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Abstract

The accumulation of cadmium by the Baltic mussel Mytilus trossulus in the
presence of marine and lacustrine humic substances (HS) was investigated under
laboratory conditions. The tested organisms were exposed to Baltic Sea water
(salinity 7.0 PSU, pH 7.85) spiked with cadmium (50 ugCd 17!) and humic
substances (6.0 mgHS 171), isolated from either marine (6 sampling sites) or
lacustrine (8 sampling sites) environments. Experiments were carried out at
a constant seawater temperature of (10°C+1°C). The exposure time was 21 days.

On average, the humic substances, a fraction of naturally occurring organic
matter, were found to stimulate cadmium accumulation in the mussels. Lacustrine
humic substances stimulated cadmium uptake to a lesser extent than the marine
ones. Cadmium was accumulated preferentially in the hepatopancreas, and to
a smaller extent in the gills and muscles, regardless of the presence, properties and

* This work was carried out as a part of statutory activity of the Institute of Oceanology
Polish Academy of Sciences in Sopot and the Polish State Committee for Scientific
Research, grant No. 705/P04/95/03 and was presented at the 3rd conference on Chemistry,
Geochemistry and Protection of the Marine Environment, Sopot, 12th December 1997.
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origin of the humic substances. However, the effect was modified by the dissimilar
physical and chemical properties of the substances, which were related to their
place of origin.

1. Introduction

The prevention of pollution and the protection of the natural environ-
ment, including that of the oceans, have become one of the main priorities
at the end of the 20th century. Nevertheless, heavy metal concentrations in
natural waters are still rising (Clarck, 1989). Heavy metals are accumulated
in the tissue of living organisms, causing harmful effects at relatively low
concentrations. Some metals are then moved along the trophic chain to fish
and humans.

The accumulation of heavy metals by marine organisms is frequently
reported on in the literature (Denton, 1981; Amiard-Triquet et al., 1986;
Ahsanullah and Williams, 1991). The results of these studies indicate that
benthic organisms in general and mussels in particular exhibit exceptionally
high heavy metal accumulation factors (Theede et al., 1979; Riisgard et al.,
1987). Cadmium, a metal easily bioaccumulated by benthic organisms, ex-
hibits a particularly toxic influence even at small concentrations (Ray, 1984).
Therefore, its quantity in water has to be monitored. Of still greater
importance is the investigation and understanding of the rules governing the
migration and distribution of the metal in the ecosystem. The fact that the
accumulation of heavy metals, including cadmium, by marine biota depends
on a number of biotic and abiotic factors is well documented (O’Hara, 1973;
Cain and Luoma, 1986; Coimbra and Carraca, 1990). Among the latter,
dissolved organic matter is attracting increasing attention (Ray, 1984; Shaw,
1994; Kozuch et al., 1997).

Constituting a substantial fraction of the natural organic matter dis-
solved in Baltic waters, humic substances (HS) are naturally occurring
complexing agents (Pempkowiak, 1989; Kozuch et al., 1992). It was found
in both field and laboratory studies that marine HS modify the bioaccu-
mulation of cadmium to a considerable extent, owing to the formation of
complexes with the metal (Kozuch and Pempkowiak, 1992; Pempkowiak
and Kozuch, 1993). Additional, detailed laboratory studies have shown that
the structural features and molecular weight of marine HS influence the
accumulation rate of cadmium by mussels (Pempkowiak et al., 1994; Kozuch
and Pempkowiak, 1996). Since the HS present in lacustrine and marine
environments differ in their physical and chemical properties (Harvey et al.,
1983; Summers et al., 1987), their role as modifiers of metal contents in
biota is likely to differ. However, no attempt has yet been made to compare
marine and lacustrine humic acids.
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This paper presents data indicating elevated cadmium uptake by the
Baltic blue mussel in the presence of marine humic substances (MHS)
as compared to lacustrine substances (LHS) of this kind. The differences
are due to the dissimilar physical and chemical properties of the humic
substances tested and to the place of origin of the substances.

2. Materials and methods

Baltic blue mussels Mytilus trossulus, collected from the Gulf of Gdansk
during the period from November 1996 to March 1997 and selected according
to size (25-35 mm in length), were used in the cadmium accumulation
experiments.

Laboratory tests on the accumulation of cadmium from seawater by the
mussels were performed in glass aquaria filled with continuously aerated
Baltic Sea water (salinity 7.0 PSU, pH 7.85, temperature 10°C £ 1°C
containing cadmium (concentration 50 g Cd 171) and marine (experiment I)
or lacustrine (experiment IT) HS (6.0 mgHS 171). Seawater depleted of HS
(0.0 mgHS 171) with added metal (concentration 50 pugCd 171) served as
a control in each experiment. The time of exposure was 21 days.

The marine humic substances (MHS), used in the first experiment, were
isolated from both the surface and bottom seawater and from the surface
bottom sediments sampled in the Pomeranian Bay and the western Gulf
of Gdansk (southern Baltic Sea). The lacustrine humic substances (LHS),
utilised in the second experiment, were isolated from the water of seven lakes
located in south-western Norway (Trehorningen, Hellerudmyra, Aurevann,
Maridalsvann, Birkenes, Humex, Gjerstad). HS were isolated from water
according to a standard procedure based on sorption on Amberlite XAD-2
resin, followed by desorption with ammonium hydroxide. Briefly, water
was filtered through Whatman GF/F filters, acidified to pH 2.0 with
concentrated HCI, and passed through a glass column (3 x 35 cm) filled with
Amberlite XAD-2 resin. HS adsorbed onto the Amberlite were eluted with
0.5 M NH4OH. The excess ammonium hydroxide was removed in a rotary
evaporator and the concentrated HS solution was stored in a refrigerator at
4°C. HS from the sediments were isolated by alkaline extraction, followed by
acidification of the extract and separation into fulvic and humic fractions.
The solution containing fulvic acids was passed through a column filled
with Amberlite XAD-2 resin. The fulvic acids were then desorbed with 0.5
M NH4OH, concentrated in a rotary evaporator and stored in a refrigerator
at 4°C. Details of the isolation procedure are given elsewhere (Pempkowiak
et al., 1994).

The isolated HS were further characterised by analysis of their phys-
ical and chemical properties. These included the elemental composition
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(C, H, N), UV/VIS spectra (the substances were dissolved in 0.2 mol 17}
NaHCOgs; spectra recorded on a Beckman DU-68 spectrophotometer),
FTIR spectra (KBr pellets, Bruker IFS66 spectrophotometer) and 'H NMR
spectra (50 mg HS were dissolved in 1 ml 0.2 mol 1=! NaOD in D,O; spectra
recorded on a Unity Plus 500 MHz Varian spectrometer).

During a three-week-long exposure to cadmium a number of mussels
were removed from the aquaria every seventh day and their internal organs
(gills, hepatopancreas and the ‘rest’ of the soft tissue) analysed for cadmium
content. Oven-dried soft tissue was wet-digested with 3 ml concentrated
HNOj3 followed by 1 ml concentrated HC1O,4. The acids were evaporated
and the residue redissolved in 5 ml 0.1 mol 17! HNO3. The measurements
were carried out in a Video 11E (Thermo Jarrell Ash) atomic absorption
spectrophotometer.

3. Results and discussion

HS tested in the cadmium accumulation experiments and their places
of origin are listed in Tab. 1. Tab. 2 gives the accumulation rates of
cadmium by mussels, equal to the directional coefficients of the relation-
ship Ccq = (Cca)o + bt between the cadmium concentration in the soft
tissue of M. trossulus (Coq) and the time of exposure (t) expressed in
pgCd g1 day~! (Kozuch, 1995). It follows from these data that cadmium
accumulation rates range from 1.71 pug Cd g=! day~! (‘rest’, marine HS7) to
38.51 ug Cd g~! day~! (hepatopancreas, lacustrine HS7), depending on the

Table 1. Origin of marine and lacustrine humic substances, utilised in the
experiments on accumulation of cadmium by the mussel M. trossulus

Humic substances — origin

HS7
HSS8

Gjerstad-limed
Gjerstad-unlimed

marine environment lacustrine environment
(Baltic Sea) (Norwegian lakes)
Pomeranian Bay Gdansk Bay
water water
surface water  (HS1)  surface water  (HS5) Trehorningen (HS1)
bottom water (HS2) bottom water (HS6) Hellerudmyra (HS2)
Aurevann (HS3)
bottom sediments Maridalsvann (HS4)
fulvic acids (HS3) fulvic acids (HS7) Birkenes (HS5)
humic acids (HS4)  humic acids (HS8) Humex (HS6)
(HS7)
(HS8)
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Table 2. Accumulation rates of cadmium [ugCd g=! dry wt. day~?] in the soft
tissue and organs of M. trossulus during exposure of mussels for 21 days in
seawater enriched with cadmium (50 pugCd 171) and marine (experiment I) or
lacustrine (experiment IT) humic substances (6.0 mg HS 171); control — 50 ug Cd 171,
0.0 mgHS 1-1

Sample  Hepatopancreas Gills ‘Rest’ ‘Total’ soft tissue
number b + SD* b + SD* b + SD* b + SD*

marine humic substances (experiment I)

control  12.00 1.17 7.26 0.80 3.14 0.31 4.57 0.32

HS1 12.70 0.67 7.75 0.80 3.39 0.42 6.12 0.47
HS2 8.06 0.71 3.57 0.94 3.47 0.47 4.40 0.44
HS3 18.96 0.54 9.88 1.13 4.90 0.57 7.23 0.38
HS4 17.77 3.78 7.91 1.22 3.99 0.70 6.89 1.17
HS5 19.19 2.94 7.81 0.59 3.36 0.75 6.75 0.45
HS6 15.10 1.77 7.28 0.65 4.33 0.43 7.10 0.34
HS7 6.10 0.71 3.60 0.38 1.71 0.25 3.10 0.30
HS8 17.20 0.60 9.10 0.89 2.40 0.23 4.27 0.31

lucastrine humic substances (experiment IT)

control  27.42 5.13 11.87  1.76 10.76  0.83 14.14 0.90

HS1 26.97 3.88 15.60 0.86 10.01 1.11 13.79 1.43
HS2 17.40 2.20 15.10 3.20 1031 216  12.68 2.33
HS3 26.91 3.72 15.06  2.40 9.20 1.29 12.28 1.68
HS4 35.80 3.51 19.62  4.87 9.95 196 15.56 1.96
HS5 21.16 2.51 10.70  1.15 597 1.11 9.98 1.05

HS6 34.76 4.83 22.09 277 9.92 262 16.23 2.23
HS7 38.51 6.43 14.40 216 10.15 1.51 16.09 2.28
HS8 32.70 5.21 14.70  2.22 9.90 1.25 14.80 1.23

*+ 8D — standard deviation of the directional coefficient b in the relationship
Cca = (Ccd)o + bt between cadmium concentration in the soft tissue of
M. trossulus (Ccq) and the time of exposure (t).

organ in question and the origin of HS. This agrees well with the cadmium
accumulation rates in the Baltic blue mussel reported earlier (Kozuch, 1995;
Kozuch et al., 1997).

The accumulation rates of cadmium by mussels in the presence of
MHS range from 1.71 pugCd g=! day~! (‘rest’, HS7) to 19.19 pugCd g~ !
day~! (hepatopancreas, HS5). These rates are half as fast as those found in
experiments with LHS. The latter range from 5.97 ug Cd g=! day~—! (‘rest’,
HS5) to 38.51 ugCd g=! day~! (hepatopancreas, HS7). This might have
been due to the fact that the life activity of the mussels collected in February
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and subsequently used in the accumulation experiment with LHS is more
intense than that of the mussels collected in November and then used in the
accumulation experiment with MHS. Recently, Gosling (1992) suggested
that the physiological activity of mussels is subject to seasonal variation.
The comparison of cadmium accumulation rates in mussels growing in water
without added HS (control) during the first and second experiment (Tab. 2)
confirms this hypothesis.

The calculated metal accumulation rates by the ‘total’ soft tissue and
various organs of M. trossulus in the presence of the investigated HS in
relation to the controls are shown diagrammatically in Fig. 1. A strong
stimulatory effect of HS on cadmium accumulation in marine organisms
has already been reported for marine HS (Pempkowiak et al., 1989; Kozuch
and Pempkowiak, 1992; Pempkowiak et al., 1994). The present data follow
the previously reported pattern. However, the data in Fig. 1 and Tab. 2
go beyond these findings, indicating as they do the varying stimulatory
effect of HS isolated from the two environments on cadmium uptake by
mussels. In the case of MHS (experiment I), the accumulation rates of
metal in the total soft tissue of organisms grown in water containing MHS
exceed those in mussels grown in water devoid of these substances (control),
except for MHS isolated from the bottom water of Pomeranian Bay (HS2),
and fulvic (HS7) and humic (HS8) acids isolated from bottom sediments
of the Gulf of Gdansk. On average, MHS increase the accumulation rate
in the hepatopancreas by a factor of 1.404+0.21 (n=6) as compared to
the control. LHS (experiment II) stimulated cadmium accumulation by
mussels to a lesser extent than the marine ones. The ratio of the average
accumulation rate by the hepatopancreas in the presence of LHS to that
of the control is 1.06 £0.27 (n=7). No statistically significant differences
were found in the accumulation rates of the metal by the total soft tissue of
mussels in the presence of various LHS (Tab. 2), with the exception of the
very high accumulation rate recorded in the case of the LHS isolated from
the limed lake Gjerstad.

The differences between marine and freshwater HS could be due to
their dissimilar physical and chemical properties (Kozuch, 1995; Kozuch
et al., 1997). Selected properties of HS tested in the two experiments
were measured (Tab. 3). The observed stimulatory effect of MHS on
cadmium accumulation rates in mussels seems to be correlated with the
specific elemental composition of the substances. The much higher C/N
index in LHS confirms the greater contribution of terrestrial organic
matter in these substances as compared to the marine ones (Bojanowski
et al., 1981). Analyses of the 'H NMR and IR spectra of the HS tested
indicate that MHS display a more aliphatic character, in contrast to the
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Fig. 1. Accumulation rates of cadmium [ugCd g=! dry wt. day~!] in the ‘total’
soft tissue and organs of M. trossulus during exposure of mussels for 21 days
in seawater enriched with cadmium (50 pugCd 17!) and marine (experiment I) or
lacustrine (experiment IT) humic substances (6.0 mgHS 171) in relation to the
accumulation rates in control (50 ugCd 171, 0.0 mgHS 171)
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Table 3. Selected physical and chemical properties of the investigated marine and
lacustrine humic substances, utilised in the experiments on the accumulation of
cadmium by the mussel M. trossulus

Sample Ash Organic Elementary composition Spectra
number matter of organic matter
C H N C/H C/N|'HNMR IR UV/VIS
[ [%] (2] Har/Hai 1600/1450 Eo/5 Ey/6

marine humic substances (experiment I)

HS1 14 986 4786 6.17 5.68 7.76 843  0.074 1.00 6.24 8.28
HS2 24 976 46.78 6.39 6.47 7.32 7.23  0.044 1.00 6.37 7.09
HS3 15.0 85.0 59.46 7.40 6.33 8.03 9.39  0.086 1.25  4.77 3.66
HS4 18.0 82.0 63.84 8.94 8.68 7.14 7.35 0.104 1.56  2.22 2.56

lacustrine humic substances (experiment IT)

HS1 o57.5 425 522 6.0 22 870 23.73 0.129 1.166  3.92 11.52
HS2 329 67.1 503 53 1.0 949 50.30 0.054  2.621 3.32 9.80
HS3 56.0 44.0 458 59 23 7.76 19.91 0.104 1.525 3.30 9.41
HS4 68.4 31.6 439 53 4.7 828 934 0.072 0337 3.70 9.53
HS5 67.8 322 48.0 5.6 2.6 857 18.46 0.098 0.517 4.75 10.89
HS6 36.7 633 52.7 54 1.0 9.76 52.70 0.074 2291 3.50 10.15
HS7 60.6 394 532 6.0 2.0 887 26.60 0.071 2.065 3.14 6.87
HS8 49.6 504 50.8 5.6 1.5 9.07 33.87 0.069 2497  3.56 10.49

lacustrine ones, which are more aromatic. Moreover, LHS are characterised
by a higher aromatic ring content. This inference is suggested by both
the 'H NMR spectra (H,,/Hy LHS = 0.091 4+0.023, n=6; H,,/H, MHS
= 0.068 £0.021, n=4) and the IR spectra (1600 cm~!/1450 cm~! aromatic
index of LHS = 2.03+0.57, n=6; MHS = 1.204+0.26, n=4). The higher
aromatic index of LHS and, therefore, the limited complexation of cadmium
by these substances (Kozuch and Pempkowiak, in press) is correlated with
their lesser stimulatory effect on the accumulation rates of the metal by
Muytilus as compared to HS isolated from the marine environment (Kozuch
and Pempkowiak, 1996; Kozuch et al., 1997). This is reflected by UV/VIS
measurements. The higher aliphatic index derived from the UV /VIS spectra
(equal to the ratio of absorption at 465 nm to that at 665 nm — Ey ) for
MHS isolated from surface (HS5) and bottom (HS6) water of the Gulf of
Gdansk contrasts with the smaller values of the index in the sedimentary HS.
This correlates well with the fact that the stimulatory effect of substances
isolated from water is greater than that of such substances isolated from
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the sediments on rates of cadmium accumulation by the mussels. This is
in agreement with the results of earlier studies (Kozuch, 1995; Kozuch and
Pempkowiak, in press).

Experiment I Experiment II
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Fig. 2. Percentage distribution of cadmium in the inner organs of the soft tissue
of M. trossulus after 21-day long exposure of mussels in seawater enriched with
cadmium (50 g Cd 171) and marine (experiment I) or lacustrine (experiment IT)
humic substances (6 mgHS 171); control — 50 ug Cd 171, 0.0 mg HS 17! in seawater

The percentage distribution of cadmium in the inner organs of the
soft tissue of M. trossulus after a 21-day exposure in seawater containing
cadmium and marine or lacustrine HS is presented in Fig. 2. Cadmium
was accumulated mainly in the hepatopancreas, less so in the gills and
to a still smaller extent in the ‘rest’ of the soft tissue, regardless of the
presence of various marine and lacustrine HS in the seawater. It had
been reported earlier that cadmium is stored largely in the hepatopancreas
(Kozuch and Pempkowiak, 1992), most probably in the form of complexes
with metal-bonding protein-thionine (Coombs, 1979; Nolan and Duke, 1983;
Bebianno and Langston, 1991). The average contribution of cadmium stored
in the gills in relation to the total content of the metal is larger in mussels
exposed to MHS (Z= 0.34 £ 0.07, n="7) than in those exposed to lacustrine
ones (Z=0.26 £ 0.03, n=38). This may indicate that humus-cadmium
complexes are being absorbed on the gill surfaces, and that the ensuing
enhanced transport of cadmium through membranes is the mechanism
responsible for the elevated cadmium content in the soft tissue of mussels
in the presence of MHS.
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