours, the algae were
centrifuged and rinsed for 30 minutes in FSW, Concentrations of *Cu in the water and in the
algae were measured by pipetting 5 ml suspension on a 0.45 nm filter (Nuclepore). Four ml
of the filtrate was counted simultaneously with a 5 mi unfiltered sample. After volume
correction of the samples, the difference between filtered and unfiltered sample, was
considered to be adsorbed on the algae. A comparable method to assess radionuclide
adsorption to algae was described by Fisher et al. (1983). A correction of 2% was made for
- %Cu retention by the filter from spiked water without algae. After centrifuging, the
concentrated algae were resuspended in 1.5-L volumes.

These spiking experiments were carried out to study the uptake and adsorption by P.
tricornutum. The duration of the spiking period and the intensity of rinsing were varied in
order to obtain the highest possible *Cu load and as little loss as possible of *Cu from the
algae during resuspension in clean water.
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Complexation of ¥Cu by EDTA (experiment 2).

As the labelled algae were leaking ¥Cu when resuspended in **Cu-free FSW, this could
seriously influence the outcome of uptake experiments with bivalves. By adding EDTA to the
seawater, the biological availability of dissolved *Cu should be minimized. In several studies,
EDTA has been shown to reduce the accumulation and toxicity of Cu, indicating that the
EDTA-Cu complex is less biclogically available than the free Cu (Stephenson and Taylor,
1975; Cheng, 1979).

The effectiveness of EDTA-complexation was examined by measuring adsorption
processes on separate M. balthica shells. Adsorption to shells was used as 2 measure for the
amount of "free" Cu. The theoretical concentrations of free and complexed Cu and EDTA
were calculated with the chemical equilibrium program SOILCHEM (Sposito and Cobes,
1988).
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Figure 2.1a Accomulation and elimination of *Cu by P. tricornutum. Accumulation period was 28 hours. At t=28
hours, the algae were concenirated and resuspended in **Cu-free filtered seawater. (a); *Cu in seawater. ((O):
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Figure 2.1b Accumnlation of ®Cu by P. tricornutum. Accomulation period was 72 hours. At t=28 hours, the
algae were concentrated and resuspended in a fresh #Cu solution. (a): #Cu in seawater. (C): *Cu in algae.
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Separation of uptake pathways

In 2 1.5 L volume of filtered seawater with *Cu and EDTA (Merck, Titriplex IIT p.a.),
shells were allowed to adsorb **Cu for 48 hours. At regular time intervals, the shells were
taken from the medium and rinsed in FSW for a few seconds. The shells were transferred to
glass vials and immediately counted. Adsorption kinetics were followed by measuring *Cu
activity in four different sitnations: in the first, ®Cu (31 nM) and EDTA (2.7 pM) were
introduced together with M. balthica shells in the seawater. In the second, the shells were
introduced 20 hours after the introduction of “Cu (31 nM) and EDTA (2.7 pM). In the third,
adsorption of 31 nM “Cu without EDTA was measured. In the fourth situation, %Cu (310
nM) and EDTA (2.7 pyM) were mixed together before they were introduced with the shells
in the seawater.

In a further experiment, #Cu adsorption on shells and accumulation in tissue of living
Macoma balthica in the presence of excess EDTA (270 pM) was studied. For this, clams (11-
14 mm) were taken from a stock which was held in coarse dune sand, receiving unfiltered
flowing seawater at the QOosterschelde field station (Tidal Water Division, Middelburg). For
the experiment, the individuals were held in polyethylene acid washed beakers, 7 cm from
the bottom on a net, tightened between a polyvinyl chloride ring. Water was gently stirred
with a magnetic stirrer. The individuals were allowed to acclimatize to the laboraiory
conditions for three days. Temperature was held constant at 6 °C.

RESULTS

“Cu uptake by phytoplankton (experiment 1).

In Figure 2.1a a typical example of the adsorption of *Cu on P. tricornutum is given. The
high concentration on the algae in the first measurement (after a few minutes) showed that
very fast uptake occurred immediately after the introduction of *Cu. After this initial high
uptake, the concentration on the algae increased slowly. Within 3.45 hours, average adsorption
to the algae was 3270 + 870 cpm/ml. During the following 24 hours, adsorption increased to
6290 + 960. Initial concentration in the water was 35990 £ 870 cpm/ml. After 28 hours, the
concentration was 29900 = 1710 cpm. At this time, 17.5% of the initial activity in the water
was adsorbed to the algae, Refreshing the seawater after one day (Fig. 2.1b) did not result in
an increased concentration in the algae, although the dissolved *Cu concentration in the water
was elevated. The reason for this was a considerable loss of algae during the refreshing
procedure (note the log-scale!).

The algae, as treated in Figure 2.1a, were centrifuged after 28 hours, washed with EDTA
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and FSW and resuspended in *Cu-free FSW. The decrease of total “Cu associated with algae
in Figure la was due to the loss of algae during centrifugation and the loss of loosely
adsorbed *Cu. After the resuspension in *Cu-free FSW, the algae lost *Cu immediately, with
a resulting higher **Cu concentration in the water, than in the algae. This effect was shown
in all spiking treatments, irrespective of the duration of the washing periods with EDTA and

© seawater. In our experiments however, leaking of tracer to the dissolved phase was not

desirable, as the ultimate goal was to separate the two pathways of tracer uptake. Because
redistribution of “Cu in the system could not be prevented, EDTA was used as a complexing
agent to prevent leached *Cu from being taken up by bivalves, feeding on the algae.

ADDED CALCULATED

[Cu] [Cul [EDTA] [Cu free] [EDTA free] [Ca free]
ug/l uM uM uM uM M
1 0.016 27 3.3E-09 2.5E-07 0.394

2 0.032 0.0041 0.394

2 0.032 2.7 4.38E-07 3.46E-10 (1.394
20 0.32 2.7 4.92E-06 3.07E-10 0.394
5 0.079 0.027 0.0069 1.8E-14 0.394

5 0.079 0.27 2.1E-05 1.8E-11 0.394

5 0.079 2.7 1.1E-06 3.4E-10 0.394

5 0.079 270 9.9E-09 3.8E-08 0.385

Table 2.1 Added and theoretical concentrations of dissolved and complexed copper and EDTA. The theoretical
concentrations were calculated with help of the computer program SOILCHEM,

Complexation of “Cu by EDTA (experiment 2).

In Figure 2.2a, the adsorption of */Cu onto shells introduced together with *Cu and
EDTA addition, is presented. The sorption process on the shell was comparable with a
situation without EDTA (Fig. 2.2b). Measurements after 20 hours indicated no further
adsorption on the shell, suggesting an equilibrium sitnation, The *Cu concentration in the
water had decreased considerably as a result of adsorption to the wall and the shells. The
decrease was described best with an exponential curve and amounted to 55% of the original
concentration after 24 hours.

If shells were introduced after equilibration of the seawater with *Cu and EDTA for at least
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Separation of uptake pathways

20 hours, sorption occurred at a very low rate. This indicated that in this situation, *Cu was
largely complexed by EDTA (Fig. 2.2a).

Mixing *Cu (310 nM) and EDTA together before introduction in the seawater resulted
in a lower sorpticn rate (Fig. 2.2c). This effect was demonstrated at a 31 as well as at a 310
nM *Cu solution. Shells that were introduced after 24 hours now showed a low adsorption
rate, indicating that the concentration of uncomplexed *Cu had remained relatively constant
during this period.
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Figure 2.2a Adsorption on shells; 31 nM %Cu + 2,7 20,000
nM EDTA. (@) immediate adsorption (EDTA and
%Cu not mixed in advance). (a); adsorption in the  15,000¢
case that the shells are introduced in the seawater
after a 20 hours equilibration time. 2.2b: 31 nM*Cu 10,000
without EDTA. 2.2¢: 310 nM #Cu + 2.7 pM EDTA
are mixed together before introduction in the 500
seawater, (@) adsorption on direct introduced shells,
{+) adsorption in the case that the shells are 0 . . : . .

introduced after 23 hours equilibration time. 0 5 10 15 20 25 30
time (hrs)

From these experiments it could be concluded that adding EDTA was effective, but only after
at least 20 hours equilibration time, or when EDTA and *Cu were mixed before being added.
However, in a feeding experiment, 20 hours equilibration would take too long. Moreover,
mixing of *Cu and EDTA in advance was not possible, as the *Cu was being released from
the algae during the experiment. Immediate complexation by EDTA was desirable. Therefore,
the sorption kinetics experiments were repeated with an EDTA concentration 100 times higher
(Fig. 2.3a). In this situation, sorption onto shells was reduced to less than 0.5% compared
with the situation without EDTA. Uptake by M. balthica appeared to be reduced to about 1%
of the uptake without EDTA (Fig. 2.3b). In the sitvation without EDTA, shell adsorption was
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