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ABSTRACT  23 

Mechanistic models based on chemical properties of metals and body size have received 24 

substantial attention for their potential application to various metals and to different 25 

conditions without required calibration. This advantage has been demonstrated for a number 26 

of metals, such as Cd and Ag. However, the capacity of metal-specific chemical properties to 27 

explain variations in the accumulation for platinum-group elements (PGEs) has not been 28 

investigated yet, although emission of these metals is of increasing concern. Once being 29 

released, PGEs exist in the environment in mixtures with other metals. The present study 30 

attempted to model the accumulation of Pd and Pt in mixtures with Ag and Cd in the zebra 31 

mussel (Dreissena polymorpha) from the aqueous phase; and to investigate the potential 32 

application of mechanistic models to Pd and Pt. The present study showed statistically 33 

insignificant differences in metal accumulation among size groups in a narrow range of shell 34 

length (16–22 mm). Kinetic models could simulate well the accumulation of Cd, Ag, and Pt 35 

when metal-specific responses of zebra mussels are taken into consideration. These responses 36 

include enhanced immobilisation as a detoxifying mechanism and exchange between soft 37 

tissues and shells via the extrapallial fluid. Environmental conditions, e.g. the presence of 38 

abiotic ligands such as chloride, might also play an important role in metal accumulation. 39 

Significant relationships between the absorption efficiency and the covalent index indicate 40 

the potential application of mechanistic models based on this chemical property to Pt.  41 

Keywords: Platinum; Trace metals; Bivalves; Bioconcentration; Covalent index; Mechanistic 42 

model. 43 

 44 
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1. Introduction 45 

The use of platinum-group elements (PGEs) particularly in automobile catalytic 46 

converters results in emissions of these metals into the environment (Barbante et al., 2001; 47 

Ravindra et al., 2004). When roadside particulates are released into aquatic ecosystems via 48 

runoff or atmospheric transportation, these technology-critical elements may become soluble 49 

(Moldovan et al., 2002), and biologically available to aquatic organisms (Zimmermann et al., 50 

2005). These properties raise concern on potential adverse effects of these metals on 51 

organisms (reviewed in Sures et al., 2015). Previous studies have shown effects of Pd and Pt 52 

on Na+/K+-ATPase activity in the freshwater mussel Elliptio complanata (Mays, 2009); of Pt 53 

on the heart rate, the hatching rate, and weight and eye development in the freshwater snail 54 

Marisa cornuarietis (Osterauer et al., 2009, 2010a); of Pt on the activity of antioxidant 55 

enzymes and lipid peroxidation in the zebra mussel Dreissena polymorpha  (Brand et al., 56 

2019); and of Pt on the swimming activity and opercular movement in fish Oncorhynchus 57 

kisutch (Ferreira Jr and Wolke, 1979). 58 

As active filter-feeding animals, bivalves have been widely included in biomonitoring 59 

programmes. Furthermore, they have been used to assess the efficiency of deploying 60 

adsorbents for evaluating metal bioavailability (Solbra et al., 2004). Metal accumulation in 61 

different groups of bivalves is supposed to be influenced by similar mechanisms (Roesijadi, 62 

1992; Roesijadi and Robinson, 1993). However, variations of several orders of magnitude 63 

among metals have been reported in their concentrations in bivalves (Roditi et al., 2000; Gay 64 

and Maher, 2003; Cravo et al., 2004; Le et al., 2011). Such variations are attributed to a 65 

number of factors: influence of physicochemical conditions of the external environment on 66 

metal speciation (Dwane and Tipping, 1998; Jansen et al., 2002; Gundersen and Steinnes, 67 

2003); metal-specific affinity to biotic ligands at the water-organism interface, as expressed 68 

by different uptake rate constants (Le et al., 2011); and metal-specific subcellular distribution 69 
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(Le et al., 2016a; Marigomez et al., 2002). Another factor contributing to the variations in 70 

metal accumulation in bivalves is their body size (Mersch et al., 1996; Mouneyrac et al., 71 

1998; Ahn et al., 2001; Hedouin et al., 2006; Mubiana et al., 2006). The relationship between 72 

metal accumulation and body size varies among metals (e.g. Amiard et al., 1994), depending 73 

on metabolisms, the binding of specific compounds within tissues, the removal from body 74 

circulation, and the accumulation in specific tissues because of some exceptional affinity 75 

(Boyden, 1974). 76 

Different models, e.g. Free Ion Activity Model and Biotic Ligand Model, have addressed 77 

effects of environmental conditions on metal bioavailability and toxicity (Brown and 78 

Markich, 2000; Di Toro et al., 2001; Le et al., 2012). On the contrary, the influence of body 79 

size and metal-specific behaviours of bivalves on metal bioaccumulation has been not 80 

completely addressed in the available approaches. It has been demonstrated that mechanistic 81 

models are able to account for the variations in metal bioaccumulation (Veltman et al., 2008; 82 

Le et al., 2011). In such models, physiological parameters have been related to chemical 83 

properties of metals, e.g. the covalent index, and biological traits, e.g. the shell length or the 84 

dry/wet weight (Veltman et al., 2008; Le et al., 2011; Le and Hendriks, 2013). Although 85 

these models facilitate extrapolation among different metals and varying conditions, they 86 

have not been validated for PGEs. In addition, some limitations are inherent in those models. 87 

For example, biological internal regulations and sequestration, which have been confirmed 88 

for both trace metals and PGEs (Lecoeur et al., 2004; Frank et al., 2008; Voets et al., 2009; 89 

Le et al., 2016a), might not be entirely captured by relationships of uptake and elimination 90 

rates with the covalent index (Le et al., 2011). As the accumulation of trace metals and PGEs 91 

can be assumed to be influenced by the same mechanisms, their potential interactions might 92 

further disturb the relation between kinetic parameters and chemical properties of metals. A 93 

mixture of Pd and Pt with Ag and Cd was selected in the present study since previous studies 94 
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have shown potential interactions between these metals for binding to metallothioneins 95 

(Nielson et al., 1985). Moreover, the applied allometry of physiological parameters based on 96 

body size does not cover all possibilities reported by Boyden (1974). Consequently, 97 

considerable uncertainties might arise in estimations generated by mechanistic models for 98 

not-yet calibrated metals, such as PGEs. The importance of the relationship between 99 

bioaccumulation kinetics and body size is further questioned if organisms investigated in 100 

laboratory belong to a narrow size range. The present study aimed to model the accumulation 101 

kinetics of Pt and Pd in mixtures with Ag and Cd in zebra mussels with a narrow range of 102 

body size, and subsequently to examine the potential applicability of mechanistic models 103 

based on the covalent index to Pd and Pt.  104 

2. Methods 105 

2.1. Exposure experiment 106 

Zebra mussels were collected from the river Stever, North Rhine Westphalia, Germany, 107 

between the Hullerner reservoir and the Halterner reservoir. This location was selected since 108 

recent measurements from monitoring programmes by the federal authorities 109 

(https://www.elwasweb.nrw.de/) have shown that the concentrations of various metals and 110 

organic compounds were below the environmental quality standards. Therefore, the history of 111 

potential accumulation in the mussels from the river water is expected not to affect metal 112 

accumulation in the exposure experiment. After being transported to the laboratory, the 113 

mussels were kept in a tank filled with reconstituted water (prepared according to Osterauer 114 

et al., 2010b) for one week for acclimation. The use of reconstituted water allows for a more 115 

accurate assessment of metal accumulation as various components of the river water might 116 

have effects on both metal speciation and metal uptake by the zebra mussel. The temperature 117 

was kept at 18±2oC, while a light-dark cycle of 16:8 was maintained during the experiment. 118 

Prior to the exposure experiment, the shell length of the mussels was measured for 119 



6 

 

determining the size distribution. The shell length of mussels collected ranged from 11 to 27 120 

mm with more than 80% of the individuals being in the range of 16–22 mm (Fig. S1, 121 

Supporting Information). Consequently, the three size classes were selected, as small (16 mm 122 

≤ shell length < 18 mm), medium (18 mm ≤ shell length < 20 mm), and large (20 mm ≤ shell 123 

length < 22 mm). 124 

A group of 45 mussels (20 small-, 15 medium-, and 10 large-sized) were separated for 125 

measurements of initial concentrations of metals in the zebra mussel. Five 20-L polystyrene 126 

tanks (one control and four exposure replicates) were filled with 10 L of aerated reconstituted 127 

water each. The mussels were rinsed and distributed randomly to the tanks. A group of 360 128 

mussels (160 small, 120 medium, and 80 large) was introduced to each tank, corresponding 129 

with a density of around 5000 individuals/m2. This density level is in the natural range 130 

described for Europe and North America (Mackie and Schloesser, 1996; Radziejewska et al., 131 

2009; Enders et al., 2019). Investigated metals (Ag, Cd, Pd, and Pt) were added by spiking 1 132 

µL of standard solutions (1 g L-1) of AgNO3 and Cd(NO3)2 (both Bernd Kraft GmBH, 133 

Duisburg, Germany), Pd(NO3)2 and PtCl4 (both Ultra Scientific, North Kingstown, USA) to 134 

obtain a nominal concentration of 100 µg L-1 for each metal. Previous studies have shown 135 

that PGE concentrations in river are usually in the pg L-1 range (Rauch et al., 2000). 136 

However, reliable detection of such low PGE concentrations with currently available 137 

techniques is challenging (Rauch et al., 2000). Consequently, in the present study, we chose 138 

an exposure level that is above the environmental concentration in order to reduce 139 

uncertainties for model development. Moreover, similar concentrations have been used in 140 

various exposure experiments in previous studies (Zimmermann et al., 2003; Brand et al., 141 

2019), allowing for comparing the results and subsequently obtaining conclusions on the 142 

importance of exposure conditions. During the 8-d exposure phase, water was changed 143 

completely every 2 d, followed by metal dosing as described above, in order to keep 144 
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concentrations of the metals relatively constant. For monitoring reasons, water samples were 145 

taken daily (before, after, and one-day post water exchange). During the 8-d depuration 146 

phase, water was replaced daily to guarantee the lowest possible amount of metals in the tank 147 

water, potentially excreted by the mussels during this period. Again, water sampling was 148 

implemented before and after water exchange. Each time, two samples of water (about 5 mL 149 

each) were taken from each tank without and with filtration through a cellulose nitrate filter 150 

(pore size 0.45 µm, Sartorius AG, Göttingen, Germany) to determine total and dissolved 151 

metal concentrations, respectively. Samples were acidified with 10 µL HNO3 (65 vol%, sub 152 

boiled) and stored at -18oC until metal analysis. During the 16-d experiment, mussels were 153 

not fed. 154 

From each tank, mussels (20 small-, 15 medium-, and 10 large-sized) were sampled every 155 

2 d. No dead mussels were seen during the experiment. After being removed from tanks, the 156 

mussels were maintained in a clean tank filled with non-contaminated reconstituted water for 157 

2 h to release metals that were loosely attached to the mussels. Mussels were killed by 158 

freezing and stored at -18oC before dissection.  159 

2.2. Metal analyses 160 

After thawing, soft tissues were removed from the mussel using stainless steel scissors 161 

and forceps, which had previously been washed with 1% EDTA solution and distilled water. 162 

Tissues from mussels of the same class of body size, sampled at the same time, and from the 163 

same treatment group were pooled together. The soft tissues were homogenised using a 164 

dispersing tool (Ultra-Turrax T 25, Janke and Kunkel, Staufen, Germany), and then dried in a 165 

freeze dryer (ALPHA 1-4, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am 166 

Harz) for 2-3 d. The shell was immersed in 5-6% NaOCl solution for 4 h to remove the outer 167 

organic layer of the shell (Bellotto and Miekely, 2007). Subsequently, the shell was rinsed 168 

and air-dried. The dry shell was then pulverised using a mortar and a pistil. 169 
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In order to digest the samples, aliquots of 40-75 mg dry (soft tissue or shell) material 170 

were weighed and introduced into 30 mL Teflon vessels (MarsXpress; CEM GmbH, Kamp-171 

Lintfort, Germany). Three replicates of each sample were prepared. Subsequently, 4 mL of 172 

HNO3 (65%, sub boiled) was added to the vessels, which were then heated up to 170oC for 40 173 

min using a MARS 6 microwave digestion system (CEM GmbH, Kamp-Lintfort, Germany). 174 

From 7 to 10 procedural blanks, i.e. without mussel material, were processed in the same way 175 

in each digestion batch to determine detection limits of the analytical procedure as well as to 176 

take the correction due to laboratory and equipment contamination into consideration. After 177 

digestion, the clear sample solution was brought to a volume of 5 mL with Milli-Q water. 178 

Concentrations of Ag, Cd, and Pt in digested samples as well as in water samples were 179 

determined by inductively coupled plasma mass spectrometry (Elan 6000, Perkin Elmer, 180 

USA) as presented in Le et al. (2018). Prior to the analyses, the samples were diluted 10 181 

times with a solution of 1% HNO3 containing yttrium (Y) and thulium (Tm) at a 182 

concentration of 10 µg L-1 each. In order to check for the accuracy and stability during 183 

measurements, a solution was prepared by diluting standard solutions (ICP Multi-element 184 

standard solution, Merck, Darstadt, Germany; and PtCl4, Ultra Scientific, North Kingstown, 185 

USA) with 1% HNO3 to a concentration of 10 µg L-1 for each element, and analysed after 186 

every 10 samples. The instrument was calibrated with a series of 11 solutions in the 187 

concentration range of 0–100 µg L-1 that was prepared from the standard solutions. 188 

Because of potential interference of the sample matrix during Pd measurements by ICP-189 

MS (Garcia et al., 2001; Alsenz et al., 2009), Pd concentrations in water samples as well as in 190 

digested samples were determined by electrothermal atomic absorption spectrometry (Perkin 191 

Elmer model 4100 ZL) equipped with a Zeeman background correction system 192 

(Zimmermann et al., 2003). Before the analyses, the samples were diluted 3 times with Milli-193 

Q water. A volume of 40 µL of each diluted sample was injected in a pyrolytic graphite 194 



9 

 

furnace tube by the autosampler AS 70. In the analyses for the digested samples, matrix 195 

adapted calibration using a digestion solution from the soft tissue/shell of control mussels 196 

was performed. Instrument calibration was carried out with a series of samples prepared from 197 

the standard solution (Pd(NO3)2, Ultra Scientific, North Kingstown, USA). 198 

The procedure above was validated using various certified reference materials, i.e. 199 

standard reference material 1566b oyster tissue (National Insitute of Standards and 200 

Technology, USA), IAEA-407 (Fish Homogenate Reference Material, International Atomic 201 

Energy, Monaco), DORM-2 (Dogfish Muscle Certified Reference Material, National 202 

Research Council, Canada), and DOLT-3 (Dogfish Liver Certified Reference Material, 203 

National Research Council, Canada). The recovery was 87–112% for Cd and Ag using the 204 

analytical procedure described above. In addition, a spike recovery experiment was 205 

performed with soft tissues and shells from control mussels (Zimmermann et al., 2003), as no 206 

certified reference material for the analysis of PGEs in animal tissues is available. It was 207 

shown that 82 to 118% of Ag, Cd, Pd, and Pt were recovered using the procedure described 208 

above. In addition, the detection limits were calculated as 3-fold standard deviations of the 209 

concentrations measured in the procedural blanks, i.e. without mussel material (Zimmermann 210 

et al., 2003). The detection limits of Ag, Cd, Pd, and Pt in water were recorded at 0.11 µg L-1, 211 

0.004 µg L-1, 2.54 µg L-1, and 0.05 µg L-1, respectively. The corresponding detection limits 212 

were 0.011 µg g-1, 0.003 µg g-1, 0.003 µg g-1, and 0.008 µg g-1 for dry mussel shells, and 0.01 213 

µg g-1, 0.003 µg g-1, 0.002 µg g-1 and 0.005 µg g-1 for samples of mussel soft tissues. 214 

2.3. Model characterisation 215 

Waterborne metals can be taken up from the pallial cavity via the epithelia of gills and 216 

mantle wall. Metals enter the inner milieu via the functional contacts of epithelial cells with 217 

connective tissue cells and hemocytes (as reviewed by Marigomez et al., 2002), and 218 

subsequently reach the extrapallial fluid (Wheeler, 1992; Carre et al., 2006; Marin et al., 219 
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2012; Schoene and Krause, 2016). Consequently, metals might also be found in the 220 

extrapallial fluid besides materials for biomineralisation (e.g. Ca2+, HCO3
-, organic 221 

molecules) (Bourgoin, 1990). Thereafter, metals are transferred to the hemolymph and 222 

transported towards different parts, including the shell. Precursors of calcium carbonates, 223 

such as Ca2+ and CO3
2-, are secreted via membrane pumps and channels on the outer 224 

epithelium cells (Roda et al., 2019; Marin et al., 2012). Metal ions might also be transported 225 

via these mechanisms to the shell. The shells of molluscs are primarily composed of calcium 226 

carbonate in the form of calcite or aragonite or their mixture (Cravo et al., 2004). Metals can 227 

be taken up by mantel tissues together with Ca for incorporation into the shell (Cravo et al., 228 

2004). The incorporation of metals into shells occurs by interactions of granulocytes, mantle 229 

epithelial cells, and granulocytes diapedesis with the pallial cavity (Marigomez et al., 2002). 230 

With the participation of epithelial cells lining the mantel, metals can be incorporated into the 231 

crystalline structure of the shell in two ways: it can be a substitute for Ca in the carbonate 232 

complex, and it can be adsorption to the organic component of the shell (Wilbur, 1972; Nott 233 

and Langston, 1989; Viarengo, 1989; Not, 1991). Previous findings of metal transport in 234 

mussels have shown that extrapallial fluid acts as a bridge between the soft tissue and the 235 

shell (Zuykov et al., 2011a,b). 236 

The shell of bivalves consists of two calcified valves covered by an outer organic layer, 237 

i.e. the periostracum (Bourgoin, 1990). The mineral part contributes to 95-99% of the shell 238 

weight of molluscs, while the organic fraction constitutes 0.1–5% (Hare, 1963; Hare and 239 

Abelson, 1965; Wilbur and Saleudlin, 1983). The former is mainly built from calcium 240 

carbonate, whereas the latter has a complex composition, containing a variety of proteins, 241 

polysaccharides, and lipids (Checa, 2018). While the periostracum remains non-eroded, the 242 

inner shell layers might be eroded (Melzner et al., 2011). 243 
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The extrapallial fluid that fills the space between the shell and the mantle epithelium acts 244 

as a bridge for the transperency of mineral and organic components from the mantle to the 245 

shell (Checa et al., 2018). The fluid also contains both inorganic (Wilbur and Saleudlin, 246 

1983) and organic compounds, e.g. proteins, amino acids, peptides, lipids, and organic acids 247 

(Kobayashi, 1964a,b; Wilbur and Simkiss, 1968; Crenshaw, 1972; Pietrzak et al., 1973; 248 

Wada and Fujinuki, 1976; Misogianes and Chasteen, 1979; Yin et al., 2005). As the fluid is 249 

supersaturated, the macromolecules, especially acidic proteins and glycosaminoglycans, are 250 

involved in processes to maintain calcium in solution (Marin et al., 2012). According to 251 

Melzner et al. (2011), the extrapallial fluid is highly corrosive, potentially leading to the 252 

internal shell corrosion. The inner bivalve shell surface is plastic and vulnerable to 253 

dissolution (Melzner et al., 2011). Moreover, the inner shell dissolution is controlled by 254 

biological mechanisms to maintain a saturated extrapallial fluid as well as by buffering the 255 

pH with bicarbonate (or perhaps ammonium) (Wilbur and Saleuddin, 1983). The internal 256 

CaCO3 dissolution has been reported by Dugal (1939), while Ca that is incorporated into the 257 

shell is found in the extrapallial fluid (Crenshaw and Neff, 1969; Akberali, 1980). 258 

Furthermore, the dissolution is of increasing importance under stress conditions, e.g. limited 259 

food sources (Melzner et al., 2011). According to Akberali et al. (1983), dissolution and re-260 

calcification occur as a cycle. As a result of these processes, metals incorporated in the shell 261 

might be released into the extrapallial fluid, followed by a flow to the soft tissue.  262 

The processes mentioned above can be simulated by first-order mass transfer kinetics, 263 

which has been widely applied (Hendriks et al., 2001; Martins and Boaventura, 2002; 264 

Gimbert et al., 2006; Rainbow, 2007; Le et al., 2018), as follows (Fig. 1): 265 

For the soft tissue:  266 

����∙���

�	
= �� ∙ �� ∙ � − �� ∙ �� − �� ∙ � − �� ∙ � ∙ � + �� ∙ �� ∙ �� (1) 267 
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For the shell:  268 

����∙���

�	
= ��� ∙ �� ∙ �� + �� ∙ � ∙ � − �� ∙ �� ∙ �� (2) 269 

where C1 and C2 (µg g-1 dw) are metal concentrations on the dry weight (dw) basis in the soft 270 

tissue and the shell with the weight W1 and W2 (g), respectively ; ku1 and ku2 (L d-1 g-1) are the 271 

absorption rate constants for soft tissues and shells from the ambient water with the dissolved 272 

metal concentration Cw (µg L-1), respectively; ke (d-1) is the rate constant that metals are 273 

eliminated from the soft tissue; P (µg g-1 dw) is the concentration plateau below which metals 274 

are not eliminated, when they are immobilised by different processes, such as binding to 275 

metallothioneins; and k21 and k12 (d
-1) are the rate constants of metal flows from the shell to 276 

the soft tissue, and from the soft tissue to the shell, respectively. These processes are 277 

illustrated in Fig. 1. 278 

For a short period of exposure, as in the present study, the growth dilution was assumed 279 

to have a negligible influence on the changes in metal concentrations in mussels. 280 

Consequently, the above equations could be re-written as: 281 

For the soft tissue: 282 

���

�	
= �� ∙ �� − �� ∙ �� − �� − �� ∙ � + �� ∙ �� ∙

��

��
 (3) 283 

For the shell: 284 

���

�	
= ��� ∙ �� + �� ∙

��

��
− �� ∙ �� (4) 285 

Even with that assumption, the number of unknown parameters in those equations is still high 286 

compared to the common limitation of data generated from toxicokinetic experiments. 287 

Further issues were, therefore, taken into account in model characterisation. 288 

2.3.1. Model characterisation for Cd 289 
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Since freshwater bivalves need calcified shells for osmotic and ionic balance, they have 290 

very active Ca2+ pumps (Rainbow and Dallinger, 1993), that also facilitate Cd2+ uptake 291 

(Jeffree et al., 1993). Cadmium is accumulated in epithelial cells to the mantel wall from the 292 

extrapallial fluid by diffusion (Marigomez et al., 1990a). According to Wilbur (1972), the 293 

mantle played a role in the incorporation of Ca2+ from the extracellular pallial fluid into the 294 

shell. Metals can be accumulated in calcified concretions, leading to the incorporation into 295 

the shell (Marigomez et al., 2002). The shell of mussels has been considered a storage matrix 296 

for toxic metals (Walsh et al., 1995; Cravo et al., 2004). High concentrations of Cd in mussel 297 

shells reported by Cheung and Wong (1992), Lee et al. (1998), and Yap et al. (2003) have 298 

been suggested to result from the crystalline structure of the shell matrix that has a capacity 299 

for incorporating Cd (Koide et al., 1982; Al-Dabbas et al., 1984). According to Schoene and 300 

Krause (2016), metals whose charges and ionic radii are similar to those of Ca2+ were more 301 

likely to substitute Ca2+ in the crystal lattice of the shell. Among chemical properties, the 302 

covalent index has been shown to be able to account for the variations in the bioaccumulation 303 

among metals (Van Kolck et al., 2008; Le et al., 2011; Owsianiak et al., 2014). Among the 304 

investigated metals, the covalent index of Cd2+ is closest to that of Ca2+ (Table S1, 305 

Supporting Information). Therefore, its accumulation in mussel shells should be considered, 306 

particularly when mussels were not fed during the experimment.  307 

 Only some metals can be eliminated from the tissue by exocytosis, hemocyte diapedesis 308 

across gill, kidney, and digestive epithelia, and release of mineral concretions (Marigomez et 309 

al., 1995). Metals such as Cd are prevented from metabolic and physiological processes by 310 

storage in hemocytes and pore/brown cells, which are enhanced in isolated regions of 311 

interstitial connective tissues in response to metal exposure (Marigomez et al., 1990b, 1997; 312 

Giamberini et al., 1996). Therefore, these metals are hardly eliminated (Nott et al., 1993). 313 

Accordingly, the concentration of Cd in mussels could be predicted as: 314 
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For the soft tissue: 315 

���

�	
= �� ∙ �� − �� ∙ � + �� ∙ �� ∙

��

��
 (5) 316 

For the shell: 317 

���

�	
= ��� ∙ �� + �� ∙

��

��
− �� ∙ �� (6) 318 

2.3.2. Model charactersiation for other metals 319 

The accumulation in the shell is metal-specific, and substantially lower than the 320 

accumulation in the soft tissue for a large number of metals (Koide et al., 1982; Cravo et al., 321 

2004). Accordingly, the exchange between the soft tissue and the shell has usually been 322 

excluded in available models for simulating metal accumulation in bivalves (Roditi et al., 323 

2000; Le et al., 2011). As such, metal accumulation in the mussel soft tissue can be simulated 324 

by the following equation: 325 

���

�	
= �� ∙ �� − �� ∙ �� − ��  (7) 326 

When there is no plateau in the elimination of metals from the soft tissue (i.e. P=0), Eq. (7) 327 

can be written by another that has been widely used (e.g. Goncalves and Boaventura, 1998): 328 

���

�	
= �� ∙ �� − �� ∙ � (8) 329 

2.4. Model calibration 330 

The model was calibrated by data fitting using the MATLAB-based AMIGO2 Toolbox 331 

(Balsa-Canto et al., 2016). Model calibration for Cd was carried out according to Eqs. (5) and 332 

(6), while Eq. (7) was applied for other metals, to estimate uptake and elimination rate 333 

constants. As no significant difference was found in the accumulation of Cd, Ag, and Pt 334 

among the investigated size classes (see Results), model calibration was carried out for all 335 

mussels together. Since previous studies have well demontrated significant correlation 336 
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between metal uptake from the dissolved phase and the dissolved metal concentrations (e.g. 337 

Roditi and Fisher, 1999), the dissolved metal concentrations measured above were applied in 338 

the model calibration. In addition, this method allows to consider metal loss from the 339 

dissolved phase because of the potential absorption to the tank wall. In the model calibration, 340 

the average concentration of metals dissolved in water was used for simplification. 341 

2.5. Relating the uptake kinetics to chemical properties of metals 342 

In order to develop mechanistic models for metal accumulation, a number of chemical 343 

properties have been considered (Van Kolck et al., 2008). The covalent index has been 344 

demonstrated to be significantly correlated with the absorption efficiency (Veltman et al., 345 

2008; Owsianiak et al., 2014), and subsequently incorporated in mechanistic models for trace 346 

metals like Cd and Ag (Le et al., 2011). Therefore, the absorption rate constants calibrated in 347 

the present study were also related to this chemical property to validate the potential 348 

application of mechanistic models to Pt. In particular, the absorption rate constant for Cd2+, 349 

Ag+, and Pt4+ on the basis of fresh weight was firstly derived from the corresponding value 350 

calibrated using a factor of 0.022 converting between the fresh weight and the dry weight of 351 

mussels. This conversion factor was determined from the measurement of all mussels in the 352 

present study. The absorption coefficiency for Cd2+, Ag+, and Pt4+ was then determined from 353 

the absorption rate constant: 354 

� =
���

��
 (9) 355 

where p (/) is the absorption efficiency; ku1 (L d-1 g-1) is the absorption rate constant for 356 

tissues from aquatic organisms; and kw (L d-1 g-1) is the water influx rate, which can be 357 

further elaborated by the method proposed by Hendriks and Heikens (2001): 358 

� = �� ∙ W
!" (10) 359 
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where γ0 (L d-1 g-1) is the water influx rate entering an organism with a weight of 1 g or the 360 

water absorption coefficient; according to Hendriks and Heikens (2001), this parameter was 361 

fitted to be 200 for aquatic organisms; W (g) is the weight of the organism; and κ is the rate 362 

coefficient and equal to ¼ (Hendriks and Heikens, 2001). 363 

Subsequently, a logistic relationship was derived between the absorption efficiency and 364 

the covalent index using the data retrieved by Owsianiak et al. (2014) and the data generated 365 

in the present study for Cd2+, Ag+, and Pt4+ in the zebra mussel. The covalent index was 366 

determined from the electronegativity (Allred, 1961) and the ionic radius (details are given in 367 

Persson, 2010). 368 

3. Results 369 

3.1. Metal concentrations in tank water during exposure and depuration phases 370 

The concentrations of Cd, Ag, and Pt dissolved in the control tank water stabilised at the 371 

level of 0.033 (±0.008) µg L-1, 0.186 (±0.013) µg L-1, and 0.035 (±0.015) µg L-1, 372 

respectively, with negligible variations. The dissolved Pd concentration in the control tank 373 

was lower than the detection limit of 2.54 µg L-1. 374 

A massive decrease of the dissolved Cd concentration in the exposure tank water was 375 

observed during the first day of each 2-d water exchange interval (from 68 µg L-1 to 4.4 µg L-376 

1 for the first interval), followed by a stable period the next day (Fig. 2). In the last three 377 

water exchange intervals of the exposure phase, reductions in the concentration of dissolved 378 

Cd were less pronounced (Fig. 2). During the 2-d water exchange intervals of the exposure 379 

phase, the dissolved Ag concentration in the exposure tank water decreased from around 10 380 

µg L-1 at the beginning to around 2.3 µg L-1 one-day post metal dosing, before it slightly 381 

increased the next day (Fig. 2). The decrease of Ag concentrations during the first day of the 382 

intervals shrank after each water exchange (Fig. 2).  383 
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Two different trends were observed for dissolved Pt and Pd concentrations in the 384 

exposure tank water during the exposure phase. Gradual decreases in the dissolved Pt 385 

concentration were displayed during the 2-d water exchange intervals (Fig. 2). The 386 

concentration of Pt dissolved in the exposure tank water fell from around 62 µg L-1 to around 387 

42 µg L-1 at the end of the first interval, and to about 26 µg L-1 at the end of the last two 388 

intervals (Fig. 2). By contrast, the dissolved Pd concentration decreased from around 88 µg L-
389 

1 to below the detection limit of 2.54 µg L-1 one-day post metal dosing (Fig. 2). 390 

In general, the changes of the concentrations of Ag, Cd, and Pt dissolved in the tank water 391 

during the depuration period followed the same trend, i.e. the concentrations slightly 392 

increased one-day post water exchange, and such increases dwindled over time of water 393 

exchange (Fig. 2). For these metals, they were mainly found in the dissolved phase (Fig. S2, 394 

Supporting Information), related to chemcial composition of the reconstituted water with no 395 

organic matter. The dissolved Pd concentration in the exposure tank during this period was 396 

constantly below the detection limit.  397 

3.2. Metal bioaccumulation in zebra mussels with different sizes 398 

Prior to the exposure experiment, the concentration in the zebra mussels was highest for 399 

Cd (small: 0.450±0.042 µg g-1 dw; medium: 0.480±0.022 µg g-1 dw; and large: 0.512±0.044 400 

µg g-1 dw), followed by Ag (small: 0.072±0.026 µg g-1 dw; medium: 0.075±0.033 µg g-1 dw; 401 

and large: 0.066±0.002 µg g-1 dw), and Pt (small: 0.038±0.033 µg g-1 dw; medium: 402 

0.018±0.006 µg g-1 dw; and large: 0.013±0.001 µg g-1 dw). These levels are in the same range 403 

with the concentrations of these metals in control mussels, which showed that similar 404 

concentrations of the metals were recorded in the soft tissue of control mussels from different 405 

size groups. Highest concentrations in control mussels were found for Cd (small: 406 

0.508±0.106 µg g-1 dw; medium: 0.513±0.059 µg g-1 dw; and large: 0.531±0.045 µg g-1 dw), 407 

followed by Ag (small: 0.078±0.017 µg g-1 dw; medium: 0.075±0.019 µg g-1 dw; and large: 408 
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0.071±0.007 µg g-1 dw) and Pt (small: 0.031±0.026 µg g-1 dw; medium: 0.015±0.007 µg g-1 409 

dw; and large: 0.012±0.002 µg g-1 dw). Noticeably, Pd was not detected in the soft tissue of 410 

control mussels or in mussels sampled from the river prior to the exposure experiment 411 

(detection limit: 0.002 µg g-1). Moreover, similar levels of metals in the zebra mussel prior to 412 

the experiment and in the control mussel in the experiment indicates that the concentrations 413 

recorded before the experiment could represent the accumulation from the river water. 414 

A significant influence of body size (in terms of shell length in the examined range of 16-415 

22 mm) on bioaccumulation in the mussel soft tissue was not recorded for any of the metals 416 

investigated (Fig. 3). This was shown by an overlap of the ranges (mean ± standard 417 

deviation) of metal concentrations measured in mussels of different size groups (Fig. 3). The 418 

four metals exhibited different accumulation patterns (Fig. 3). While Ag, Cd, and Pt were 419 

accumulated in the mussel soft tissue, no Pd bioaccumulation from the aqueous phase was 420 

observed, as Pd concentrations in all exposed mussel samples were below the detection limit.  421 

The most distinctive pattern was noticed for Cd (Fig. 3), i.e. its concentrations in the 422 

mussel soft tissue steadily increased during both exposure and depuration phases, reaching a 423 

final average concentration of 48 µg g-1 dw (Fig. 3). The concentration of Cd in the mussel 424 

shell increased during the exposure, levelling at around 2.4 µg g-1 dw at the end of this period 425 

(Fig. 3). Gradual decreases of Cd concentrations in the shell were observed during depuration 426 

(Fig. 3). The concentration of other investigated metals in the mussel shell was below the 427 

detection limit. 428 

Silver accumulation in the soft tissue followed a V-shaped trend. The concentration of Ag 429 

in the soft tissue gradually increased during the exposure phase, reaching an average of 12 µg 430 

g-1 dw at the end of this period (Fig. 3). During the 8-d depuration phase, Ag concentrations 431 

in the soft tissue steadily decreased to 4 µg g-1 dw (Fig. 3). Different from this trend for Ag, 432 
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there was a plateau in the elimination of Pt from the soft tissue. After reaching a peak of 21 433 

µg g-1 dw at the end of the exposure phase, the Pt concentration in the soft tissue decreased 434 

during the first half of the depuration phase to 13 µg g-1 dw, on average, before stabilising 435 

during the next 4 d (Fig. 3).  436 

3.3. Modelling of metal bioaccumulation in zebra mussels and potential application of 437 

mechanistic models to platinum-group elements 438 

Among the investigated metals, Ag was accumulated in the soft tissue of the zebra mussel 439 

with the highest absorption rate constant (Table 1). The absorption rate constant for Pt was 440 

slightly higher than that for Cd (Table 1). Although Pt was eliminated from the zebra mussel, 441 

this process only occurred when the concentration of Pt in the soft tissue was above a plateau 442 

of around 12.95 µg g-1 dw (Table 1). As Pd was not detected in the mussel soft tissue, 443 

modelling was not carried out for this metal.  444 

In general, the variations in the accumulation of Ag, Pt, and Cd could be simulated well 445 

by kinetic models with some specific consideration for each metal as mentioned in the model 446 

characterisation (Fig. 3; Table 2). The modelled concentrations were significantly correlated 447 

with the measured concentrations for all metals (Table 2). The measurements were in the 448 

range of the modelled concentrations (Fig. 3; Table 2). More than 95% of the variations in the 449 

Cd concentrations in the mussel soft tissue (as well as in the shell) could be explained by the 450 

model, taking into account the exchange between the shell and the soft tissue (Table 2). 451 

Similar results were observed for the simulation of Ag and Pt accumulation in the soft tissue 452 

by a commonly applied model (without exchange with the shell; Table 2). 453 

The absorption efficiency of Pt4+ by the zebra mussel followed the trend observed for 454 

other metal ions, i.e. increasing absorption efficiency with increasing covalent index (Fig. 4). 455 

The absorption efficiency was significantly related to the covalent index, when the absorption 456 
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efficiency obtained in the present study for Cd2+, Ag+, and Pt4+ by the zebra mussel was 457 

combined with the data retrieved by Owsianiak et al. (2014) for other aquatic organisms (p < 458 

0.005; Fig. 4). Moreover, about 80% of the variations in the absorption efficiency could be 459 

explained by the covalent index (Fig. 4). 460 

4. Discussion 461 

4.1. Variations in metal accumulation in mussels 462 

In agreement with previous findings, the present study further confirmed a high capacity 463 

of the zebra mussel to accumulate various metals, such as Cd, Ag, and Pt. The accumulation 464 

of metals occurs as a balance of uptake and elimination. Both of these processes vary among 465 

metals and depend on exposure conditions, including duration of the exposure and chemistry 466 

of the exposure solution. This is illustrated in Table 1 and discussed in detail below. 467 

In the present study, Pd was not detected in water one day after dosing, which is assumed 468 

to be the reason why it was not found in the soft tissue of the zebra mussel. By contrast, Sures 469 

and Zimmermann (2007) demonstrated the accumulation of Pd in the soft tissue of zebra 470 

mussels. This difference is attributed to the chemical speciation. Specifically, in the present 471 

study, the reconstituted water was used with a substantially high concentration of chloride 472 

(Osterauer et al., 2010b). Chloride complexes of Pd can react at a high rate with OH- 473 

(Kazakova and Ptitsyn, 1967), forming Pd(OH)2 or PdOxnH2O with low solubility (Tait et 474 

al., 1991). As a strong hydrolysable metal (Baes and Mesmer, 1976), Pd forms highly 475 

insoluble hydroxides (Kump and Byrne, 1989; Tait et al., 1991; van Middlesworth and 476 

Wood, 1999). Previous studies have manifested that precipitation might contribute to the loss 477 

of Pd from the exposure water with a high concentration of chloride (i.e. Kump and Byrne, 478 

1989; Tait et al., 1991; van Middlesworth and Wood, 1999). The application of Visual 479 

MINTEQ (Gustafsson, 2011) for the reconstituted water predicted that 99% of Pd might 480 
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precipitate, which strongly supports our results. Our results are also substantiated by the 481 

conclusion obtained by Cobelo-Garcia et al. (2007) that at a pH range of 6–8, 80% of Pd was 482 

lost in artificial freshwater in polypropylene tubes. Because of the low solubility of PdCl2, in 483 

the study of Sures and Zimmermann (2007), PdSO4 was added to the tapwater with a 484 

substantially lower concentration of chloride (https://www.stadtwerke-485 

essen.de/wasser/wasserqualitaet/trinkwasseranalyse/), contributing to a negligible loss of Pd 486 

induced by precipitation. This is again also confirmed by the prediction with Visual MINTEQ 487 

when chloride is not included. Other ligands, such as humic acid, might also affect the 488 

accumulation of PGEs as reviewed by Zimmermann and Sures (2018). However, this factor 489 

is not discussed in the present study since our experiment was carried out with reconstituted 490 

water with no addition of organic matters like humic acid. 491 

As described earlier by Roditi and Fisher (1999), a higher absorption rate constant for Ag 492 

than Cd was found in the present study (Table 1), similar to the data reported in previous 493 

long-term exposure experiments (Voets et al., 2004; Singer et al., 2005; see Table 1). 494 

However, Cd was taken up at a higher rate in short-term exposure (Table 1). In particular, the 495 

Cd absorption rate by the zebra mussel after 3 h of exposure was 2 orders of magnitude 496 

higher than that following a longer exposure (Table 1). A similar influence of the exposure 497 

duration on the absorption rate was found for Ag (Table 1). With similar exposure periods, 498 

similar elimination rate constants were found in the present study and the study of Roditi and 499 

Fisher (1999). By contrast, the exposure level probably plays a less important role for metal 500 

uptake and elimination rate constants (Table 1). With similar exposure and depuration 501 

duration, the elimination rate constant for Ag generated in the present study is in the same 502 

range with that reported for mussels exposed to Ag at concentrations between 0.009–1 µg L-1 503 

(Table 1). A similar conclusion is obtained from the uptake rate constant determined for Cd at 504 

different exposure concentrations (Table 1). Moreover, the elimination of Ag explains the 505 
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slight increase in Ag concentrations in water on the second day of 2-d intervals during the 506 

exposure phase. In contrast to Ag and Pt, the Cd concentrations in the soft tissue continuously 507 

increased during the depuration phase. Various trends have been reported on the changes of 508 

Cd concentrations in the mussel soft tissue during depuration (summarized in Table 3). The 509 

increased concentration during the depuration period in the present study might be caused by 510 

the release of Cd incorporated in the shell via the dissolution of the inner shell layers as 511 

described in the model characterisation. Moreover, the dissolution of inner shell layers is 512 

related to the energy budget (Melzner et al., 2011). Therefore, the exceptional result in the 513 

present study might be related to the lack of feeding, while mussels were regularly fed in the 514 

other studies. Different from the present study, Singer et al. (2005) reported a higher 515 

absorption rate for Cd than Pt (Table 1). Such discrepancy was most probably due to the 516 

various experimental settings: single metal exposure in the study of Singer et al. (2005) 517 

compared to multiple metal exposure (Ag, Cd, Pd, and Pt) in the present study, as well as 518 

different exposure media with tap water (Singer et al., 2005) versus reconstituted water 519 

(present study).  520 

 The accumulation of metals is strongly influenced by their binding to subcellular biotic 521 

ligands. For example, the difference in the elimination between Cd and Ag might be related 522 

to a higher affinity of Cd for metallothioneins than Ag (Nielson et al., 1985). A higher 523 

affinity of Pt for metallothioneins in comparison to Ag (Nielson et al., 1985) explains the 524 

observed difference in the elimination between Ag and Pt: Pt elimination was restricted 525 

because of enhanced immobilisation, while a constraint was absent in Ag elimination. 526 

According to previous studies (Nielson et al., 1985; Ngu and Stillman, 2009), Pt(II) had a 527 

higher affinity for metallothioneins than Cd(II). However, the competition between metal 528 

ions at the binding sites depends not only on their affinity, but also on the concentrations of 529 

the metal ions taken up. In particular, the binding of Cd and Pt at binding sites like 530 
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metallothioneins and subsequent elimination of these metals are determined by the 531 

concentrations of these metals taken up into the soft tissue. In our study, Cd was constantly 532 

accumulated in the soft tissue whereas Pt was eliminated at a low rate. In the study of Sures 533 

and Zimmermann (2007), a slight elimination of Pt from the soft tissue of the zebra mussel at 534 

the initial period of depuration was also followed by a stability of Pt concentrations. 535 

4.2. Simulation of metal bioaccumulation by mechanistic models  536 

4.2.1. Simulation of metal-specific responses of mussels  537 

The present study proved that variations in bioaccumulation among metals could be 538 

accounted for by kinetic models when metal-specific responses are taken into consideration. 539 

As consistent with previous studies, the present results confirmed that the biokinetic model 540 

could simulate well the accumulation of metals that follow a V-shaped trend, such as Ag, as 541 

mentioned previously (Hendriks et al., 1998, 2001; Le et al., 2011, 2016b). However, besides 542 

the exchange with water, additional factors are required to account for the variations in the 543 

accumulation among metals. One example is the metal exchange between the soft tissue and 544 

the shell, which might influence Cd accumulation in the soft tissue. Our assumption about the 545 

significance of the accumulation in the shell for metals whose chemical properties are close 546 

to those of Ca2+ is supported by the findings for other metal ions besides Cd2+. According to 547 

Rodney et al. (2007), Zn was accumulated at higher levels in shells than in the soft tissue of 548 

oysters Crassostrea virginica. In addition, Ravera et al. (2003) and Beone et al. (2011) 549 

revealed the highest accumulation in the shell of Unio pictorum mancus, Anodonta cygnea, 550 

and Dreissena polymorpha for metals whose chemical properties are closest to those of Ca 551 

(i.e. Mn, Zn, Ni, and Cr; Table S1, Supporting Information).  552 

Following exposure to metals, metallothionein induction and/or formation of mineralized 553 

granules have been demonstrated previously (Langston et al., 1998; Marigomez et al., 2002). 554 
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Le et al. (2011) suggested that these processes could not be completely addressed in available 555 

kinetic models. However, the present study provides initial insights into potential approaches 556 

for integrating these important processes. For example, the influence of metal immobilisation 557 

due to the internal regulations mentioned above might be incorporated in characterisation of 558 

elimination. This has been exemplified by our discussion above about the influence of metal 559 

binding to metallothioneins on metal elimination. 560 

The present study demonstrated advantages of biokinetic models in the assessment of 561 

metal bioaccumulation. According to Zimmermann and Sures (2018), the derivation of 562 

bioaccumulation factors from ambient and internal metal concentrations can be problematic if 563 

metal accumulation has not reached a steady state. This issue can be deprived out by using 564 

biokinetic models. Although the present study exhibited the efficiency of kinetic models for 565 

simulating bioaccumulation of Pt, potential application and extrapolation to various 566 

conditions could be facilitated only when the models are related to biological traits and 567 

specific properties of chemicals. Relationships between uptake kinetics and body size as well 568 

as chemical properties are obligatory for developing mechanistic models simulating 569 

bioaccumulation. Both of these factors were partly considered in the present study. 570 

4.2.2. Metal bioaccumulation and body size 571 

 In agreement with the study of Mubiana et al. (2006), our results indicated a negligible 572 

influence of body size if sampled mussels are in a narrow range of body size. Previous 573 

studies have shown inconsistent relationships between metal bioaccumulation and body size 574 

of freshwater bivalves. Kumari et al. (2006) did not find significant differences in the 575 

concentrations of Cd, Pb, Cu, Zn, and Fe accumulated in the clam Paphia malabarica 576 

between the two size groups (25–35 mm; and 35–40 mm), while a number of other studies 577 

have demonstrated that the relationship between bioaccumulation and body size of bivalves 578 
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varies among metals. According to Amiard et al. (1994), body size of the oyster Crassostrea 579 

gigas was negatively related to Cd and Pd concentrations, but correlated with Cu and Zn 580 

concentrations. Ravera et al. (2003) found significant correlations between accumulation and 581 

body size of Unio pictorum mancus and Dreissena polymorpha for Mn, but not for other 582 

metals, such as Zn, Cu, Cd, Ni, and Pb. Concentrations of Ca, Fe, Cu, Mn, Zn, Al, V, Co, As, 583 

and Cd in the soft tissue of the freshwater mussel Unio pictorum mancus were significantly 584 

related to the shell length, contrasting with the results for Cr, Ni, Mo, and Pb (Beone et al., 585 

2011). In the study of Amisah et al. (2009), body size had significant effects on the 586 

accumulation of Mn, Fe, and Zn in the soft tissue of Galatea paradoxa, contrasting with the 587 

result for Hg. Similarly, Tessier et al. (1996) demonstrated inter-metal variability in the 588 

relationships between metal concentrations in the soft tissue of the freshwater mussels 589 

(Elliptio complanata and Lampsilis radiata) and their body size (shell length, width, height, 590 

weight, and soft tissue dry weight). Variations in the influence of body size on the 591 

accumulation among metals were also reported for marine mussels like Mytilus edulis 592 

(Mubiana et al., 2006). 593 

Different factors might contribute to such inconsistent results on the relationship between 594 

body size and metal accumulation in mussels. One potential factor is the size-specific 595 

metabolism, as discussed by Boyden (1974). According to Wang and Fisher (1997), the 596 

growth rate played an important role to metal allometry, i.e. an allometric relationship 597 

between metal uptake kinetics and body size, in mussels. In particular, the influence of body 598 

size on metal allometry decreases with increasing growth rates. With an efficient metabolism 599 

and intact intracellular regulatory mechanisms (Connell et al., 1999; Luoma and Rainbow, 600 

2008), mussels are able to maintain concentrations of essential metals like Mn, Fe, and Zn in 601 

equilibrium (Amisah et al., 2009). The inconsistent results might also be related to the 602 



26 

 

influence of environmental factors on the relationship between metal accumulation in 603 

bivalves and body size (Sokolowski et al., 2004). 604 

4.2.3. Metal bioaccumulation and chemical properties of metals 605 

The present study provided insights into the suitability and potential application of 606 

mechanistic models for simulating bioaccumulation kinetics of Pt for the first time. Our 607 

research strengthened the correlation between the uptake kinetics and chemical properties of 608 

metals that had been confirmed and applied in previous studies (Van Kolck et al., 2008; 609 

Veltman et al., 2008; Le et al., 2011; Le and Hendriks, 2013). Significant relationships 610 

between the absorption efficiency and the covalent index of a number of metals including Pt 611 

are strong evidence supporting the application of this chemical property to explain the 612 

variations in the accumulation among metals, including Pt. This finding is of high importance 613 

as it indicates that previously developed mechanistic models could be extrapolated to PGEs.  614 

Despite these results, the model should be further calibrated for other PGEs and further 615 

improved to increase the potential application under field conditions. In the present study, 616 

only the accumulation in the zebra mussel from the aqueous phase was accounted for, while 617 

metals can be accumulated from other sources as well, e.g. particulate matters and 618 

phytoplankton (Wang et al., 1996; Klerks and Fraleigh, 1997; Roditi et al., 2000; Shulkin et 619 

al., 2003; Le et al., 2011). Furthermore, some uncertainty is inherent in the developed model. 620 

Changes in metal concentrations in water during exposure experiments were addressed in the 621 

model developed by Le et al. (2016b). By contrast, an average was deployed in the present 622 

study to present the exposure level, thereby introducing some potential uncertainties in model 623 

calibration. Another limitation in the present study comes from the controlled conditions in 624 

the laboratory exposure experiment, especially the use of a standard solution of metal ions 625 

while excluding potential influence of organic ligands. However, this factor does not limit the 626 
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potential application of the model developed to field conditions. In particular, the uptake 627 

kinetics obtained in the present study can be combined with estimates of metal activity, 628 

which have been well simulated with available speciation models, e.g. Visual MINTEQ 629 

model, to generate predictions of metal accumulation in field conditions. Furthermore, 630 

potential dependence of metal accumulation on exposure concentrations as reported by Wang 631 

and Fisher (1997) should be considered in such extrapolation. 632 

5. Conclusions 633 

The accumulation of Cd, Ag, and Pt in the mussel soft tissue varied among metals, and 634 

kinetic models were able to capture such variations by considering metal-specific responses. 635 

Examples of these responses include metal incorporation into the shell and internal 636 

regulations (metallothionein induction and storage in granules). These processes could be 637 

integrated in kinetic models. The influence of body size is usually expressed by a single 638 

allometric relationship in available mechanistic models. However, this simplified method 639 

could not convey the variations among metals. Within a narrow range of body size, exclusion 640 

of size effects might result in lower uncertainties than applying a not-yet-calibrated 641 

allometry. Furthermore, variations in the absorption efficiency among metals, including Pt, 642 

could be explained by chemical properties, such as the covalent index. This result opens 643 

opportunities to extrapolate mechanistic models to PGEs. 644 
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Table 1 

Kinetic parameters (average and 95% confidence interval) describing the accumulation of Ag, Pt, and Cd in the zebra mussel in dependence on 

the mussel size, as compared with data found in the literature 

Metal Parameter Symbol Unit Range Size (mm) 
Exposure 

duration 

Depuration 

duration 
Exposure concentration Study 

Cd Uptake rate 

constant by 

soft tissue 

 

ku1 

 

L d-1 g-1 

 

0.0354 (0.0318–

0.0391) 

16–22 8 d 8 d  100 µg L-1 (in mixture) Present study 

2.30–3.22 18–22 3 h  0.009–1 µg L-1 (Single) 
Roditi and Fisher 

(1999) 

0.083–0.115 19–25 31 d  
0.033–0.3 µM (Single; 50 

– 60 mg humic acid L-1) 
Voets et al. (2004) 

0.029 9–33 10 w  500 µg L-1 (single) Singer et al. (2005)* 



Uptake rate in 

shell 

ku2 L d-1 g-1 0.0051 (0.0049–

0.0059) 

16–22 8 d 8 d  100 µg L-1 (in mixture) Present study 

Exchange rate 

to shell 

k1 d-1 0 

Exchange rate 

from shell 

k2 d-1 0.08 (0.01–0.15) 

Ag Uptake rate 

constant 

ku L d-1 g-1 

 

0.29 (0.26–0.31) 16–22 8 d 8 d 100 µg L-1 (in mixture) Present study 

3.56–7.19 18–22 2 h - 0.009–1 µg L-1 Roditi and Fihser 

(1999) 

Elimination 

rate constant 

ke d-1 0.10 (0.08–0.12) 16–22 8 d 8 d  100 µg L-1 (in mixture) Present study 

0.084 (± 0.005) 18–22 7 d 8 d 0.009–1 µg L-1 (Single) 
Roditi and Fisher 

(1999) 



Pt Uptake rate 

constant 

 

ku 

 

L d-1 g-1 0.048 (0.045–

0.052) 

16–22 8 d 8 d  100 µg L-1 (in mixture) Present study 

0.008 9–33 10 w  500 µg L-1 (single) Singer et al. (2005)* 

Elimination 

rate constant 

ke d-1 0.96 16–22 8 d 8 d  100 µg L-1 (in mixture) Present study 

Plateau in 

elimination 

P µg g-1 12.95 (11.42–

14.48) 

*The uptake rate constant was derived using the average of Cd concentrations before and after water exchange 

 



Table 2 

Statistical parameters (the correlation coefficient r2, p-value, and the root mean square error RMSE) describing the relationship between the 

modelled concentration and the measured concentration of Ag, Pt, and Cd 

Statistical 

parameters 

 

Cd Ag Pt 

Soft tissue Shell Soft tissue 

r2 0.98 0.96 0.96 0.98 

p < 0.00001 < 0.00001 < 0.00001 < 0.00001 

RMSE 2.37 0.16 0.75 1.00 

 

 

 

 



Table 3 

Changes in the Cd concentration in the soft tissue of different freshwater bivalve species during depuration in the present study as compared with 

data found in literature. 

Species Water type Nominal Cd exposure 

concentration (µg L-1) 

Exposure 

duration (d) 

Depuration 

duration (d) 

Changes of Cd 

concentration during 

depuration* 

Study 

Dreissena polymorpha Reconstituted water 100 8 8 Increasing Present study 

Dreissena polymorpha Dechlorinated tap water 5 – 45 27 14 Unchanged Mersch et al. (1993) 

Eliliptio complanata Dechlorinated tap water 10 – 50 60 60 Fluctuating Tessier et al. (1994) 

Dreissena polymorpha Filtered river water 5.6 7 30 Decreasing Roditi and Fisher (1999) 

* Prior to the depuration period mussels were exposed to Cd at the given concentration over the given period of time.  

 

 



Figure captions 

Fig. 1. General model for simulating metal accumulation in mussels. From water, metals can 

enter from the pallial cavity via the epithelia of gills and mantle wall (expressed by the uptake 

rate ku1 and the elimination rate ke) and metals can be adsorbed to shell (expressed by the rate 

ku2). Metals can be transported between the soft tissue and the shell via the extrapallial fluid, 

expressed by the rate constants of the metal flows from the soft tissue to the shell k12 and from 

the shell to the soft tissue k21). 

Fig. 2. Concentrations of Cd, Ag, Pt, and Pd dissolved in water from exposure tanks during the 

exposure (till the 8th day) and depuration (8th – 16th day) periods. During the exposure period, 

water was exchanged every other day while during the depuration period, water was exchanged 

daily. The red solid lines represent the detection limits. The error bars represent the standard 

deviation of dissolved metal concentrations. 

Fig. 3. Comparison of measurements (average and standard deviation), expressed by the dots 

and bards, with the modelled concentrations generated from the model calibration. The area 

represents the estimation range with the average expressed by the black solid line. The dashed 

line separates exposure and depuration phases. 

Fig. 4. Logistic relationship between the absorption efficiency and the covalent index for 

aquatic organisms, incorporating the data generated in the present study for the absorption 

efficiency of Ag+, Cd2+, and Pt4+ by the zebra mussel. 
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Fig. 2.  
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Fig. 3. 



 

Fig. 4.  
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Highlights 

• Kinetic models could simulate well the accumulation of Cd, Ag, and Pt. 

• Specific simulation is required to capture the metal-specific accumulation. 

•  The influence of body size can be ignored for a narrow size range. 

• The covalent index could explain the variations in Cd, Ag, and Pt accumulation. 
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