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The aim of this investigation was to assess the chemical spéciation of copper. 
Although the Cu concentrations in both the dissolved and particulate phases 
differ strongly between the Oosterschelde (OS) and Westerschelde (WS) 
estuaries, The Netherlands, the Cu content of the bivalve M acom a balthica from 
both sea arras is comparable. Therefore, chemical spéciation of Cu was 
examined during 1 year at two sites, one in each sea arm.

Two dissolved organic ligand groups could be distinguished. For both sea 
arms, a relatively weak ligand group with logK'=9-27 and a mean ligand 
concentration of 250 neq Cu 1 1 was determined. Moreover, a relatively strong 
group was detected with logK'= 13-04 and a mean ligand concentration of 
180 neq Cu 1“ 1 in the WS, and with logK'= 13-7 and a mean ligand concen­
tration of 48 neq Cu 1 “ 1 in the OS. In both sea arms, the calculated free 
concentration of Cu2+ is extremely low (<10-14M).

The strong ligand group is related to salinity and to dissolved organic carbon 
(DOC) indicating that the river Scheldt and estuarine/marine DOC supply this 
material. The weak ligand group is related to salinity and marine chlorophyll a 
in the WS, and to DOC in the OS.

The regulating mechanisms of the distribution of Cu over the chemical 
species are different for the two sea arms. In the WS, there seems to be no 
equilibrium between dissolved and particulate Cu. Hence the free Cu concen­
tration is determined by complexation with dissolved organic ligands. In the 
OS, adsorption on particulate organic matter is the key factor. It is even possible 
to make a good estimate of free Cu in the OS if only dissolved and particulate 
Cu and POC are known.

It is concluded that M acom a  does not accumulate Cu from the dissolved 
phase since the free Cu concentration is too low; food must be the source. Since 
desorption of Cu from particulate matter in the polluted WS is slow in contrast 
to desorption in the relatively clean OS, kinetics of particulate Cu seem to be 
the reason for the relatively high Cu content of M acom a  in the OS.

©  1996 Academic Press Limited

Introduction

M uch research on bioavailability has been done during the last few decades (Sunda &
G uillard, 1976; M orel & M orel-Laurens, 1983; Brand et al., 1986; Zhou et al., 1989;
0272-7714/96/050629+15 $18.00/0 ©  1996 Academic Press Limited
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Verwey et al., 1992; X ue & Sigg, 1993) since it was recognized that availability o f metals, 
and especially of copper, is of m ore im portance than  its total concentration. Bioavail­
ability is usually studied by determ ining the spéciation. Spéciation of Cu in solution in 
natural waters is dom inated by com plexation w ith dissolved organic ligands. These 
complexes are assum ed not to be bioavailable.

T he im portance o f C u bioavailability is illustrated in the O osterchelde (OS) and 
W esterschelde (WS) estuaries (The N etherlands). In  contrast to expectation, H um m el 
and van U rk  (1991), and Absil (1993) observed higher or equal concentrations of C u  in 
the bivalve Macoma balthica from the relatively unpolluted OS than in the polluted WS. 
So, the C u  content of the sedim ent dwelling Macoma balthica is not directly related to 
total C u concentrations in water. Also Bordin et al. (1992) found a lim ited external 
influence at locations with notably higher environm ental C u concentrations. This also 
seems to  hold  true for C u in Mytilus edulis (Luten et al., 1986).

Absil (1993) found that the sources o f C u for Macoma (from OS and W S) are food 
and water. In m uddy sediments, the sedim ent also contributed to the C u content in the 
animals. An increase o f dissolved organic ligands decreased the uptake o f C u by 
Macoma, and at lower salinities the uptake of C u is m ore pronounced (Absil et al., 1993). 
Since the salinity o f the W S estuary is lower than  in  the OS, it is surprising th a t the Cu 
content of Macoma in both sea arms is comparable. For Cd, however, a relationship was 
found betw een pollution grade and m etal content of Mytilus and Macoma (L uten  et al., 
1986; Bordin et al., 1992). Since, in contrast to Cd, the bioavailability of dissolved Cu 
is largely dependent on chemical spéciation (i.e. organic complexation) (Sunda & 
Guillard, 1976; Absil et al., 1993), a study of C u  spéciation is necessary.

As a result of the construction of a storm  surge barrier in 1987, the OS changed from 
an estuary into a tidal basin with a very low inflow o f freshwater and thus barely a salinity 
gradient (S = 30-32). Pollution and concentrations of nutrients are low (Smaal & 
Nienhuis, 1992).

T he W S is one o f the m ost polluted estuaries of W estern Europe. Large am ounts 
of domestic and industrial wastes are discharged into the river Scheldt and the estuary. 
T he estuary is well mixed with only small vertical salinity gradients. The salinity at the 
sampling station of the present study varies betw een 15 and 20, well away from  the 
turbidity m axim um . T he concentrations of seston can be relatively high due to tidal 
currents and intensive dredging activities in the estuary (Wollast, 1988). N inety  percent 
o f the non-refractory riverine organic m atter is mineralized in the upper part of the 
estuary. But due to the large supply of nutrients, organic m atter produced by photo­
synthesis in the lower estuary equals alm ost the am ount of terrestrial C rem oved by 
respiration (W ollast, 1988).

D ue to the chemical and ecological differences between the OS and the W S, it can 
be expected tha t the C u  spéciation is also different. T he variation in C u spéciation 
for OS and WS are no t known. Van den Berg et al. (1987) m easured relatively high 
ligand concentrations in the W S, bu t gave no inform ation about changes with time. 
It is known that plankton excretes ligands (M offet et al., 1990; Gerringa et al., 1995a). 
Also, the particulate phase is not constant with time. Therefore, the C u spéciation and 
other param eters which possibly influence the C u spéciation have been examined for a 
year in the OS and W S at a sampling site in each sea arm (Figure 1). T o  determ ine the 
factors influencing C u  spéciation, the following param eters have been m onitored: 
salinity, pH , seston, particulate organic carbon (PO C ), particulate total nitrogen (PT N ), 
chlorophyll a and b (Chia, Chlè), dissolved organic carbon (D O C ) and dissolved Zn.
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Figure 1. Locations o f the sampling sites. A and B are the monitoring stations, 1-5 the
sampling sites visited by ship.

M aterials and m eth od s

Samples were taken during 1993, fortnightly to m onthly at high tide from  two sites, one 
in the Oosterschelde and one in the W esterschelde (A and B in Figure 1). They were 
taken from  the shore with a telescope fishing rod to which a sam pling bottle was 
attached. T h e  idea o f sampling at the waterside at high tide is tha t it is this w ater that 
flows over the habitat of Macoma. In  addition to shore sampling, samples were taken 
offshore, from  RV Luctor along the m ajor axis of the two sea arms (Points 1-5 in  Figure 
1), in au tum n (Novem ber 1992) and early spring (February 1993). These samples were 
taken a t high tide upstream  from the vessel with the sampling bottle just below the water 
surface. T he data from these cruises will not be treated extensively here. They will be 
dealt w ith when necessary and discussed elsewhere in detail.

All m aterials used for m etal sampling and m etal analysis were acid cleaned (at least 2 
weeks in  H N 0 3/milliQ= 1:5). Sample handling and analysis of m etals and spéciation 
m easurem ents were perform ed in  a clean room  and M illiQ-water ( >  18-2 Q ~ ')  was 
used, unless otherwise stated. T h e  samples were filtered within 2 h  of being obtained. 
T h e  samples taken from the research vessel were filtered immediately on board. Salinity 
was m easured according to Strickland and Parsons (1972).

Samples for D O C  analysis were obtained by filtering through pre-treated glass fibre 
filters (S&S N o. 6) using a glass syringe w ith filter set. H gC l2 was added to these samples
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to inhibit bacterial activity. Dissolved organic m atter was destroyed by UV irradiation 
and persulphate. C 0 2 produced upon oxidation was m easured colorimetrically (SE: 
0-2 mg l -1  or 16-7 pM  D O C ; Schreurs, 1978).

Particulate organic carbon (PO C) and particulate total nitrogen (PT N ) were 
m easured on a Carlo Erba nitrogen/carbon analyser, type N A  1500 (precision 3%; 
N ieuw enhuize et ed., 1994). A division in organic seston and inorganic seston was 
obtained by subtracting twice the P O C  content from total seston (determ ined during the 
analysis of PO C  and P T N ). Seston originating from algae was calculated by multiplying 
C hia by 60 (W etsteyn & Krom kam p, 1994).

Chlorophyll a and b (Chia and Chl£>) were m easured using high perform ance liquid 
chrom atography (H PLC ) according to Brown et al. (1981) (SE: 8%). If Chlè was high, 
m arine chlorophyll a (C hlac) was calculated from  total Chia minus 5 times Chlè. The 
ratio Chla/Chló fluctuates. T he choice o f a constant value for this ratio is arbitrary, and 
‘ 5 ’ was chosen in this study, according to Senger et al. (1993).

F or the analysis o f particulate Cu, the sample was filtered under nitrogen pressure 
through acid-cleaned 0-45 pm  cellulose nitrate filters. T he filters were stored frozen. 
T hey  were destroyed in a low tem perature asher and redissolved in H C 1/H N 03. 
Particulate C u  was m easured w ith graphite furnace atomic absorption spectrophotom ­
etry furnished with a Zeem an background correction using graphite tubes w ith L ’vov 
platform s (SE: 2 n M ).

P art of the sample of the dissolved phase was acidified to pH  = 2 for the determ ination 
o f total dissolved C u and Zn. Dissolved organic ligands were destroyed by UV 
irradiation in the presence of H 20 2 for 4 h (M art, 1979). Cu and Zn were m easured by 
differential pulse anodic stripping volametry (DPASV), using a hanging drop mercury 
electrode and a collection potential of -  0-6 V for C u and — 1-2 V for Zn (PAR-EEG 
303 electrode stand with a 384B analyser) (SE: 3 nM  for Cu, 10 nM  for Zn).

Spéciation of C u was done by DPASV (collection potential — 0-6 V, scan rate
3-33 mV s~  !) and differential pulse cathodic stripping volametry (D PCSV) (collection 
potential — 0-05 V, scan rate lO m V s - 1 ) and by reversed phase chrom atography 
(Seppak C ]8, SE, 1-1 nM ; Mills & Q uinn, 1984). For DPCSV, salicylaldoxime (SA) was 
used at a concentration of 10 “ 5 M  (Cam pos & Van den Berg, 1994). T he alpha factor 
(a) for the inorganic complexation was assum ed to be 50 for both  the OS and W S since 
a inorÊorg ̂  aorg- The a for the added ligand represents the centre of the detection window 
of the m ethod and for IO -5  M  SA (depending on salinity) around 135 000 for OS 
samples and 180 000 for WS samples. Subsamples were titrated with increasing Cu 
concentrations and equilibrated for 24 h. A non-linear regression of the titration  curve 
was used to estimate the total natural ligand concentration (Lt) and the conditional 
stability constant (K') (Gerringa et al., 1991, 1995b). N on-linear regression provides the 
m eans to estimate the error boundaries around the values of L t and K '. Concentrations 
of ligand groups are expressed in mofequivalents of Cu, m eaning am ount of binding sites 
for C u in M.

A dsorption characteristics of P O C  were determ ined once (M arch 1994). Subsamples 
of 100 ml unfiltered water w ith additions o f 50, 100, 150, 200, 300, 400, 500, 750, 
1000, 2000, 3000, 5000, 10 000 and 20 000 nM  Cu were equilibrated for 24 h in the 
dark at 15 °C, and were shaken continuously. T he adsorbed C u was m easured after 
filtration as particulate Cu described above. T he Langm uir equation was used for the 
calculation of the adsorption characteristics, the conditional binding strength (B'), and 
the am ount of binding sites ( f max), just as for the complexation characteristics.
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Figure 2. (a) Total concentration of the relatively weak ligand (L,a) as a function of 
time in the Oosterschelde (OS) and the Westerschelde (WS); (b) total concentration of 
the relatively strong ligand (Ltc) as a function of time in the OS and the WS. □ ,  OS; 
■  , WS.

A utom ated forward stepwise multiple regression of the data was performed. The 
m inim um  tolerance used for entry of param eters into the model was set to 0-01, and 
alpha to enter and alpha to remove were set to 0T  ( = 90% nom inal significance level) 
(Sokal & Rohlf, 1995). Several calculated param eters like organic seston, inorganic 
seston, seston consisting of algae, C hia corrected and  Q were added to the m easured 
ones. Q  is the quotient o f particulate C u  and dissolved C u (both in nM  1“ J).

R esults

T he spéciation by DPASV and D PC SV  resulted in the detection of two ligand groups 
(Appendix A, Table A l) . T he relatively weak group was detected by DPASV. It had  a 
conditional stability constant of IO 9'27 (K '=  10 S‘27—1 o 10 44 for the W S, K '=  108'4- 1 0 10'22 
for the OS) and a concentration (Lta) around 250 neq Cu I -1  (between 126 and 
673 neq Cu D  1 for the WS and 109 and 506 neq C u  D  1 in the OS). T he concen­
trations are com parable for both  sea arms except in the winter when the concentrations 
are higher in the WS [Figure 2(a)].

T he relatively strong ligand group was detected by D PC SV  in the WS and OS. It had 
a conditional stability constant of i o 13'04 (1012'25- 1 0 13'77) and IO13'7 (10 ,3'53- 1 0 15 03) 
respectively, and a m ean ligand concentration (Ltc) of 180 neq I “ 1 (43-528 neq 1 “ ‘) 
and 48 neq I -1  (9-131 neq I ” 1) respectively [Figure 2(b)].

T he adsorption characteristics of PO C  for Cu in the OS showed a conditional binding 
strength B' o f IO1135 and a num ber of sites for Cu, / ’max, of 0-01316 moiequivalents of 
C u m o l_ 1 PO C  (the 95% confidence intervals are IO11’22—IO11'47 and 0-01122- 
0-01509, respectively). This gives, with a m ean PO C  content of 342 pM  (4-1 mg 1 “ ') ,
4-5 pmolequivalents of C u I - 1 . In the WS, B ’ was IO11'41 (IO113O- 1 0 11'51) and Tmax



6 3 4 L. J. A . Gerringa et al.

tí 150 
^  100

- Á (d)
—

i f  4

-
D V  □

X

1 ^ 1  *  •  l.L'
700 
600 

■T 500 
ST 400 
■s 300 

200 
100•  □

900 
800 
700 
600

O 500
o  400 
Q 300 

200 
100

•  □

0 10 15 20 25 30 35 5 10 15 20 25 30 35
Salinity Salinity

Figure 3. Salinity versus other parameters o f  monitoring during 1993 in the 
Oosterschelde (OS) and the Westerschelde (WS) and from samples taken from the ship 
in November 1992 and February 1993 (see Figure 1). (a) Zinc; (b) Particulate copper; 
(c) Seppak copper; (d) total concentration of the relatively strong ligand (L,c); (e) total 
concentration of the relatively weak ligand (Lta); and (f) dissolved organic carbon. ■ ,  
OS February 1993; • ,  WS February 1993; O, OS November 1992; □ ,  WS 
November 1992; X , OS 1993; A,  WS 1993.

was 0-00841 moleq Cu mol “ 1 PO C  (0-00734-0-00947), giving, with a m ean POC 
content o f 400 (iM (4-8 mg 1“ ’), 3-4 pmolequivalents of C u  1“ 1.

T he concentrations o f total dissolved Zn, total dissolved Cu, particulate Cu, Seppak 
C u  and the strong ligand in the WS are three times the values found in the OS. Also 
P O C , P T N  and seston have higher concentrations in the WS than in the OS (Appendix 
A, Table A2). Since the OS contains less seston and thus shows deeper light penetration, 
plankton blooms occur earlier in this sea arm. Yet, the concentrations of chlorophylla 
during a bloom are higher in the WS. T he concentrations of seston at this study’s 
sampling site are relatively high for the OS, which is probably due to sampling from the 
shore (Appendix A, Table A2).

T he salinity at the sampling station in the WS fluctuates with season by the discharge 
of the river Scheldt. Some param eters vary with salinity, showing a gradient from  the 
freshwater source, the Scheldt river, to the N orth  Sea. Such is the case for total dissolved 
Z n  [Figure 3(a)] and to a lesser degree for particulate Cu, Seppak C u and D O C  [Figure 
3(b,c and f)]. T he concentrations of dissolved Zn in the OS fit into the dilution line of 
values of the WS. Particulate C u and Cu retained by Seppak show a m ore or less similar 
behaviour as total dissolved Zn, but variability during 1993 is larger. O ther param eters
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T able 1. Relations found by the multiple regression with I?2>0-5. For equations (7 and 
8), data for both estuaries were used. In equations (3, 5 and 6), the equations 
in parentheses exclude those parameters for which no straightforward chemical 
explanation for its contribution could be found

[Cup] =  -  0-144 + 0-456 POC R 2- 0-947 OS (1)
Q = 0-101 + 0-0067 POC-0-0101 PTN R2 = 0-922 OS (2)
Lta = 583-29-2 sal+12 ChIac + 0-95 [Znd] i?3 = 0-722 WS (3)
(Lta = 883-39-4 sa l+ 10 Chin, R2 = 0-629 WS)
Lta= -  52-4 + 1-0944 DOC R2 = 0-522 OS (4)
Ltc= 379-24-6  sa l+ 1-512 PT N +14-3 CuS R2 = 0-751 WS (5)
(L ,c=434-20-7 sa l+ 1-694 PTN R2 = 0-715 WS)
Ltc=  -  96-2 + 0-4488 DOC + 0-6 [Znd] P 2 = 0-586 o s (6)
(Ltc= -  33-4 + 0-3108 DOC R 2=0-393 OS)
Ltc=  117+0-4296 DO C-6-3 sal R2 = 0-704 w s + o s (V)
[Cup] = 58-2+O-408 POC-1-9 sal 

O-OHüS
i?2=0-784 w s + o s (8)

OS, Oosterschelde; WS, Westerschelde; L,a, total concentration of relatively weak 
ligand; Ltc, total concentration of relatively strong ligand; PTN, particulate total 
nitrogen; DO C, dissolved organic carbon; POC, particulate organic carbon. Units as in 
Appendix A. Alpha to enter and alpha to remove were set on OT (90% confidence 
interval).
The following P  values (indicating the significance of the independent contribution of 
the explanatary variable) were given for the constants and parameters respectively: (1) 
0-921 and 0-000; (2) 0-672, 0-000 and 0-015; (3) 0-003, 0-003, 0-005 and 0-034; 
(4) 0-489 and 0-001; (5) 0-001, 0-000, 0-003 and 0-165; (6) 0-019, 0-001 and 0-041;
(7) 0-153, 0-001 and 0-003; and (8) 0-000, 0-000 and 0-000.

which show a relationship with salinity in the W S are the concentrations of both ligands 
[Figure 3(d and e)]. However, the data from  the OS do no t fit into the regression with 
salinity in the W S for these param eters.

T he results o f m ultiple regression are shown in Table 1. Only results w ith R 2 larger 
than 0-5 are presented. Equations (3, 5 and 6) were repeated w ithout the param eters 
dissolved Zn [equations (3 and 6)] and C u  retained by Seppak [equation (5)]. T he 
contribution of these param eters to the ligand concentrations could no t be explained 
according to straightforward chemical concepts. Particulate Cu and Q  (quotient of 
particulate and dissolved Cu) in the OS correlate strongly with PO C . T he ligand
concentrations in the WS correlate with salinity as also shown in Figures 3(d  and e). T he
weak ligand group also correlates with C hlac concentrations and thus with algae, bu t the 
strong ligand group correlates with P T N . In  the OS, the ligand concentrations correlate 
with D O C . N o relationship was found between L ta and chlorophyll a in the WS when 
the raw data o f chlorophyll a were used. In  the OS, an influence of algae by C hlac on L ta 
is only found w hen alpha to enter (and remove) is set on 0-15. N o relations are found 
with C u retained by Seppak as variable. W hen the data of the two estuaries are 
com bined, two relationships were found w ith R 2>0-5 [equations (7 and 8)]. W ith 
particulate Cu, PO C  and salinity are related; whereas for the strong ligand group, D O C  
and salinity account for m ost of the variability.

D iscu ssion

Cu spéciation
Van den Berg et al. (1987) also found two ligand groups in the WS; a strong ligand with 
a stability constant 1013- 1 0 14'8 comparable to the values o f the present study (IO12'25— 
IO13'77), and a weak ligand group with a conditional stability constant IO11'5—IO12'1
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higher than the values o f the present study (108'27- 1 0 10'44). They used catechol as 
com peting ligand with CSV for both (the strong and weak) ligand groups, which is a 
different m ethod than used in the present study. Using catechol has the drawback that 
the equilibrium  tim e between catechol, the natural ligands and Cu is fixed to 4 min, 
whereas equilibrium  is seldomly reached w ithin the hour (D onat & Van den Berg, 1992; 
Van den Berg & D onat, 1992). M offet et al. (1990) also found two ligand groups with 
conditional stability constants IO13'2 and IO9 ' in the Sargasso Sea (using ligand 
exchange/liquid-liquid partition procedure) which com pare favourably with the present 
results. Coale and Bruland (1988) found two ligand groups with a lower conditional 
stability constant for the strong ligand and a com parable one for the relatively weak 
ligand in the N orth-east Pacific Ocean, as did Coale and Bruland (1990) in the N orth  
Pacific Ocean, and Buckley and Van den Berg (1986) in the Atlantic Ocean. T heir 
results were IO115 and IO8'5 (DPASV), IO11'6 and IO8'6 (DPASV) and IO11 and IO8'5 
(com bination o f DPASV, D PCSV  with catechol and the M n 0 2 m ethod), respectively 
(see also Xue & Sigg, 1993).

Since the two organic ligand groups in the OS and W S are detected by two m ethods 
based on two different principles (DPASV is a physical chemical m ethod, D PC SV  a 
chemical com petition m ethod), it is no t certain whether the two groups are really two 
different groups w ithout any overlap. For some samples from  the W S, the concentration 
of the relatively strong ligand is som ewhat larger than the relatively weak ligand 
(Appendix A, T able A l) . This is in contradiction with the theory which states that with 
increasing conditional stability constant the concentration decreases, as postulated by 
Buckley and Van den Berg (1986), and confirm ed by the data of Coale and Bruland 
(1988, 1990), and M offet et al. (1990). However, it is no t likely that the overlap is large 
since the ligand groups show different relationships with other param eters [equations 
(3-6) in Table 1].

Using the ligand characteristics, the concentration o f free Cu, [Cu2*], can be 
calculated. For 1993, the m ean [Cu2+] found in the WS was 14-7*10 _ 15 M , and in the 
OS was 8-2*10""15 M , which are very low values (Xue & Sigg, 1993). I t  should be 
realized that calculation of [C u2+] from  the characteristics of the determ ined ligand 
groups may no t be justified because of the above m entioned overlap. M oreover, it is 
known from very recent experiments (1993, 1994) that during certain periods, another 
stronger ligand group exists in the WS (Gerringa, unpubl. data). T he concentration of 
this ligand, however, is small and the concentration o f sites not filled with C u is near the 
detection limit of the m ethod (DPCSV with oxine, Van den Berg, 1986). Since the 
strongest ligand group, not yet saturated with C u, largely determ ines the [Cu2*] 
concentration, the m ean value for the W S given above may well be an over estimation.

Relation between Cu spéciation and environmental variables 
T h e  source of the ligand groups in the WS seems to be partly the river Scheldt, since a 
(negative) relationship exists w ith salinity. A linear decrease by salinity alone would give 
a y-axis intercept at salinities of 16-22 [Table 1, equations (3, 5 and 7)]. This reflects 
tha t ligand groups from the river Scheldt are degraded or lost in the W S during transport 
to the N orth  Sea. Besides salinity, ligand concentrations are also related to D O C , which 
becomes evident when all data from the WS and the OS on the strong ligand are 
com bined [equation (7), Table 1], M oreover, L ta vs. salinity [Figure 3(e)] shows such a 
large variability in the OS samples that it is clear that salinity is not the only factor 
determ ining its concentration. The variation in the ligand data of the OS is mainly
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related to D O C  [equations (4 and 6), Table 1]. T hus, although the conditional stability 
constants are com parable, the ligands, at least the relatively weak ones, seem to have 
different origins in both estuaries. In the OS, the origin of the weak ligands is not clear 
b u t related to D O C . In the W S, bo th  freshwater from  the river Scheldt and (as discussed 
below) algae are partly responsible for the weak ligand group. For the strong ligands, it 
m ight be argued that they have a similar origin in OS and W S since they could be 
described by one regression [equation (7), Table 1] and that the relation with D O C  in 
the W S is masked by the correlation betw een D O C  and salinity.

From  the strong association w ith organic ligands, Regnier and W ollast (1993) have 
suggested that C u is mainly bound to organic m atter o f riverine origin which is 
progressively mineralized during its transport to sea. T he results of the present study 
confirm  their suggestion, and indicate that part of the ligands are of m arine or estuarine 
nature  like the ones found in the OS. T he relative im portance of these ligands can be 
quantified by their correlation with D O C  and Chiu content o f the estuarine system.

M offet et al. (1990) also found a relationship between Chiu and the ligand concen­
tration  in laboratory experiments, although this concerned the relatively strong ligand 
group. They found that the relatively strong ligand was produced by Synechococcus sp., 
a m arine cyanobacterium. N one of the eukaryotic phytoplankton examined made this 
strong  ligand. Paulson et al. (1994a,b) found that organisms could produce ligands that 
can be retained by Seppak cartridges. Gerringa et al. (1995a) found ligands with a 
conditional stability constant of IO10 (detected both  by DPASV and D PCSV ) in axenic 
continuous cultures of the m arine diatom  Ditylum brightwellii. This is com parable to the 
results reported in this paper. M oreover, they found that ligands which could be retained 
by Seppak cartridges were produced by leakage from broken Ditylum  cells.

It is surprising that especially in the W S, the relation of the L ta concentration with the 
C h ia content is so obvious. In the W S, the source of the organic material is more diverse 
and the total concentrations are higher, com pared to the OS, where the influence o f an 
algal bloom  is expected to be m ore conspicuous.

In  the eastern part of the OS, the ratio between plankton species is in favour of 
flagellates with respect to diatoms (Bakker & Vink, 1994). In the W S, marine diatoms 
are dom inant at the sampling location (Rijstenbîl et al., 1993). I t  is possible that different 
plankton species like flagellates do not excrete organic materials which may act as 
organic ligands for Cu. A nother possibility is that due to the large grazing pressure 
in the OS, plankton is eaten before it decom poses and releases ligands (Bakker & Vink, 
1994).

At the sampling station in the WS, however, a positive net production of phytoplank­
ton and  a m inim um  in Zooplankton biomass coincide (Soetaert & van Rijswijk, 1993; 
Soetaert et al., 1994). Z hou et al. (1989) found tha t during the different stages of the 
grow th cycle of diatom s, the nature of ligands depends on the physiological state of the 
population. M oreover, since the W S is a true  estuary with a salinity gradient, dead or 
dying freshwater phytoplankton is transported seawards. This may also explain the role 
of algae for the ligand concentration, which is no t the case in the OS.

Cu spéciation and the solid phase 
I t  seems that organic seston regulates the partitioning of Cu over the dissolved and 
particulate species in the OS [equation (2), Table 1], whereas in the W S there appears 
to be no equilibrium  between the solid and dissolved species o f Cu. Since particulate and 
dissolved Cu are in equilibrium in the OS, equilibrium should exist between the free Cu
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concentration ([C u24]) and the dissolved organic ligands on the one hand, and the 
adsorbed particulate fraction on the o ther hand. T he free C u concentration can be 
calculated, assuming that the two ligand groups detected are the m ain ones determ ining 
the free C u concentration. W ith the accordingly obtained [Cu24], PO C  data and 
particulate C u ([C u]p), one can calculate the product (TadsB') of the am ount of sites for 
C u (Tads) and the conditional constant related to the energy of adsorption per mol POC 
(B') for each sample,

[Cu] d/ {I<a '*Lta + Kc'* (L tc- [Cu] d) } = [C u24] = [Cu]p/POC0Tads*B') (9)

using m ol as un it for all concentrations and assum ing that dissolved C u ([C u]d) is always 
smaller than  the relatively strong ligand concentration which was always the case during 
m onitoring. Tads*B' estim ated with equation (9) varied throughout the year between 
IO8'71 and IO10'95. O n the basis o f B ' and Tmax obtained from the sorption experim ent, 
and PO C  in the OS, T’max*B' is IO9'4 '. H ence the estimation o f Tads*B' using equation 
(9) is quite accurate. This means that the free C u concentration in the OS can be 
calculated from  relatively easy PO C  and particulate C u determ inations.

In  the W S, no equilibrium exists betw een particulate and dissolved Cu. This was also 
observed by Van Alsenoy (1993). She found that equilibration was very slow between 
particles in the WS and Cu, and that Cu only showed a detectable desorption at higher 
salinities and no desorption at <25. T his was no t influenced at all by an  imposed 
tem porary decrease in pH . However, the adsorption characteristics o f PO C  for Cu in 
the W S could be m easured easily, and  adsorption was found to occur within 24 h, but, 
since there is no equilibrium between dissolved and particulate Cu, desorption is slow or 
no t possible, coinciding with the results o f Van Alsenoy (1993). Li et al. (1984) observed 
that by coagulation, desorption becom es less than adsorption because metals are 
locked in.

Ecological significance
Irrespective of the differences in total C u levels between bo th  sea arms, the Cu 
concentrations in the bivalve Macoma balthica are similar or even higher in the OS in 
contrast to expectations (H um m el & van U rk, 1991; Absil, 1993). This can now be 
explained by the observed differences in C u  spéciation between both sea arms. Macoma 
balthica accum ulates Cu from both  food and the dissolved phase, and little from the 
sedim ent (Absil, 1993). Although C u 2+ is bioavailabie, it will play no role in the OS and 
the W S because of the extreme low concentrations and the high ligand concentrations 
w ith high binding strength. Roughly estim ated, the m axim um  C u24 concentrations are 
I 0 ~ 14 to I 0 ~ 15M.  These concentrations are extremely low, since concentrations 
smaller than 10 ~ 12 5 M  may cause growth lim itation in organisms (Vervvey et al., 1992). 
Considering this, disregarding possible internal regulation by the animals, food m ust be 
the m ain source of Cu for M. balthica. Since in the OS, particulate Cu is in equilibrium  
w ith C u24, it m ust be reversibly bound to organic particles. This is no t the case in the 
W S. H ere desorption of C u  from particles is probably very slow. A lthough m ore PO C  is 
present in the W S, adsorption sites are less per mol PO C than in the OS. T h u s PO C is 
carrying potentially less Cu in the WS. Assum ing that Aí. balthica in WS and in OS 
consum es equal am ounts of food, ingested particles from the OS are potentially larger 
sources for Cu uptake than those from the WS. Consequently, Cu levels in Aí. balthica 
from  the OS are relatively high.
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A ppendix

T able AI. Ligand characteristics obtained by DPASV and DPCSV. The 95% 
confidence interval of the estimates are in parentheses. Due to the log-transformation 
of K' (conditional stability constant), its interval is asymmetric

OS WS

Total ligand Total ligand
concentration concentration

logK' (neq I“ 1) logK' (neq l ' ')

DPASV
6/1 9-33 (8-95-9-71) 109 (87-132)

18/1 9-69 (9-45—9-94) 136 (119-152) 9-59 (8-81-10-39) 413 321-504)
1/2 9-55 (9-3-9-8) 270 (221-320) 8-83 (8-71-8-95) 673 634-711)

18/2 9-32 (9-1-9-54) 123 (104-141) 8-77 (8-44-9-1) 158 112-205)
15/3 8-65 (8-35-8-95) 204 (158-250) 9-98 (9-74-10-22) 380 349-412)
5/4 8-76 (8-28-9-24) 131 (59-203) 10-44 (8-54-12-35) 188 139-236)

26/4 - - 10-17 (9-97-10-38) 150 143-158)
17/5 8-40 (8-05-8-75) 389 (214-564) 9-01 (8-63-9-38) 322 243-400)
7/6 8-64 (8-24-9-04) 165 (90-240) 8-27 (7-96-8-59) 403 252-555)

27/6 9-65 (9-09-10-22) 195 (148-241) 9-16 (8-94-9-39) 158 135-181)
17/7 9-29 (9-11-9-47) 242 (217-266) 9-04 (8-61-9-47) 199 155-242)
9/8 9-92 (9-22-10-62) 370 (326-414) 9-25 (9-03-9-47) 165 146-184)

30/8 9-25 (8-99-9-51) 302 (258-347) 9-13 (8-86-9-39) 346 281-411)
13/9 9-03 (8-73-9-34) 506 (424-588) 9-28 (8-61-9-95) 150 106-194)
26/9 - - 9-15 (8-44-9-87) 446 316-576)
23/10 9-07 (8-57-9-57) 144 (89-200) 8-91 (8-4-9-43) 126 79-172)
15/11 10-22 (10-01-10-43) 345 (329-361) 9-17 (8-66-9-68) 258 186-330)
6/12 9-50 (9-17-9-83) 253 (212-295) 9-50 (9-12-9-88) 354 311-398)

20/12 9-29 (9-09-9-48) 254 (217-291) 9-10 (8-92-9-29) 373 325-422)
DPCSV

6/1 14-55 (13-21-14-88) 15 (11-18) 12-39 (12-21-12-57) 331 276-387)
18/1 14-52 (14-06-14-99) 35 (32-38) 13-08 (13-03-13-13) 252 245-258)

1/2 12-86 (12-64-13-08) 44 (37-51) 13-41 (13-26-3-56) 313 294-333)
18/2 14-57 (13-81-15-34) 9 (8-10) 12-94 (12-74-13-14) 203 182-225)
15/3 14-07 (13-3-14-85) 28 (23-33) 12-68 (12-58-12-79) 146 133-159)
5/4 14-53 (13-1-15-96) 15 (11-18) 12-61 (12-51—12-72) 232 214-251)

26/4 13-31 (12-82-13-79) 23 (18-28) 13-13 (13-03-13-22) 105 100-110)
17/5 12-91 (12-83-13) 103 (97-110) 13-13 (12-97-13-29) 166 154-178)
7/6 13-02 (12-82-13-21) 96 (89-104) 13-30 (13-18-13-41) 91 86-95)

27/6 13-76 (13-38-14-14) 36 (31-41) 13-41 (13-2-13-61) 69 62-76)
17/7 12-88 (12-64-13-11) 131 (118-145) 12-77 (12-56-12-98) 225 198-252)
9/8 13-02 (12-71-13-33) 95 (80-109) 13-16 (12-97-13-35) 101 92-110)

30/8 13-24 (13-05-13-44) 66 (60-72) 13-19 (13-07-13-32) 106 99-113)
13/9 14-66 (14-12-15-19) 29 (26-32) 13-46 (13-16-13-76) 43 37-48)
26/9 - - 12-71 (12-45-12-97) 528 441-616)
23/10 12-53 (12-13-06) 64 (39-89) 12-25 (11-89-12-61) 182 108-255)
15/11 - 15 13-11 (12-95-13-26) 121 108-134)
6/12 14-23 (13-67-14-79) 16 (13-19) 13-34 (13-14-13-54) 143 129-157)

20/12 15-05 (13-79-16-31) 19 (14-23) 13-77 (13-57-13-97) 56 (51-61)

Day no. 6, 18, 32, 49, 74, 95, 116, 137, 158, 178, 198, 221, 242, 256, 269, 296, 319, 
340, 354.



Table A2. Data o f the monitoring during 1993 at two sampling sites in the OS and WS

Date
Seppak Cu 

(nM)
Dissolved Cu 

(nM)
Particulate Cu 

(nM)
Dissolved Zn 

(nM)
DOC
(UM)

POC
(UM)

PTN
QiM)

Seston
(m g l" 1)

Chlorophyll a
(P g l_1)

Chlorophyll b
( p g r 1) Salinity

Oosterschelde
6/1/93 3-1 6-9 8 49 175 153 21 17-8 1-8 0 30-49

18/1/93 5-9 23-8 2 145 167 79 15 19-8 2-4 0 30-49
1/2/93 2-5 7-7 88 86 192 1849 155 382-5 67-8 8-6 30-85

18/2/93 3-2 6-9 2 58 142 38 4 5-2 1-5 0 30-32
15/3/93 2-8 14-5 1 32 217 56 10 23-2 1-2 0 30-53
5/4/93 3-1 11-3 15 32 192 375 31 60-3 8-0 0 29-40

26/4/93 3-0 6-5 13 34 242 337 36 73-4 7-0 0-6 30-22
17/5/93 3-5 6-0 15 30 321 146 21 9-9 3-0 0-3 31*08
7/6/93 5-1 5-7 11 44 308 85 14 4-9 4-3 0-6 30-80

27/6/93 4-3 6-3 7 308 98 0 38-9 2-3 0-7 30-96
17/7/93 4-9 11-0 4 75 325 111 38 37-8 1-5 0-4 31-31
9/8/93 3-9 9-0 5 18 408 160 17 173-6 1-9 0-5 31-49

30/8/93 2-8 4-6 11 42 300 522 57 113-3 17-7 2-4 30-60
13/9/93 3-0 17-5 13 17 375 316 41 60-9 6-9 1-1 31-46
26/9/93
23/10/93 2-0 14-0 31 51 275 722 277 196-6 35-7 10-3 29-70
15/11/93 2-6 9-0 25 21 287 534 52 128-7 7-9 0-9 30-20
6/12/93 4-0 6-3 5 59 238 118 10 43-9 11 0 29-40

20/12/93 3-0 7-2 20 24 404 38 102-7 4 0 1-4 28-60
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T able A2. Continued

Date
Seppak Cu 

(nM)
Dissolved Cu 

(nM)
Particulate Cu

(nM)
Dissolved Zn 

(nM)
DOC
(UM)

POC
(pM)

PTN
(pM)

Seston
( m g r 1)

Chlorophyll a
(p g r  ‘)

Chlorophyll b 
(pgl ') Salinity

Westerschelde
6/1/93 8-6 14-0 81 108 475 479 74 135-7 4-6 0 12-67

18/1/93 8-9 31-0 80 170 421 279 41 73-9 2-8 0 12-26
1/2/93 6-9 81-8 47 343 464 404 33 79-6 1-7 0 9-49

18/2/93 9-1 23-0 28 140 342 138 14 41-9 2-4 0 15-70
15/3/93 6-1 5-0 36 178 375 175 21 61-7 2-3 0 15-50
5/4/93 8-7 9-4 65 21 383 408 48 152-1 8-0 0 15-90

26/4/93 7-2 19-8 40 153 333 351 41 104-2 7-3 0-7 18-30
17/5/93 9-1 40-9 22 116 350 313 39 54-9 20-0 0 18-11
7/6/93 12-9 17-3 41 68 333 458 56 70-5 29-4 1-3 20-27

27/6/93 9-6 20-5 28 317 263 4 90-0 13-1 0-8 19-61
17/7/93 12-8 8-2 21 130 350 249 49 81-8 5-5 0 1908
9/8/93 11-2 17-8 36 115 475 451 44 119-0 7-2 0 19-08

30/8/93 8-8 28-8 39 100 450 367 44 136-8 7-4 0 20-17
13/9/93 8-6 6-8 61 132 400 749 79 156-4 6-2 0-6 19-74
26/9/93 9-9 27-1 59 153 812 1264 176 406-1 24-5 2-8 12-30
23/10/93 7-5 14-6 21 127 333 197 85 76-5 8-2 35-7 17-90
15/11/93 8-0 40-8 57 114 583 497 52 162-6- 7-4 1-1 14-50
6/12/93 7-7 16-5 30 151 387 268 21 87-3 2-7 0 15-52

20/12/93 8-3 15-3 36 120 263 29 90-2 2-1 0-5 13-67

DOC, dissolved organic carbon; POC, particulate organic carbon; PTN, particulate total nitrogen.
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E rratum

C om parison  o f  C h em ica l S péciation  o f  
C opper in  the O osterschelde and  
W esterschelde E stu aries, T he N etherlands
L. J. A. Gerringa, T. C. W. Poortvliet and H. H um m el

Estuarine, Coastal and S h e lf Science (1 9 9 6 ) 42 , 629—643

It is regretted th a t two of the relations in Table 1 of the above article were printed
incorrectly. T he correct table is shown below, with the altered relations printed in bold.

T able 1. Relations found by the multiple regression with i?2>0-5. For equations (7 and 
8), data for both estuaries were used. In equations (3, 5 and 6), the equations
in parentheses exclude those parameters for which no straightforward chemical
explanation for its contribution could be found

[Cu„]= -0 -1 4 4  + 0-0456 PO C R2 = 0-947 OS (1)
Q = 0-101+0-0067 POC-0-0101 PTN R2 = 0-922 OS (2)
Lta = 583-29-2 sal+12 Chlac+0-95 [Znd] R2 = 0-722 WS (3)
(Lta=883-39-4 sal+10 Chlac R2 = 0-629 WS)
Lta = - 52-4+1-0944 DOC R2 = 0-522 OS (4)
L ,c=379-24-6 sal+1-512 P T N +14-3 CuS R2=0-751 WS (5)
(Ltc=434—20-7 sa l+ 1-694 PTN R2 = 0-715 WS)
L,c= — 96-2 + 0-4488 DOC + O-6 [Znd] R2 = 0-586 OS (6)
(Ltc = - 33-4 + 0-3108 DOC R2 = 0-393 OS)
Ltc= 117 + 0-4296 DO C - 6 - 3  sal R 2 = 0-704 WS + OS (7)
[Cup] = 58-2 + 0-0408 P O C -1-9 sal R3 = 0-784 WS + OS (8)

OS, Oosterschelde; WS, Westerschelde; L,a, total concentration of relatively weak 
ligand; L,c, total concentration of relatively strong ligand; PTN, particulate total 
nitrogen; DOC, dissolved organic carbon; POC, particulate organic carbon. Units as in 
Appendix A. Alpha to enter and alpha to remove were set on OT (90% confidence 
interval).
The following P  values (indicating the significance o f the independent contribution of 
the explanatary variable) were given for the constants and parameters respectively: (1) 
0-921 and 0-000; (2) 0-672, 0-000 and 0-015; (3) 0-003, 0-003, 0-005 and 0-034; 
(4) 0-489 and 0-001; (5) 0-001, 0-000, 0 003 and 0-165; (6) 0-019, 0-001 and 0-041; 
(7) 0-153, 0-001 and 0-003; and (8) 0-000, 0-000 and 0-000.
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