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Abstract
Humic acid is an important pool of heavy metals in sediments. Generally, the presence of refractory humic matter in aquatic systems
would decrease the bioavailability of Cd and hence control the bioaccumulation of Cd in benthic animals. In the present work, we
applied a suspending system to determine the relative importance of particulate and dissolved fractions of humic acid as Cd sources for
the bivalve Meretrix meretrix and to investigate the difference of bioaccumulation characteristics of Cd adsorbed on different fractions
of humic acid. The results showed that the bioaccumulation characteristics of Cd from particulate and dissolved fractions of humic
acid were apparently different due to biological responses of the clam to the particulates. At Cd concentration of 140 mg/kg, the
accumulation of Cd from Cd associated with humic acid mixtures was mainly attributed to the dissolved fractions of humic acid.
Compared to particulate fractions, Cd associated with the dissolved fractions of humic acid may be more bioavailable.
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Most metal pollutants discharged into aquatic environments would be rapidly removed from the water column
and transported to bottom sediment. The sediment was
considered as a repository for trace metals. Metal concentrations in sediments are often several orders of magnitude
higher than that of dissolved phases (Burton Jr, 1991).
Whereas, recent studies demonstrated that sediment has
become an important source of metal accumulation for
aquatic animals (Farag et al., 1994; Wang and Fisher,
1999). The bioavailability of trace metals in sediments was
influenced by various physical-chemical and biological
factors, such as particle size, amount and type of minerals
and organic matters, affinity of the contaminant to the
particles, uptake route (Lee, 1992; Eggleton and Thomas,
2004; Kukkonen et al., 2004; Croisetiere et al., 2006).
Among these factors, the uptake route and the speciation
of metals play very important roles in bioaccumulation of
metals by animals (Bryan and Langston, 1992; O’Day et
al., 2000).
Marine invertebrates are exposed to metals from both
dissolved and particulate phases. Non-essential toxic metals, such as Cd, may not have specific uptake mechanisms
and appear to follow existing pathways for essential metals

(Roesijadi and Robinson, 1993). Metals dissolved in water
may be accumulated by direct adsorption to body surfaces.
The dissolved metals can be taken up across the cell
membrane of permeable surfaces by one or more transport
routes, including carrier-mediated transport, membrane
channels, and passive diffusion of lipid-soluble (non-polar)
metal forms which dissolve in the lipid bilayer (Simkiss
and Taylor, 1995; Tessier et al., 1994, Rainbow, 1997). The
most important sites for the absorption of dissolved Cd are
gills and dissolved metals can be passively accumulated
by facilitated diffusion or actively pumped across the
membranes (Rainbow, 1997). Particulate metals can be
accumulated by animals following ingestion and digestion of food in the gastro-intestinal tract. The adsorbed
metals on the surface of particles can be released into
the gastro-intestinal environment due to desorption or
substrate solubilization by enzymes and non-enzymatic
ligands. Comparing dissolved metals, bivalves may be
more capable to control the accumulation of metals from
particulate phase by regulating food distribution between
extracellular and intracellular digestion processes (Decho
and Luoma, 1996). The separation of these two exposure pathways is fundamental for understanding factors
controlling metal bioavailability and for setting water and
sediment quality criterias.
The way of metal associated with various sediment
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investigate the difference of bioaccumulation characteristics of Cd adsorbed on different fractions of humic acid.

1 Materials and methods
1.1 Testing animal
M. meretrix is a nearly equilateral triangular-shaped
clam with highly coloured shells that inhabits sandy substrates in the lower intertidal and shallow subtidal areas of
the Bohai and western Yellow Sea. At present, it is widely
cultured by farmers in the Shandong Province and adjacent coastal areas of China because of its relatively high
meat yield, and delicious taste. For its widely distribution
and sensitivity to contaminants, it has been used as bioindicator in environmental monitoring research (Wang et
al., 2005).
The testing animal M. meretrix with the body length
of 3–4 cm was obtained from a local open market. The
bivalves were acclimated in artificial seawater at –23°C for
7 days before they were introduced into the Cd-containing
particulates suspension system. During the acclimation
period, only individuals that extended their siphons were
used in the experiments. The culture medium used in all
experiments was artificial seawater prepared by dissolving
sea salt in tap water. The tap water had been dechlorinated
for at least 24 hr and the initial salinity was set at 25‰.
The pH of the prepared artificial seawater was 7.7.
1.2 Particulate suspending system
The suspending system was designed to maintain the
seston concentration constant. It consists of a temperatureregulated barrel with a submerged pump at the bottom. The
waterspout of the pump was fixed along the tangent line
of the barrel and can induce a sustained spiral upwelling
current. A mesh was used to hold M. meretrix. The system
was continuously aerated from the bottom of the barrel to
provide oxygen and to assist in suspending particulates.
1.3 Synthesis of Cd-adsorbed humic acid
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Humic acid was purchased from Sinopharm Chemical
Reagent Corporation Co., Ltd., China. In the experiments
investigating the difference of Cd accumulation characteristics between Cd-humic acid mixtures (including both
the dissolved and particulate fractions) and Cd-humic acid
particulates, 1.5 g of humic acid was suspended in 150
mL of artificial sea water, followed by introducing certain
amounts of cadmium solution to prepare the Cd-humic
acid mixtures and the Cd loading concentration was set
to be 140 mg/kg. In order to prepare humic acid particulates, 50 g humic acid was resuspended in 50 L artificial
sea water and left to equilibrate for 2 days, and then
the supernatant was discarded to remove the dissolvable
fractions. This process was repeated several times to get
the particulate phase of humic acid. A 1.5-g of humic
acid particulates was suspended in 150 mL of artificial sea
water followed by introducing certain amounts of cadmium solution. The Cd loading concentration of particulate
humic acid was also set at 140 mg/kg. This is relevant to
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components determines to a large extent whether the metals can be absorbed by the benthic animals. Generally, the
important trace metal binding substrates in oxidized estuarine sediments are organic matter, iron(III) oxyhydroxides,
and little manganese(IV) oxides (Lion et al., 1982). Humic
acid (HA) represents an operational defined species of
organic matter that is relatively refractory to animals and
microorganisms. It is an important pool for metals and
other contaminants. Decho and Luoma (1994) reported
that Cd and Cr bounded with humic coating particles were
difficult to be absorbed by the clams M. balthica and P.
amurensis. The Cd assimilation from sediment was also
reduced by humic acid coating for the polychate Capitella
(Selck et al., 1999). A very important group of complexing
agents in natural aquatic ecosystems, which is assumed
to decrease the bioavailability and toxicity of metals,
is dissolved organic matter (DOM) (Buffle et al., 1977;
Guerrero et al., 2000). The most important components
of DOM are dissolved humic and fulvic acids. They are
often present at concentrations which are many orders of
magnitude higher than that of the trace metals (Buffle et
al., 1977; Voets et al., 2004). The presence of DOM can
greatly decrease the concentration of free metal ions in
solution and hence inhibit the absorption of the metals
ions. Most of the results found in previous researches
reported a decrease of Cd bioavailability in the presence
of DOM, and quantitative results agreeing with free ion
activity model have been reported for different benthic
organisms (Poldoski, 1979; Van Ginneken et al., 2001;
Vigneault and Campbell, 2005). Generally, the presence
of refractory humic matter (as coatings of particles or
ligands in solution) in aquatic systems would decrease
the bioavailability of Cd and hence controls the bioaccumulation of Cd in benthic animals. To our knowledge,
few researchers have investigated the effect of particulate
fractions of humic acid on the bioaccumulation of Cd.
However, the distribution of metals between particulate
fractions and dissolved fractions of humic acid may also
have a great impact on the accumulation characteristics of
Cd.
In the bioaccumulation experiment, it is ideal to maintain the chemical concentration constant during the test
(Arnot and Gobas, 2006). Most research works on bioaccumulation of heavy metals from dietary exposure chose
species of static particle feeders (deposit feeders) as
biomonitors, such as crustaceans, polychaetes, and few
were reported on the bioaccumulation of heavy metals over
a period of exposure time from constantly fed particulates
using suspension-feeders as biomonitors.
In the present work, an important trace metal sink in
sediments, i.e., humic acid, was chosen as the adsorption
substrate. One of the most toxic heavy metals, Cd, was
used as the trace metal contaminant. Bivalve Meretrix
meretrix Linnaeus was selected as the biomonitor. The
suspending system that can maintain the concentration of
particulates constant in the container was applied. The
objectives of this study were to determine the relative
importance of particulate and dissolved fractions of humic
acid as Cd sources for the bivalve M. meretrix and to
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1.5 Analysis
The clams were defrosted at 30°C for 5 hr, and the soft
tissues were dissected and dried at 105°C for 24 hr. The
shell length, shell weight, and wet weight (ww) and dry
weight (dw) of the soft tissue were measured. The dried
tissues were digested according to the method described
in the literature (Xu et al., 1998). The concentration of
cadmium was determined using a Varian AA-240 atomic
absorption spectrophotometer with the detection limit of
0.05 mg/L. Reference standard samples (NIST 296 – trace
elements in mussel tissue) were analyzed and the recovery
percentages of certified values was (87 ± 8)% for Cd.
The concentration of Cd in the body of M. meretrix was
expressed as µg Cd/g ww and Cd uptake rate by the clams
was expressed as µg Cd/(g·day) ww.

2 Results and discussion
Considering that Cd may desorb from the prepared
particulate humic acid during the exposure period, the Cd
concentration in the dissolved phase of the system was
monitored. Experimental results showed that the concentration of dissolved Cd in the suspending systems was
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Fifteen clams were placed in each suspending system
containing 15 L of artificial seawater and fed with the
prepared contaminants (1.5 g Cd-HAp , 150 mL Cd-HAd or
Cd-HAm ). The clams were cultivated at 23°C for 28 days.
The suspension was changed every 24 hr with freshly prepared artificial seawater and Cd-adsorbed contaminants.
At various time intervals, four clam individuals were
randomly sampled from three parallel running suspending
systems and were transferred to clean seawater to evacuate
the gut content for 3 days, then they were preserved in
Teflon sealing bag at –20°C for further analysis.

below 0.5 µg/L. Further investigation demonstrated that
after 15 days of exposure to 0.5 µg Cd/L solution, the
uptake of cadmium by M. meretrix from aqueous phase
was not detected (Fig. 1). Apparently, absorption from
particulate phase was the dominant way of Cd assimilation
in the particulate humic acid system.
The accumulation of Cd by the clams from Cd-HAm
and Cd-HAp-140 systems is shown in Fig. 2. At Cd concentration of 140 mg/kg, Cd was apparently assimilated in
the body of the animals from both systems. Two distinct
periods of accumulation were observed for Cd-HAp-140
system (Fig. 2a), the uptake rate was determined to be
(0.022 ± 0.002) µg/(g·day) by linear fitting of the first
period of assimilation (r2 = 0.7956, p < 0.0001). The
accumulation of Cd reached a steady state after 20 days of
exposure for the Cd-HAp-140 suspensions and the internal
cadmium concentration of the clams at the steady state
was approximately 0.7 µg/g ww. While, for Cd-HAm
suspensions the uptake of Cd did not reach steady state
after 28 days of exposure (Fig. 2b) and the uptake rate
was determined to be (0.018 ± 0.001) µg/(g·day) by linear
fitting of the curve (r2 = 0.9031, p < 0.0001).
A assimilation of Cd from Cd-HAd and Cd-HAp-70 is
shown in Fig. 3. For the clams cultivated in Cd-HAd
systems, Cd was apparently assimilated in the body of the
animals (Fig. 3a). The uptake of Cd did not reach steady
state after 28 days of exposure and the uptake rate was
(0.028 ± 0.003) µg/(g·day) (r2 = 0.8618, p < 0.0001).
In comparison, bioaccumulation of Cd from Cd-HAp-70
suspensions was not detected (Fig. 3b).
At Cd concentration of 140 mg/kg, the Cd levels in
the soft-tissues of the clams increased significantly with
time for both Cd-HAm and Cd-HAp-140 systems. The
uptake rates were comparable, whereas, the bioaccumulation characteristics were apparently different. Compared to
Cd-HAm , the accumulation of Cd through ingesting CdHAp-140 particles reached a steady state when the exposure
time exceed 20 days.
As shown in Fig. 3, Cd was not assimilated from
Cd-HAp-70 suspensions during the experimental period,
indicating that the accumulation of Cd from Cd-HAm
was mainly attributed to Cd-HAd . Marine bivalves have a
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1.4 Bioaccumulation experiments

Fig. 1 Cadmium accumulation in soft tissues of M. meretrix from
aqueous phase at the Cd concentrations of 0.5 µg/L.

.a

the contaminant levels in the polluted area along the east
coast of China (Fan et al., 2002). Detection of Cd remained
in the artificial sea water showed that the introduced
Cd was completely adsorbed onto the particulate humic
acid. The Cd-adsorbed humic acid mixture (Cd-HAm ) and
particulate humic acid (Cd-HAp-140 ) were prepared and
introduced everyday before the suspension was changed
with fresh seawater.
In the experiments aiming at clarifying the contribution
of Cd bounded with dissolved and particulate fractions
of HAm to the apparent bioavailability of Cd-HAm , the
prepared Cd-HAm was settled down for 24 hr and the
dissolved fractions were carefully isolated from the CdHAm by siphonage. Every day, the dissolved fractions of
Cd-HAm (Cd-HAd ) and the remained particulate components (Cd-HAp-70 ) were introduced separately before the
suspension was changed with fresh seawater. The partition
coefficient of Cd between the dissolved and particulate
fractions was measured to be 0.437. The Cd level of
Cd-HAp-70 was calculated as ca. 70 mg/kg and the Cd
concentration in the Cd-HAd bearing systems was about
8 µg/L.
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Fig. 2 Uptake curves of Cd in M. meretrix under 140 mg/kg Cd burden to particulate humic acid (Cd-HAp-140 ) (a) and humic acid mixture (Cd-HAm )
(b). Each point represents (arithmetic mean ± 1) × standard error of four clams. The dash line represents linear regression for the uptake rate.

Fig. 3 Uptake curves of Cd in M. meretrix separately from solute and particulate phases of Cd-HAm at Cd concentration of 140 mg/kg. (a) Cd bound
to dissolved fractions (Cd-HAd ); (b) Cd associated with particulate fractions (Cd-HAp-70 ). Each point represents (arithmetic mean ± 1) × standard error
of four clams. The dash line represents linear regression for the uptake rate.

model describing the accumulation of contaminants by
aquatic animals, assuming that chemicals are available
from both the dissolved and particulate phases:
dCA /dt = (ku × Cw ) + (AE × IR × Cf ) − (ke + g)CA

(1)
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where, (ku × Cw ) describes the absorption from aqueous
phase; (AE × IR × Cf ) describes the absorption from
particulate phase; (ke + g)CA expresses the efflux and
dilution of absorbed Cd. The assimilation efficiency (AE)
is a critical factor determining the uptake rate of Cd from
dietary uptake route. Bonding strength between Cd and
substrates, to a great extent, influences the assimilation
efficiency since desorption is a key process determining Cd
assimilation in bivalves (Wang and Fisher, 1996).
Humic acids are a complex mixture of partially “decomposed” and otherwise transformed organic materials.
These substances have medium molecular size and their
molecular weight is around 5000 to 100,000 Dalton (Aiken
et al., 1985). Humic acids have sufficient negative surplus
charge on their surfaces and a substantial fraction of
the mass of humic acids is in carboxylic acid functional
groups. The carboxyl (COOH) group reacts readily with
metals and gradually dissociates between pH 2.5 and 7 to
form the carboxylate (COO− ) group (Spark, 1997), which
endow these molecules with greater ability to chelate
positively charged multivalent ions, e.g., Cd2+ . Previous research demonstrated that compared to manganese
oxides, humic acid particles shows a similar sorption capability and bonding strength of Cd (Aualiitia and Pickering,
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flexible digestion strategy which enables them to control
the accumulation of food-borne metals. Particles ingested
by bivalves are usually processed by two-phase digestion.
The first digestion phase occurs in the stomach and intestine and is termed as “intestinal digestion” or “extracellular
digestion”. In the second phase, a proportion of these food
particles are further sorted into the digestive gland for
more intensive digestion and this process is termed as
“intracellular digestion”. The adsorbed cadmium on the
surface of the particles can be released into the gastrointestinal environment due to the desorption or substrate
solubilization by enzymes and non-enzymatic ligands.
Under high levels of contamination, the animals will reduce the proportion of particles processed by intracellular
digestion and hence reduce the assimilation efficiency of
trace metals (Decho and Luoma, 1996). In our experiment,
with an increasing Cd accumulation from Cd-HAp-140 , the
clams would repulse Cd-HAp-140 particles from entering
the intracellular digestion process. The extracellular digestion process, mean while, may not be capable to release
Cd from the humic acid substrate. Thus, the accumulation
of Cd was controlled by clams and reached a steady state.
Compared to the Cd in particulate phase, water-borne Cd
is partially absorbed by passive processes (Simkiss and
Taylor, 1995). The bivalves were less available to regulate
the accumulation of Cd from dissolved phases and hence
the assimilation of Cd from Cd-HAm was not controlled by
the clams.
Thomann (1981) proposed a bioenergetics-based kinetic

Xing Wu et al.

Acknowledgments
This work was supported by the Ministry of Science
and Technology of China through the National Basic

Aiken G R, McKnight D M, Wershaw R L, MacCarthy P,
1985. Humic Substances in Soil, Sediment, and Water:
Geochemistry, Isolation, and Characterization. John Wiley
& Sons, New York.
Arnot J A, Gobas F, 2006. A review of bioconcentration factor
(BCF) and bioaccumulation factor (BAF) assessments for
organic chemicals in aquatic organisms. Environmental
Reviews, 14(4): 257–297.
Aualiitia T U, Pickering W F, 1987. The specific sorption of trace
amounts of Cu, Pb, and Cd by inorganic particulates. Water,
Air, & Soil Pollution, 35(1-2): 171–185.
Beninger P G, Ward J E, Macdonald B A, Thompson R J,
1992. Gill fuction and particle-transport in placopectenmagellanicus (Mollusca Bivalvia) as revealed using video
endoscopy. Marine Biology, 114(2): 281–288.
Bryan G W, Langston W J, 1992. Bioavailabiity, accumulation
and effects of heavy metals in sediments with special
reference to United-Kingdom estuaries – A review. Environmental Pollution, 76: 89–131.
Buffle J, Greter F L, Haerdi W, 1977. Measurement of complexation properties of humic and fulvic acids in natural waters
with lead and copper ion-selective electrodes. Analytical
Chemistry, 49(2): 216–222.
Burton Jr G A, 1991. Assessing the toxicity of freshwater
sediments. Environmental Toxicology and Chemistry, 10:
1585–1627.
Croisetiere L, Hare L, Tessier A, 2006. A field experiment to determine the relative importance of prey and water as sources
of As, Cd, Co, Cu, Pb, and Zn for the aquatic invertebrate
Sialis velata. Environmental Science & Technology, 40(3):
873–879.
Davies M S, Hawkins B J, 1998. Mucus from marine Molluscs.
Advances in Marine Biology, 34: 1–71.
Decho A W, Luoma S N, 1994. Humic and fulvic acids – Sink or
source in the availability of metals to the marine bivalves
Macoma balthica and Potamocorbula amurensis. Marine
Ecology-Progress Series, 108(2): 133–145.
Decho A W, Luoma S N, 1996. Flexible digestion strategies and
trace metal assimilation in marine bivalves. Limnology and
Oceanography, 41(3): 568–572.
Eggleton J, Thomas K V, 2004. A review of factors affecting the
release and bioavailability of contaminants during sediment
disturbance events. Environment International, 30(7): 973–
980.
Fan W H, Wang W X, Chen J S, 2002. Geochemistry of Cd, Cr,
and Zn in highly contaminated sediments and its influences
on assimilation by marine bivalves. Environmental Science
& Technology, 36(23): 5164–5171.
Farag A M, Boese C J, Woodward D F, Bergman H L, 1994.
Physiological changes and tissue metal accumulation in
rainbow trout exposed to foodborne and waterborne metals.
Environmental Toxicology and Chemistry, 13(12): 2021–
2029.
Gjessing E T, 1976. Physical and Chemical Characteristics of
Aquatic Humus. Ann Arbor Science Publishers, Ann Arbor,
Michigan. 81–82.
Guerrero N R V, Nahabedian D E, Wider E A, 2000. Analysis
of some factors that may modify the bioavailability of

cn

At Cd loading concentration of 140 mg/kg, the accumulation of Cd from Cd-HAm system was mainly attributed to
the dissolved fractions of Cd-HAm . The bioaccumulation
characteristics of Cd were significantly different between
Cd-HAm and Cd-HAp-140 , generally resulted from differences in uptake routes and the biological responses of
the clam to the particulates. Regulation of the digestive
processes and the interactions of dissolved Cd with filtered
particles at the gills may play an important role in the Cd
bioaccumulation. Compared to the particulate fractions,
Cd associated with the dissolved fractions of humic acid
may be more bioavailable.

References

c.

3 Conclusions

Research Program (973) of China (No. 2009CB426301)
and the National Natural Science Foundation of China (No.
40773076).

.a

1987). However, it was observed in the present work
that the Cd uptake rates from humic acid particles were
significantly lower than that from manganese oxides (data
published elsewhere).
The assimilation of Cd is controlled not only by the
bonding strength of the adsorbed Cd with substrates, but
also by some biological factors such as the solubility of
substrate in gastro-intestinal environment, the gut retention
time, and the distribution coefficient between intracellular
and extracellular digestive processes. Manganese oxide
tends to be solubilized due to the Mn-reducing potentials of
gastro-intestinal enzymes (Turner and Olsen, 2000). Compared with manganese oxide, humic acid is reported to be
refractory for the benthic animals (Qiu et al., 2007). Hence,
the contaminants associated with manganese oxides would
be considerably more bioavailable.
Our results showed that the accumulation of Cd from
Cd-HAm was mainly attributed to Cd-HAd . Whereas, Cd
uptake rate from Cd-HAd ((0.028 ± 0.003) µg/(g·day))
was higher than that from Cd-HAm ((0.018 ± 0.001)
µg/(g·day)). Compared to Cd-HAd system, humic acid
particles present in the Cd-HAm suspensions may induce
secretions of mucus which may help to transport filtered
particles in gills (Beninger et al., 1992). A primary function of mucus, composed of water, high molecular weight
protein-polysaccharide complexes and inorganic salts, is to
isolate the gills of bivalves from its environment (Davies
et al., 1998). This will to a certain extent inhibit the
accumulation of Cd from the dissolved phases. Harvey
and Luoma (1985) reported that ingested iron oxides
particles scavenged Ag in the digestive tract of feeding
clams Macoma balthica and hence reduce the uptake of
Ag from solutions as compared to that for unfed clams.
The zero point charge of humus was found between 1.2
and 1.8 (Gjessing, 1976). Therefore, HA will be able
to retain metals at very low pH levels, e.g., in the gill
microenvironment. In our experiment, humic acid particles
aggregated at gills of the clam may capture free Cd ions
released in the gill microenvironment and reduced the
accumulation of Cd from dissolved phase.

Vol. 22

je
sc

202

Bioaccumulation of cadmium bound to humic acid by the bivalve Meretrix meretirx from solute and particulate pathways

c.

cn

absorption efficiency of cadmium by the deposit-feeding
polychaete Capitella species I. Environmental Toxicology
and Chemistry, 18(6): 1289–1297.
Simkiss K, Taylor M G, 1995. Transport of metals across membranes. In: Metal Speciation and Bioavailability in Aquatic
Systems (Tessier A, Turner D R, eds.). John Wiley & Sons,
Chichester. 1–44.
Spark K M, Wells J D, Johnson B B,1997. The interaction of a
humic acid with heavy metals. Australian Journal of Soil
Research, 35(1): 89–102.
Tessier A, Buffle J, Campbell P G C, 1994. Uptake of trace
metals by aquatic organisms. In: Chemical and Biological
Regulation of Aquatic Systems (Buttle J, De Vitre R R,
eds.). Lewis Publishers, Boca Raton. 197–230.
Thomann R V, 1981. Equilibrium model of fate of microcontaminants in diverse aquatic food chains. Canadian Journal of
Fisheries and Aquatic Sciences, 38(3): 280–296.
Turner A, Olsen Y S, 2000. Chemical versus enzymatic digestion
of contaminated estuarine sediment: Relative importance
of iron and manganese oxides in controlling trace metal bioavailability. Estuarine Coastal Shelf Science, 51(6):
717–728.
Van Ginneken L, Bervoets L, Blust R, 2001. Bioavailability of
Cd to the common carp, Cyprinus carpio, in the presence of
humic acid. Aquatic Toxicology, 52(1): 13–27.
Vigneault B, Campbell P G C, 2005. Uptake of cadmium by
freshwater green algae: Effects of pH and aquatic humic
substances. Journal of Phycology, 41(1): 55–61.
Voets J, Bervoets L, Blust R, 2004. Cadmium bioavailability and
accumulation in the presence of humic acid to the zebra
mussel, Dreissena polymorpha. Environmental Science &
Technology, 38(4): 1003–1008.
Wang W X, Fisher N S, 1996. Assimilation of trace elements
by the mussel Mytilus edulis: Effects of diatom chemical
composition. Marine Biology, 125(4): 715–724.
Wang W X, Fisher N S, 1999. Assimilation efficiencies of chemical contaminants in aquatic invertebrates: A synthesis.
Environmental Toxicology and Chemistry, 18(9): 2034–
2045.
Wang Y W, Liang L N, Shi J B, Jiang G B, 2005. Study on
the contamination of heavy metals and their correlations
in mollusks collected from coastal sites along the Chinese
Bohai Sea. Environment International, 31: 1103–1113.
Xu C L, Xu W L, Zhang C M, Xu K C, Chen W Y, 1998. The
Specification for Marine Monitoring. Part 6.

.a

cadmium and lead by Biomphalaria glabrata. Environmental Toxicology and Chemistry, 19(11): 2762–2768.
Harvey R W, Luoma S N, 1985. Effect of adherent bacteria and
bacterial extracellular polymers upon assimilation by Macoma balthica of sediment-bound Cd, Zn and Ag. Marine
Ecology-Progress Series, 22(3): 281–289.
Kukkonen J V K, Landrum P F, Mitra S, Gossiaux D C,
Gunnarsson J, Weston D, 2004. The role of desorption for
describing the bioavailability of select polycyclic aromatic
hydrocarbon and polychlorinated biphenyl congeners for
seven laboratory-spiked sediments. Environmental Toxicology and Chemistry, 23(8): 1842–1851.
Lee H, 1992. Models, muddles, and mud: predicting bioaccumulation of sediment-associated pollutants. In: Sediment
Toxicity Assessment. Lewis Publishers, Boca Raton, Florida. 267–293. Fig. 3, Table 5, Ref. 66.
Lion L W, Altmann R S, Leckie J O, 1982. Trace metal
adsorption characteristics of estuarine particulate matter –
Evaluation of contributions of Fe/Mn oxide and organic
surface coatings. Environmental Science & Technology,
16(10): 660–666.
O’Day P A, Carroll S A, Randall S, Martinelli R E, Anderson S L,
Jelinski J et al., 2000. Metal speciation and bioavailability
in contaminated estuary sediments, Alameda Naval Air
Station, California. Environmental Science & Technology,
34(17): 3665–3673.
Poldoski J E, 1979. Cadmium bioaccumulation assays – Their
relationship to various ionic equilibria in lake-superior
water. Environmental Science & Technology, 13(6): 701–
706.
Qiu J W, Tang X, Zheng C, Li Y, Huang Y, 2007. Copper
complexation by fulvic acid affects copper toxicity to the
larvae of the polychaete Hydroides elegans. Marine Environmental Research, 64(5): 563–573.
Rainbow P S, 1997. Ecophysiology of trace metal uptake in
crustaceans. Estuarine Coastal and Shelf Science, 44(2):
169–175.
Roesijadi G, Robinson W E, 1993. Metal regulation in aquatic
animals: mechanisms of uptake, accumulation, and release.
In: Aquatic Toxicology, Molecular, Biochemical, and Cellular Perspectives (Malins D C, Ostrander G K, eds.). Lewis
Publishers, CRC Press Inc., Boca Raton, Florida, USA.
387–420.
Selck H, Decho A W, Forbes V E, 1999. Effects of chronic
metal exposure and sediment organic matter on digestive

203

je
sc

No. 2

