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Abstract: The accumulation of trace metals in the shells of bivalves allows quantitative assessments
of environmental pollution and helps to reconstruct paleo aquatic environments. However, the un-
derstanding on how marine and freshwater mollusks control the level of trace elements in their shells
remains very limited. Here, we compared the trace element composition of marine and freshwater
bivalves from boreal and subarctic habitats, using examples of widely distributed species of marine
(Mytilus edulis, M. trossulus) and freshwater (Anodonta anatina, Unio sp., Beringiana beringiana) mussels.
Sizable differences in several trace element concentrations were detected between different species,
depending on their environmental niches. A multiparametric statistical treatment of the shell’s
elemental composition allowed to distinguish the impact of external factors (water and sediment
chemical composition) from active metabolic (biological) control. In particular, the obtained results
demonstrated that Ba:Ca and Pb:Ca ratios in mussels’ shells are closely related to the primary produc-
tivity of aquatic ecosystems. The Mn:Ca ratio allowed to constrain the environmental conditions of
mussels’ species depending on the trophic state of inhabited waterbody. Overall, the marine mussels
exhibited stronger biological control of trace element accumulation, whereas trace element pattern in
shells of freshwater mussels was chiefly controlled by environmental factors. The obtained results
might help to use the trace element composition of bivalves in distinguishing marine and freshwater
habitats of mollusks in paleo environments.

Keywords: mussels; trace element; water; sediment; coastal ecosystems; rivers; boreal; subarctic

1. Introduction

Elemental composition of bivalve shells provides useful information on seasonal,
annual, and historical variations in water chemical composition. Some marine and fresh-
water bivalve mollusks may allow to reconstruct such processes on scales up to hundreds
of years, as it was shown for the long-lived marine bivalve Arctica islandica [1] and for
freshwater pearl mussels from the genus Margaritifera [2–4]. Using several geochemical
indicators, these authors demonstrated that climate fluctuations could by approximated by
Mn:Ca, Ba:Ca, Sr:Ca ratios, and others, which helps to assess environmental changes in
waterbodies.
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Several indicators were successfully applied for characterizing molluscan ecology and
investigating climate and environmental changes in water basins [5,6] using bivalve mol-
lusks shells [7–21]. Thus, shell’s Mn:Ca ratio was applied for an analysis of the trophic state
of the waterbodies [7], the Ba:Ca ratio allowed an assessment of the primary production of
water ecosystems [22], and Sr:Ca ratio may reflect the temperature, salinity changes, and
mussel growth rate [8,9,17,21]. For example, Sr:Ca ratio in the freshwater mussel Lampsilis
cardium shell was related to the concentration of Sr in water, whereas this ratio in marine
mussel Mesodesma donacium, Chione subrugosa [9], and Pecten maximus [19] depended on
the shell’s growth rate. It has been demonstrated that Mn:Ca ratio in bivalve shells can
indicate the level of dissolved Mn2+ [7] and could be related to anoxic conditions below the
clay bottom surface. Marine blue mussels Mytilus edulis exhibited seasonal fluctuations of
Mn:Ca ratio, related to physiological control [23].

However, although these indicators allow to reconstruct various environmental con-
trols, simultaneous application of these geochemical indicators for both marine and fresh-
water mussels have not been attempted. At the same time, the information on trace element
composition of shells coupled to that of relevant environmental compartments (water and
bottom sediments) may help to better understand element accumulation processes by
mollusks in the mixing zone between the river and the sea. Towards this goal, here, we
assessed multielemental (25 major and trace elements) composition of carbonate shells from
marine and freshwater mussels that inhabited similar subarctic/boreal climate conditions.
Given that the variations in metal concentration in the river are much stronger than those
in the sea, we hypothesize essentially external (environmental, seasonal) control of trace
element uptake by freshwater mussel shells and more stable, biologically-controlled pattern
of trace element accumulation in shells of marine bivalves. To test this hypothesis, we
compared trace element composition in marine and freshwater mussel shells on the basis
of several environmental indicators, considering two contrasting sites across Northern
Eurasia, one in the European Subartic and another one in the Kamchatka Peninsula. The
selected regions are well-studied in the course of fresh- and brackish-water mollusks and
there are several well-known localities of widely distributed freshwater (Unio sp., Anodonta
sp., and Beringiana sp.) and brackish-water (Mytilus sp.) species of mussels [24,25]; those
were used in the presented study as representative sampling sites.

2. Methods
2.1. Sampling

Shells were collected by hand from the depth of 0.3 to 2.0 m in the Eastern and Western
part of Northern Eurasia (Figure 1). List of studied localities is provided in Table 1. River
water was collected at the site of shells’ sampling, by one sample from each site, from 0.5 m
depth. The water was immediately filtered through a single-use sterile acetate cellulose
filter (Sartorius, 0.45 µm) into pre-cleaned polypropylene Nalgene bottles. Filtered water
samples for trace element analyses were acidified with ultrapure double-distilled HNO3
and stored in the refrigerator pending analyses. The sediment samples were taken from the
water-sediment interface, by one sample from each site, encompassing 0–4 cm layer, which
corresponded to the depth of burying of Anodonta anatina, Beringiana beringiana and Unio
mollusks in the substrate. Samples were placed in sterile double-zip polyethylene bags,
preserved in cold dark environment, and transported within several days to the laboratory
where they were dried at 90 ◦C in the oven.
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Figure 1. Map of the study sites: (A) White Sea Basin: 1—Jagry Island, Dvina Bay; 2—Severnaya 
Dvina River near Kholmogory village; 3—Onega Bay near Tamica River mouth; 4—Onega River 
near Porog village; (B) Pacific Ocean Basin: 5—Avacha Bay in Petropavlovsk-Kamchatckiy; 
6—Khakaktyrskoe Lake, Khalaktyrka River Basin. 

Table 1. List of studied localities. 

Environment Locality Species 

Salinity (Marine 
Biotopes)/TDS 

(Freshwater 
Biotopes), 

g/L 

Coordinates 

Latitude Longitude 

Marine 

Jagry Island, Dvina 
Bay Mytilus edulis 6.13 64.643775 N 39.826407 E 

Onega Bay near 
Tamica River mouth Mytilus edulis 7.01 64.134958 N 38.002934 E 

Avacha Bay in 
Petropavlovsk-Kam

chatckiy 
Mytilus trossulus 11.3 53.027181 N 158.640503 E 

Freshwater 

Severnaya Dvina 
River near 

Kholmogory village 

Unio pictorum, 
Anodonta 
anatina 

0.09 64.244167 N 41.608056 E 

Onega River near 
Porog village 

Unio tumidus, 
Anodonta 
anatina 

0.07 63.828889 N 38.475556 E 

Khakaktyrskoe 
Lake, Khalaktyrka 

River Basin 

Beringiana 
beringiana 

0.04 53.027363 N 158.736206 E 

  

Figure 1. Map of the study sites: (A) White Sea Basin: 1—Jagry Island, Dvina Bay; 2—Severnaya
Dvina River near Kholmogory village; 3—Onega Bay near Tamica River mouth; 4—Onega River
near Porog village; (B) Pacific Ocean Basin: 5—Avacha Bay in Petropavlovsk-Kamchatckiy;
6—Khakaktyrskoe Lake, Khalaktyrka River Basin.

Table 1. List of studied localities.

Environment Locality Species
Salinity (Marine Biotopes)/TDS

(Freshwater Biotopes),
g/L

Coordinates

Latitude Longitude

Marine

Jagry Island, Dvina
Bay Mytilus edulis 6.13 64.643775 N 39.826407 E

Onega Bay near
Tamica River mouth Mytilus edulis 7.01 64.134958 N 38.002934 E

Avacha Bay in
Petropavlovsk-
Kamchatckiy

Mytilus trossulus 11.3 53.027181 N 158.640503 E

Freshwater

Severnaya Dvina
River near

Kholmogory village

Unio pictorum,
Anodonta anatina 0.09 64.244167 N 41.608056 E

Onega River near
Porog village

Unio tumidus,
Anodonta anatina 0.07 63.828889 N 38.475556 E

Khakaktyrskoe Lake,
Khalaktyrka River

Basin
Beringiana beringiana 0.04 53.027363 N 158.736206 E

2.2. Species Determination

The primary identification of collected bivalve mollusks was carried out based on
standard and special keys [24,25]. The comparative analysis of the shell morphology was
carried out, taking into account the structure of the pseudocardinal and lateral teeth, muscle
attachment scars, shell shape, and umbo position [26,27]. Details of the shell structure were
studied using an Axio Lab.A1 light microscope (Carl Zeiss, Jena, Germany) and a Leica
M165C stereomicroscope (Leica Microsystems, Wetzlar, Germany).
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2.3. Molecular Analyses

Total genomic DNA was extracted from free 96% ethanol-preserved sample mussels
using the NucleoSpin Tissue Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany),
following the manufacturer’s protocol. For molecular analyses, we obtained sequences
of the COI mitochondrial marker, which is widely used in such studies [28,29]. The
COI sequences were amplified by a polymerase chain reaction (PCR) using the following
primers: LCO1490 and HCO2198 [30] for Mytilus edulis, Beringiana beringiana, Anodonta
anatina, and Unio sp., and Lobo F/2329 for Mytilus trossulus, respectively. The PCR mix
contained approximately 200 ng of total cell DNA, 10 pmol of each primer, 200 pmol
of each dNTP, 2.5 ul of PCR buffer (with 10 × 2 mmol MgCl), and 0.8 units Taq DNA
polymerase (SibEnzyme Ltd., Novosibirsk, Russia), and H2O was added for a final volume
of 25 ul. Thermocycling was implemented with marker-specific PCR programs as follows:
95 ◦C (5 min), followed by 32 cycles at 95 ◦C (45 s), 48–49 ◦C (40 s), 72 ◦C (50 s), and a
final extension at 72 ◦C (5 min). Forward and reverse sequencing were performed on an
automatic sequencer (ABI PRISM3730, Applied Biosystems, Waltham, USA) using the ABI
PRISM BigDye Terminator version 3.1 reagent kit. The resulting sequences were checked
using a sequence alignment editor BioEdit version 7.2.5 [31]. The nucleotide sequences of
the bivalves were identified using the Basic Local Alignment Search Tool, BLAST [32].

2.4. Preparation of Shells to Chemical Analyses

For the analysis of major and trace elements, parts of the shell were cut within the place
of the maximal growth, from umbo towards the edges (Figure 2A,C). We analyzed from four
to six mussel specimens from each locality. The samples were washed using MilliQ water,
dried, and ground in an agate mortar following standard preparation procedures [3,33].

2.5. X-ray Diffraction Analysis

Crystalline structure of shell’s minerals was characterized using an XRD-7000S X-ray
diffractometer (Shimadzu Corp., Kyoto, Japan) equipped with an attachment for sample
rotation and a polycapillary optical system. The X-ray tube with a Cu target and a maximum
power of 2 kW was used. The goniometer characteristics are as follows: θ–θ optical scheme,
a scintillation detector with a monochromator adjusted to a wavelength of 1.5406 Å (CuKα1
line). X-ray diffraction patterns of powder samples were registered on reflection mode
with a standard holder (Al) at a rotation frequency of 30 rpm. The X-ray tube voltage was
50 kV and current 30 mA. The 2θ angle scanning was performed in the range of 10–150◦

at a scanning rate of 2 deg min−1 and a step of 0.020◦. Quantitative analyses of mineral
phases were performed with the Profex v. 5.0 software and its BGMN database.

2.6. Analysis of the Trace Element Composition of Shells, Water, and Bottom Sediment Samples

Mineralization of shell and sediment samples was carried out by acid digestion in
Teflon Savillex vials. About 100 mg were used for analysis. Together with the analyzed
samples, three blanks (without powder) and one certified standard material were digested.
For control of the chemical yield during the sample decomposition procedure, to the aliquot
of powder, we added 0.1 mL of a solution containing 145Nd, 161Dy, and 174Yb (8 µg/dm3),
moistened with several drops of deionized water. Then, 0.5 mL of HClO4 (Perchloric
acid fuming 70% Supratur, Merck, Rahway, NJ, USA), 3 mL of HF (Hydrofluoric acid 40%
GR, ISO, Merck), and 0.5 mL of HNO3 (ultrapure, 65%, GR, ISO, Merck) were added and
evaporated to intense white fumes, followed by cooling and washing from the vial walls.
The residual solution was evaporated to wet salts. After that, 2 mL of HCl (ultrapure,
fuming 37% GR, ISO, Merck) and 0.2 mL of 0.1 M H3BO3 solution (analytical grade) were
added and the mixture was evaporated to a volume of 0.5–0.7 mL. The resulting solutions
were transferred into pre-cleaned HDPE (high-density polyethylene) vials, into which
0.1 mL internal standard (10 mg/L of In) was added and diluted with 2% HNO3 to 20 mL.
The concentrations of Li, Be, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Zr,
Mo, Nb, Ag, Cd, Sn, Sb, Cs, Ba, REEs, Hf, W, Tl, Pb, Bi, Th, and U were determined by
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ICP-MS (X-7, Thermo Scientific, Waltham, USA), which operated in He and no-gas mode.
To control the accuracy of analyses of mussels’ shells’ elemental composition, in parallel
with the samples, we processed two certified carbonate reference materials (Coral JCp-1,
Giant Clam JCt-1).
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places of material for chemical analyzes. 
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Figure 2. Shells of the studied species of marine and freshwater bivalve mollusks: (A)—M. edulis,
the Onega Bay near the mouth of the Tamica River; (B)—M. trossulus; (C)—A. anatina, the Severnaya
Dvina River near Kholmogory village; (D)—U. pictorum, the Severnaya Dvina River near Kholmogory
village; (E)—B. beringiana, Khakaktyrskoe Lake, Khalaktyrka River Basin; (F)—U. tumidus, the Onega
River near Porog village. Scale bar = 20 mm. White dashed lines show sampling places of material
for chemical analyzes.

Freshwater and seawater samples were 0.45 µm filtered on-site and immediately
acidified with concentrated ultrapure HNO3 to 2%. Estuarine and seawater was diluted 10
to 40 times before analysis. The elemental composition of the water (Li, B, Na, Mg, Al, Si, P,
S, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Ba, Y, Zr, Nb, Mo, Cd, Sn,
Sb, Cs, Ba, REE, Hf, W, Tl, Pb, Bi, Th, and U) was measured by ICP-AES. The detection limits
of the method are presented in Supplementary Materials. Certified reference materials
of natural riverine and estuarine water (SLRS-6 and SLEW-3, respectively) were used to
monitor the accuracy of analyses.
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In this study, we discuss only elements Li, Na, Mg, Al, P, S, K, Ca, Mn, Ti, V, Fe, Cu,
Zn, As, Sr, Zr, Ba, La, Ce, Pr, Nd, Gd, Pb and U, which exhibited reasonable (10 to 20%)
agreement with concentrations in certified international materials (carbonate solid phase,
estuarine water, and river water). These elements represent labile cations (alkali and
alkaline-earth metals), anions (S as sulfate and P as phosphate), trace metals such as
micronutrients (V, Mn, Fe, Cu, and Zn), and pollutants (As and Pb), as well as low-mobile
geochemical indicators (Al, Ti, Zr, REE, and U).

2.7. Data Treatment
2.7.1. Normality Tests and Comparisons

In addition to processing direct element concentrations, the values were normalized
to Ca and Al concentrations. Normality for each analyzed sample was determined based
on Shapiro–Wilk’s test significance values (p > 0.05). The Mann–Whitney U test was used
to assess the differences between the concentrations in shell, water, and sediment samples.
The Kruskal–Wallis H test was used for the measurement of the differences between the
content of chemical elements in bivalve mollusk shells in several samples, and these data
were ranked. Ranking consisted of the transition from the quantitative values of the
concentrations of chemical elements to the ranks, which were subsequently compared with
each other. Statistical analyses were carried out with use of STATISTICA software, version
10 (StatSoft Inc., Tulsa, OK, USA, 2011).

2.7.2. Pairwise and Multiple Linear Regression

Pairwise regression models were calculated in Microsoft Excel 2010 using the Anal-
ysis ToolPak. Significance of each model was estimated by F-test at p < 0.05. Multiple
linear regression analysis was carried out with stepwise variable inclusion and with the
multicollinearity test, with the outlier test, and with the Shapiro–Wilk normality test. We
included in the analysis independent variables with the maximum correlation coefficient.
Relationships between variables were assessed by values of the semi-partial correlation,
which indicated part of influence for each independent variable.

2.7.3. Principal Component Analysis (PCA)

PCA was used to determine the factors controlling the pattern of element accumulation
in shells, water, and sediments. The selection of factors was carried out according to the
screen test and on the basis of eigenvalues (the Kaiser criterion). The suitability of the
data for factorization was assessed based on the Kaiser–Meier–Olkin measure of sample
adequacy (minimum fitness value was higher than 0.5) and using the Bartlett’s test of
sphericity (p < 0.05).

2.7.4. General Linear Model (GLM)

General linear model (GLM) was used for identification of factors controlling accumu-
lation of trace elements in different environments. Environmental factor was established
for each model as independent categorical variable. Concentrations of trace elements were
included in the model as dependent variables. Significance of relationship between factor
and dependent variable(s) were estimated based on significance of Wilks’ lambda criterion
(p < 0.05). Significance of model and strength of relationship between factor and each of
dependent variables were assessed using R2 and probability values with the upper level at
p < 0.01.

2.7.5. Metal Pollution Index (MPI)

The MPI was calculated according to Usero et al. [34] and Sedeño-Díaz et al. [35] based
on following equation:

MPI = (M1 × M2 × M3 × . . . × Mn)1/n,
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where MPI is the metal pollution index, Mi is the concentration of the ith metal, and n is the
number of analyzed metals. Typically, the MPI was assessed based on Li, Na, Mg, Al, P,
K, Ti, Mn, Fe, Cu, Zn, Sr, Zr, Ba, La, Ce, Pr, Nd, Gd, Pb, and U concentrations in shells or
sediments.

3. Results
3.1. Species Determination
3.1.1. Collected Mollusks’ Samples and Shell Structure

The collected shells of bivalve mollusks belonged to three freshwater (Anodonta, Unio,
and Beringiana) and one marine genera (Mytilus) (Figure 2). All analyzed individuals of
Anodonta belonged to the species A. anatina. The individuals belonging to the genus Unio,
according to the teeth structure and the outline of the shell contours, were identified as U.
pictorum and U. tumidus. The average ontogenetic ages of individuals were 4.17 ± 0.20 years
for specimens of Anodonta and 4.67 ± 0.20 years for specimens of Unio. All individuals
of genus Beringiana were identified as ones belonging to mussel species B. beringiana. The
average ontogenetic ages of B. beringiana were 6.30 ± 1.02 years. The analyzed individuals
of blue mussels Mytilus belonged to the species Mytilus edulis and Mytilus trossulus. The
average ontogenetic ages of individuals were 4.0 ± 0.4 years for specimens of Mytilus edulis
from the Dvina Bay, 5.0 ± 0.5 years for specimens of Mytilus edulis from the Onega Bay, and
5.6 ± 0.3 years for specimens of Mytilus trossulus from the Avacha Bay.

3.1.2. Molecular Analyses

Analyses of seven COI gene sequences for marine mussels with length of 663 bp
demonstrated that the mollusk specimens belong to species M. edulis and M. trossulus.
Analyses of five nucleotide sequences of COI gene for freshwater mussels with length of
660 bp yielded B. beringiana, A. anatina, U. tumidus, and U. pictorum specimens at the species
level, in accordance with conchological features [25].

3.2. Mineralogical Composition of Shells

The shells of freshwater A. anatina, Unio sp., and B. beringiana consisted essentially of
aragonite (>95%). At the same time, shells of marine mussels exhibited a sizable proportion
(55–70%) of calcite (Table 2). Additionally, both marine and freshwater samples contained
several percents of vaterite. The minimal mean percentage of vaterite was found for shells
of marine species Mytilus trossulus, and the maximal one was measured for freshwater
mussel Anodonta anatina.

Table 2. Mineralogical composition of the bivalve shells.

Species (Marine/Freshwater) N Calcite, % Aragonite, % Vaterite, %

Mytilus edulis (marine) 9 57.9 ± 3.1 39.1 ± 3.0 3.10 ± 0.15

Mytilus trossulus (marine) 5 67.0 ± 3.4 30.5 ± 3.0 2.46 ± 0.43

Beringiana beringiana
(freshwater) 5 0.23 ± 0.11 95.6 ± 0.2 4.14 ± 0.14

Anodonta anatina (freshwater) 5 0.19 ± 0.07 95.5 ± 0.2 4.28 ± 0.18

Unio sp. (freshwater) 4 0.52 ± 0.28 95.6 ± 0.1 4.17 ± 0.10

3.3. Elemental Composition of Shells

The average chemical composition of marine and freshwater mollusk shells was
dominated, after Ca, by Na, Sr, Mg, S, P, Fe, and Mn (Figure 3A). Average concentrations
of Na, Sr, Mn, Fe, and P in marine (n = 14) and freshwater (n = 15) shells were 3350 ±
109 and 2250 ± 54, 1370 ± 46 and 434 ± 50, 63.1 ± 24.8 and 521 ± 47, 152 ± 44 and
989 ± 220, and 158 ± 6.1 and 140 ± 23 ppm, respectively (Tables S1 and S2). Na, Sr, Mg, S,
P, Zn, Li, and U were generally more abundant in shells from marine coastal environments
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compared to freshwater ones. The second group of elements included Fe, Mn, K, Al, Ba,
Ti, and Cu, whose concentrations were higher in freshwater compared to marine mollusk
shells (Figure 3B, Table 3). Al-normalized concentrations of most elements were higher in
marine mussels (Mann–Whitney criterion, p > 0.05) (Figure 4A).Water 2023, 15, x FOR PEER REVIEW 10 of 30 

 

 

 
Figure 3. (A)—mean concentrations of trace elements in bivalve shells: blue columns, marine 
mussels (N = 14), and hatched columns, freshwater mussels (N = 14). Error bars indicate s.e.m.; 
(B)—Ratios of element mean concentrations in shells of marine to freshwater bivalve. 

Figure 3. (A)—mean concentrations of trace elements in bivalve shells: blue columns, marine mussels
(N = 14), and hatched columns, freshwater mussels (N = 14). Error bars indicate s.e.m.; (B)—Ratios of
element mean concentrations in shells of marine to freshwater bivalve.

Upper-crust normalized REE concentrations in the shells did not exhibit significant
differences between marine and freshwater samples (p > 0.01), except for Nd and Gd
(p < 0.01) (Figure S1). Concentrations of La, Ce, Pr, Nd, and Gd in the shells normalized to
their concentrations in the sediment did not demonstrate significant differences (p > 0.05)
between marine and freshwater samples, although, in marine settings, concentrations of Pr,
Nd, and Gd were sizably lower in shells compared to sediments (Figure S2).

3.4. Elemental Composition of Water and Bottom Sediments

The concentrations of chemical elements in water and bottom sediments (Table S3)
revealed two groups of elements: (1) Na, K, B, S, Mg, Cs, Rb, Sr, U, and Mo, which
dominated in marine biotopes; and (2) Ca, Al, and Mn, which were related to freshwater
biotopes (Figure S3). For example, the mean ratios between trace element concentrations
in marine and fresh water samples varied from 2.6 ± 1.5 and 3.7 ± 2.8 for Mn and Al,
respectively, to 190 ± 38 and 790 ± 200 for K and Na, respectively. S, Na, Ba, K, Sr,
and P dominated elemental composition of bottom sediments in marine environments,
whereas Al, Mg, Li, Ca, Mn, Fe, Zn, Ti, Pb, and V dominated in sediments from freshwater
environments (Figure 4B). Thus, mean ratio of trace element concentrations in sediment
samples from marine to freshwater localities varied from 0.34 ± 0.22 for V to 2.49 ± 1.97 for S.
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Table 3. Elemental composition of mussels’ shells from studied localities: n.d.—not determined.

Element

Anodonta
anatina,

Severnaya
Dvina

River near
Khol-

mogory
Village,
Mean ±

SE, ppm (n
= 2)

Unio sp.,
Severnaya

Dvina
River near

Khol-
mogory
Village,
Mean ±

SE, ppm (n
= 2)

Anodonta
anatina,
Onega

River near
Porog

Village,
Mean ±

SE,
ppm (n = 2)

Unio sp.,
Onega

River near
Porog

Village,
Mean ±

SE,
ppm (n = 2)

Beringiana
beringiana,
Khakaktyrskoe
Lake, Kha-
laktyrka

River
Basin,

Mean ±
SE,

ppm (n = 5)

Mytilus
edulis,
Jagry

Island,
Dvina Bay

Mean ±
SE,

ppm (n = 4)

Mytilus
edulis,

Onega Bay
near

Tamica
River

Mouth
Mean ±

SE,
ppm (n = 5)

Mytilus
trossulus,
Avacha
Bay in

Petropavlovsk-
Kamchatckiy

Mean ±
SE,

ppm (n = 5)

Li 0.25 ± 0.14 0.15 ± 0.01 0.36 ± 0.10 0.35 ± 0.07 n.d. 0.38 ± 0.02 0.41 ± 0.05 0.90 ± 0.05

Na 2540 ± 127 2400 ± 76 2380 ± 67 2010 ± 41 2140 ± 43 3450 ± 191 3100 ± 235 3520 ± 92

Mg 114 ± 59 78.2 ± 2.8 161 ± 46 84.8 ± 17.9 85.6 ± 12.2 1020 ± 65 1210 ± 90 700 ± 14

Al 368 ± 211 139 ± 8.8 428 ± 161 241 ± 73 121 ± 26 34.5 ± 9.1 36.3 ± 9.5 n.d.

P 203 ± 121 202 ± 120 72.2 ± 10.6 109 ± 16.3 150 ± 26 154 ± 12 153 ± 7.1 167 ± 13

S 332 ± 133 227 ± 51 223 ± 59 231 ± 22 478 ± 44 737 ± 30 892 ± 83 1010 ± 71

K 149 ± 97 56.9 ± 1.5 148 ± 54 78.2 ± 23.8 12.6 ± 2.4 31.8 ± 11.3 36.1 ± 6.6 19.1 ± 3.73

Ca 399,000 ±
6000

376,000 ±
10,000

394,000 ±
2600

384,000 ±
1270

397,000 ±
6930

406,000 ±
9400

423,000 ±
4310

385,000 ±
10,800

Ti 43.3 ± 13.3 17.9 ± 0.53 31.9 ± 11.2 16.3 ± 3.9 14.6 ± 2.4 2.41 ± 0.74 2.97 ± 0.89 n.d.

Mn 594 ± 79 327 ± 10 390 ± 33 459 ± 97 685 ± 75 154 ± 71 41.7 ± 12.3 12.2 ± 1.3

Fe 1780 ±
1310 1470 ± 946 557 ± 157 1130 ± 451 655 ± 191 337 ± 100 105 ± 37 51.5 ± 9.4

Cu 2.90 ± 0.32 2.05 ± 0.11 3.54 ± 0.32 3.48 ± 0.68 9.22 ± 0.34 0.96 ± 0.23 0.92 ± 0.23 1.96 ± 0.25

Zn 2.38 ± 2.14 3.63 ± 0.89 9.99 ± 1.76 10.3 ± 1.27 7.9 ± 0.68 17.3 ± 2.13 16.0 ± 2.1 14 ± 1.4

Sr 774 ± 41 671 ± 49 370 ± 3.8 399 ± 19 263 ± 9.6 1600 ± 37 1340 ± 19 1210 ± 35

Zr 1.83 ± 0.70 0.54 ± 0.11 1.91 ± 0.61 1.08 ± 0.11 0.59 ± 0.03 0.42 ± 0.14 0.4 ± 0.1 0.34 ± 0.14

Ba 54.5 ± 14.9 38.0 ± 13.3 28.1 ± 1.82 28.4 ± 3.92 15.5 ± 1.53 12.2 ± 1.01 4.44 ± 0.32 2.69 ± 0.13

La 0.68 ± 0.42 0.42 ± 0.18 0.29 ± 0.09 0.29 ± 0.11 0.02 ± 0.01 0.11 ± 0.02 0.38 ± 0.06 0.031 ±
0.003

Ce 1.39 ± 0.90 0.73 ± 0.33 0.58 ± 0.19 0.64 ± 0.26 0.03 ± 0.01 0.15 ± 0.04 0.39 ± 0.04 n.d.

Pr 0.17 ± 0.09 0.09 ± 0.03 0.07 ± 0.02 0.07 ± 0.02 0.006 ±
0.001 0.02 ± 0.01 0.011 ±

0.002
0.009 ±

0.004

Nd 0.62 ± 0.39 0.33 ± 0.15 0.26 ± 0.09 0.27 ± 0.11 0.03 ± 0.01 0.08 ± 0.02 0.05 ± 0.01 0.013 ±
0.004

Gd 0.10 ± 0.06 0.06 ± 0.04 0.04 ± 0.02 0.04 ± 0.02 0.013 ±
0.002

0.018 ±
0.002

0.010 ±
0.001

0.005 ±
0.001

Pb 0.54 ± 0.10 0.40 ± 0.05 0.25 ± 0.08 0.55 ± 0.22 0.20 ± 0.02 0.11 ± 0.01 0.12 ± 0.01 0.165 ±
0.009

U 0.04 ± 0.02 0.013 ±
0.004 0.02 ± 0.01 0.02 ± 0.01 n.d. 0.008 ±

0.004
0.012 ±

0.003 0.04 ± 0.01
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3.5. Element Distribution Coefficients between the Shell and the Environment

Apparent distribution coefficients of major and trace elements between the water
and the CaCO3 shells of freshwater and marine bivalve mollusks were calculated based
on several replicates from the same site. Calcium-normalized distribution coefficients
Kd Shell/Water = ([TE]/[Ca])Shell/([TE]/[Ca]Water) between shells and water samples varied
from 0.00003 for K to 21.6 for Mn (Table S4). Calcium-normalized distribution coefficients of
trace elements between shells and bottom sediments (Kd Shell/Sediment) ranged from 0.000006
for Al to 0.46 for Sr. The highest values of Kd Shell/Water were observed for freshwater
mussels, where we determined Kd Shell/Water for Mn from 0.25 to 21.6, Sr from 0.15 to
0.25, Al from 0.10 to 4.24, and Na from 0.007 to 0.051. In marine mussels, we measured
Kd Shell/Sediment for Mn from 0.12 to 4.38, Sr from 0.14 to 0.23, Al from 0.04 to 0.35, and Na
from 0.0002 to 0.0004.

3.6. Statistical Treatment
3.6.1. Comparison of Marine and Freshwater Shell Samples by Elemental Ratios

The majority of studied trace elements exhibited an abnormal distribution of concen-
trations. Normal distribution among freshwater samples was found only for Na, Mn, and
Zn. In marine shell samples, normal distribution was observed for Ti, Fe, Zr, Ba, U, Li, La,
Ce, and Al. Comparison of Ca-normalized concentrations of Na, Mn, Mg, and Ba revealed
significant (p < 0.05) differences among localities and species (Table S5). Ca-normalized
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concentration of Sr differed among localities (p < 0.05), but they were not significant among
species (p > 0.05). Freshwater species of mussels did not differ by Ca-normalized concentra-
tions of Na and Mg (p > 0.05). Samples of freshwater mussels had significant differences by
Ca-normalized concentrations of Na, Mn, Ba, and Sr among localities (p < 0.05). Freshwater
species also differed by Ca-normalized concentrations of Mn, Ba, and Sr (p > 0.05).

Comparison of the Al-normalized concentration of Na, Ba, and Sr among species
and among localities demonstrated that Na, Ba, Sr, and Mg differ by these two factors for
freshwater mussels. At the same time, Na, Ba, and Sr did not differ among freshwater
localities and species. The Al-normalized concentration of Mn in freshwater mussels’ shells,
on the contrary, demonstrated a difference by both of these factors.

Pairwise regression models allowed to check for the presence of the relationship
between concentration of elements in shells and in the environmental compartments.
Significant relationships (p < 0.05) were revealed between concentration in shells and water
for Sr, Mg, Na, and S. Furthermore, significant correlations were also observed between
Ca-normalized concentrations of Li, S (p < 0.01), and Na (p < 0.05) in shells and in water,
whereas Ca-normalized concentrations of U in shells correlated to that in bottom sediment
(Table S6).

3.6.2. Comparison of Al-normalized Concentration of Elements in Shells among Localities

Comparison of Al-normalized concentration of elements in mussels’ shells demon-
strated significant differences between different localities for Li, Na, Mg, P, S, K, Ca, Ti,
Mn, Cu, Zn, Sr, Ba, REEs, Pb, U (p < 0.01), and for Fe (p < 0.05). The highest values of
Al-normalized concentration were established for marine biotopes with the maximal con-
centration in the Avacha Bay. The lowest values were encountered for three freshwater sites.
Significant differences in Al-normalized concentration of elements among three studied
regions were determined for Li, Na, Mg, P, S, K, Ca, Zn, Sr, Ba, Zr, light REEs, Pb, and U
(p < 0.05). There were no differences between the concentration of Ti, Mn, Fe, Cu, and Ce
(p > 0.05). The highest concentrations of the four listed elements were estimated in biotopes
in the Khalaktyrka River basin and the Avacha Bay. Al-normalized concentrations of Ti,
Mn, and Fe had no significant differences between samples of marine and freshwater shells
(p > 0.05). Al-normalized concentration of Li, Na, Mg, P, S, K, Ca, Ti, Mn, Fe, Cu, Zn, Sr, Zr,
Ba, light REEs, Pb, and U differed between marine and freshwater samples (p < 0.05) with
the highest values observed for marine shells.

3.6.3. PCA Treatment of Trace Element Concentrations and Distribution Coefficients

Preliminary assessment of the suitability of concentration data on Li, Na, Mg, Al, P,
S, K, Ti, Mn, Fe, Cu, Zn, Sr, Zr, Ba, REEs, Pb, and U in shells for factorization revealed
an acceptable value of the Kaiser–Mayer–Olkin sample adequacy measure (0.634), and
a statistically significant indicator of Bartlett’s sphericity criterion (χ2 = 1174; p < 0.001).
Factor 1 and 2 explained 54.0% and 21.4% of the dispersion, respectively. These two
factors were interpreted as follows, in terms of the values of factor loadings. Factor 1 was
related to bottom sediments and accumulation of metals in shells, such as Al (0.879), K
(0.815), Ti (0.928), Mn (0.698), Fe (0.873), Ba (0.947), and REEs (from 0.732 for La to 0.918
for Nd). Factor 2 could have a relationship with elemental composition of water due to
its high loadings for labile elements such as Na (0.616), Mg (0.581), Sr (0.724), U (0.638),
and S (0.528).

Assessment of suitability of Ca-normalized distribution coefficient of Li, Na, Mg, Al, S,
K, Mn, Sr, and U between mussels’ shell and water for factorization revealed the allowable
value of the Kaiser–Mayer–Olkin sample adequacy measure (0.521) and a statistically
significant indicator of Bartlett’s sphericity criterion (χ2 = 202; p < 0.001). Two factors
explained 64.3% of variance, including 40.6 and 23.7% for F1 and F2, respectively. Factor 1
was related to distribution coefficients of Li (0.843), Na (0.734), Mg (0.806), Al (0.778), and K
(0.977), according to factor loadings. Factor 2 had strong correlations with S (0.894) and
Mn (0.922).
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We determined the suitability of data on Ca-normalized distribution coefficient of
Li, Na, Mg, Al, P, S, K, Ti, Mn, Fe, Zn, Sr, Zr, Ba, REEs, and Pb between mussels’ shell
and bottom sediment for factorization based on value of the Kaiser–Mayer–Olkin sample
adequacy measure (0.660) and a statistically significant indicator of Bartlett’s sphericity
criterion (χ2 = 963; p < 0.001). Two factors explained 63.6% of the total variance, including
44.2% and 19.4% for F1 and F2, respectively. Factor 1 was positively related to distribution
coefficients of Al (0.902), Ti (0.917), Mn (0.872), Fe (0.811), Pr (0.818), Nd (0.931), and Gd
(0.937). Factor 2 had positive correlation with distribution coefficient of Na (0.975) and
moderate positive correlations with the distribution coefficients of Li (0.600), S (0.555),
K (0.504), Sr (0.622), and Zr (0.562).

The Al-normalized trace elements’ concentrations in mussels’ shells were also suitable
for factorization based on the value of the Kaiser–Mayer–Olkin sample adequacy measure
(0.572) and a statistically significant indicator of Bartlett’s sphericity criterion (χ2 = 1874;
p < 0.001). Factor 1 explained 69.8% of variance, and factor 2 and factor 3 explained 10.6%
and 7.5% of variance, respectively. Factor 1 had a strong correlation with Li (0.958), Na
(0.984), Mg (0.975), P (0.968), S (0.991), K (0.907), Ca (0.986), Ti (0.938), Cu (0.909), Zn (0.969),
Sr (0.992), Zr (0.769), Ba (0.883), Gd (0.828), Pb (0.977), and U (0.860). Factor 2 was positively
related to distribution coefficients of La (0.798), Ce (0.883), and Nd (0.627). Factor 3 had
positive correlation with the distribution coefficient of Fe (0.555).

3.7. Controlling Factors of Accumulation of Trace Elements in Mussels’ Shells

General linear model (GLM) suggested a dependence of the trace element concentra-
tion in mussels’ shells from several factors, including the type of environments (freshwa-
ter/marine), species identity, and locality. Therefore, it allowed to distinguish biological
and environmental control on trace elements accumulation.

3.7.1. Biological Control (Species Identity)

Comparison of samples belonging to different species within marine and freshwater
groups revealed the following elemental pattern: Four elements (Li, S, La, and U) exhibited
significant relationships with the “species” identity factor (p < 0.05) among freshwater
mussels (Table S7). Moderate relationships were revealed for S (R2 = 0.507, p < 0.006) and
Li (R2 = 0.523, p < 0.005) by factor “species” among freshwater samples. Furthermore, Li,
Na, Mg, S, La, Ce, Nd, Pb, and U had significant relationships (Wilk’s λ criterion, p < 0.05)
with the “species” factor among marine mussels. The highest significance of the influence
of the “species” factor on the Ca-normalized concentration of elements was estimated for
marine samples (Wilk’s λ criterion, p = 0.01).

Further insights on Sr and Ba distribution in shells can be obtained via Ca-normalized
concentrations which allowed to avoid the artifacts linked to matrix dilution. Ca-normalized
concentrations of Sr in freshwater shells had stronger relationships with the factor “locality”
(R2 = 0.962, p < 0.001) compared to that in marine environments (R2 = 0.727, p < 0.001)
(Table S8). On the contrary, Ca-normalized concentrations of Ba in shells exhibited mod-
erate relationships with this factor in freshwater environments (R2 = 0.590, p < 0.002) and
strong relationships in marine environments (R2 = 0.908, p < 0.001).

Overall, among marine species, the biological control was evidenced for Li (R2 = 0.884,
p < 0.001), Mg (R2 = 0.602, p < 0.001), Al (R2 = 0.507, p < 0.003), Cu (R2 = 0.533, p < 0.002),
light REE (La-Nd; 0.4 < R2 < 0.55, p < 0.005), and Pb (R2 = 0.590, p < 0.001, Table S7).

3.7.2. Environmental (Locality) Control

A number of elements in marine mussels’ shells were controlled by the factor “lo-
cality” (geographical location of sampling points), including Li (R2 = 0.874, p < 0.001),
Sr (R2 = 0.727, p < 0.001), Ba (R2 = 0.908, p < 0.001), LREE (0.6 < R2 < 0.82, p < 0.001),
and Pb (R2 = 0.556, p < 0.005). In mussels from freshwater biotopes, Cu (R2 = 0.935,
p < 0.001) and Sr (R2 = 0.962, p < 0.001) concentrations had the strongest relationships
with the factor “locality”. Additionally, relationships with this factor were found for Li
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(R2 = 0.652, p < 0.005), S (R2 = 0.541, p < 0.005), and Ba (R2 = 0.590, p < 0.005) (Table S8).
Furthermore, Ca-normalized concentrations of Ba and Sr had significant relationships with
the factor “locality”, being stronger for Sr and lower for Ba. In contrast, in the marine
environments, the locality factor had stronger relationship with Ba and weaker with Sr.

General linear model analysis of samples from particular sampling sites based on
the Al-normalized concentration of trace elements in freshwater mussels’ shells showed
significant (p < 0.01) effect of the factor “locality” to variance of the elemental concentration
(Table S9). The linear model revealed a significant influence of the geographical factor to
variances in Cu and Li (73.2% and 69.6% of variance, respectively). Further, there were
significant relationships with the factor “locality” for concentrations of S, Ti, Mn, Cu, Ce,
Nd, and U in the shells of freshwater mussels (p < 0.01, Table S9).

In marine mussel’s shell, significant relationships with the factor “locality” were found
for Al-normalized concentrations of Li, Na, Mg, S, K, Mn, Fe, Cu, Zn, Sr, Pr (p < 0.01), and
Ba (p < 0.05). The factor locality determined more than 90% of the Al-normalized concen-
tration variance for Li, Na, Mg, K, Zn, and Pr (Table S10). Additionally, Al-normalized
concentration of Sr exhibited strong relationship with the factor “locality”, whereas that of
Ba had weak relationships with this factor.

Distribution coefficient Kd Shell/Water of Li, S, Mn, and Sr was strongly related to the
factor “locality” (Wilk’s λ criterion, p < 0.01, Table S11). The highest percentage of explained
variance was observed for Mn (R2 = 0.91, p < 0.001) and S (R2 = 0.894, p < 0.001), whereas the
values of Kd Shell/Water for Li (R2 = 0.551, p < 0.001) and Sr (R2 = 0.616, p < 0.001) exhibited
weaker relationships with the “locality” factor.

3.7.3. Distribution Coefficients between Shells and Water in Marine and Freshwater
Environment

The distribution coefficients of K, Na, Al, and Mn between shell and water were much
higher for freshwater mussels compared to marine ones (Figure 5). Significant differences
in Kd Shell/Water between marine and freshwater samples were observed for Na, Mg, and
S (Mann–Whitney U test, p < 0.001), but not for Sr (Mann–Whitney U test, p > 0.01). For
the Kd Shell/Sediments, significant differences between marine and freshwater samples were
observed for Sr, Mg, and S, but not for Na. The strongest relationships (p < 0.001) between
Kd Shell/Water and the identity of species were found for Na, S, and Mn (Table S12). More
than 82% of these variables’ variances were explained by the biological (“species”) factor.
Significant relationships (p < 0.05) were also observed for Mg, Al, and U. Overall, there was
a power dependence between Kd Shell/Water of marine and freshwater mussels for Li, Na,
Mg, Al, S, K, Mn, Sr, and U for freshwater and for marine mussels (R2 = 0.99, p < 0.001)
(Figure 6).
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3.8. Mineralogical Control of Elemental Composition

Strong positive correlations were found between percentage of calcite in shells and
Ca-normalized concentrations of Na, Mg, and Sr (RSpearman = 0.73–0.80, p < 0.01, Table S13),
whereas moderate positive correlation was observed between percentage of calcite in shells
and Ca-normalized concentration of Zn (RSpearman = 0.62, p < 0.01). We observed strong
correlations between percentage of aragonite and vaterite in shells and the concentrations
of Mn (RSpearman = 0.76–0.77, p < 0.01), Fe (RSpearman = 0.69–0.75, p < 0.01), Ti (RSpearman =
0.70–0.77, p < 0.01), and Ba (RSpearman = 0.75–0.81, p < 0.01); moderate correlations between
percentage of aragonite and vaterite in shells and Ca-normalized concentrations of Gd, Zr,
Cu, and Pb (RSpearman = 0.54–0.68, p < 0.01); a moderate correlation between percentage of
vaterite in shells and the concentration of Nd (RSpearman = 0.58, p < 0.05); weak correlations
between vaterite percentage and Ca-normalized concentrations of Ce and Pr (RSpearman =
0.38–0.43, p < 0.05); and weak correlation between percentage of aragonite in shells and the
Ca-normalized concentration of Nd (RSpearman = 0.45, p < 0.05).

We found strong positive correlations between percentage of calcite in shells and
Al-normalized concentrations of Na, Mg, Sr, Zn, La, and Pb (RSpearman = 0.73–0.82, p < 0.01,
Table S14); moderate positive correlations between calcite percentage and Al-normalized
concentrations of Ba, Pr, Nd, and Gd (RSpearman = 0.55–0.65, p < 0.01); and weak posi-
tive correlations between percentage of calcite and Al-normalized concentrations of Fe,
Cu, and Ce (RSpearman = 0.38–0.40, p < 0.05). In contrast, aragonite and vaterite content
in shells did not exhibit any discernable control on Al-normalized element concentra-
tions. Further, the distribution coefficient of Mn between shell and sediment has signifi-
cant regression relationships with vaterite percentage in studied bivalve shells (R2 = 0.61,
p < 0.001, Figure 7A).

3.9. Metal Pollution Index

The metal pollution index (MPI) varied from 1.42 to 5.05 for marine mussels Mytilus
spp. and from 1.93 to 15.2 for freshwater mussels from genera Anodonta, Unio, and
Beringiana (Figure S4). The MPI demonstrated statistically significant differences between
three geographic regions for both marine and freshwater species (Kruskal–Wallis criterion,
p < 0.001, Figure S4A) and among all studied species of mussels (Kruskal–Wallis criterion,
p < 0.0005, Figure S4B).
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bution coefficient between shell and sediment; (B)—regression relationship between percentage of
vaterite in mussels’ shells and values of metal pollution index.

It is worth noting that there was an increase in the MPI value with an increase in
vaterite percentage of the shells (R2 = 0.34, p < 0.01) when both marine and freshwater
species were considered (Figure 7B), although this relationship does not necessarily reflect
the causality because the freshwater mussels exhibit generally higher vaterite proportion
and trace metal concentrations in the shells.
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4. Discussion
4.1. Differences in Element Concentrations between Marine and Freshwater Mussels

The bivalve mussels’ shells (Unio sp.) are a suitable environmental archive in aquatic
ecosystems for a period of several years (i.e., [36]). Both marine and freshwater shells
from the White Sea basin have a lifespan of four to five years. Similarly, Far Eastern
mussels’ species, including freshwater B. beringiana and marine Mytilus trossulus, can
provide environmental information for the last 5–6 years. Generally, freshwater shells are
known to exhibit more significant variation in the chemical composition compared to that
of marine species (i.e., [6]). Results of the present study on localities’ and species’ identity
control also indicate on more diversified chemical composition of shells and habitats in
freshwater environments compared to marine biotopes. A comparison of trace element
concentrations in marine and freshwater mussels’ shells shows that the marine shells
contain 1.5 to 9.4 times more Sr, S, Mg, Na, Li, and Zn. A first possible explanation is due to
mineralogical control on element accumulation in shells, as follows from the difference in
element compatibility to crystalline lattice of aragonite versus calcite [37]. In the present
study, we found that calcite may constitute up to 67% of shells of marine mussels Mytilus
(Table 2). The above listed elements are known to be highly mobile in aquatic ecosystems,
including the Severnaya Dvina River Basin [38]. In addition to mineralogical control,
another governing factor of element accumulation in shells is the type of sediments as
confirmed by a relationship between Sr and S concentrations in freshwater mussels [33].
The elemental composition of the marine mussels’ shells did not exhibit such a relationship
with sediment of marine biotopes, because the latter are usually more homogeneous than
freshwater ones, and marine mussels have significant variability of suitable biotope depth.
Besides, the sediment was dominated by gravel and sand with scarce aquatic vegetation in
biotopes where the studied species of the marine mussels were collected [24].

Quantitative assessment of metal concentration in mussels’ shells demonstrated that
freshwater bivalves’ shells contain greater concentration of several elements, including Al,
Ba, Ti, Fe, Mn, K, and Cu. These metals are likely to be controlled by sediment composition
(clays, Fe hydroxides, and organic matter) in boreal and subarctic biotopes [33]. The MPI
exhibited significant differences between marine and freshwater samples (p < 0.05), and it
also differed between studied mussels’ species (p < 0.005). The highest total concentration
of metals was found in freshwater mussels’ species Anodonta anatina and Unio sp. from the
Onega River basin and from the Severnaya Dvina River basin. Beringiana beringiana from
the Khalaktyrka River basin, Mytilus trossulus from the Avacha Bay, and Mytilus edulis from
the White Sea basin had lower values of the MPI.

Mussels from freshwater basin of the Kamchatka Peninsula and from the Avacha Bay
contain the lowest concentration of metals, and the highest values of one is determined
for mussels’ shells from basins of Northwestern Russia. It is, therefore, possible that high
concentrations of colloidal Fe and DOM in NW subarctic settings, well-established in the
Severnaya Dvina basin, including its estuarine zone [39,40], and lack of colloidal metals in
DOM-poor rivers of the Kamchatka Peninsula [41] explain the drastic differences in metal
accumulation in shells of mussels inhabiting these two regions.

The features of some less mobile metals (Al, Mn, Fe, and Ba) accumulation in fresh-
water mussels are known to be dependent on the habitat’s environment [3,7,33,42]. In this
study, we identified a number of trace elements (K, Al, Mn, Fe, light REE, Pb, Zr, Cu, Ba,
and Ti) that exhibited sizably (a factor of 2.6 to 10) higher concentrations in freshwater
compared to marine mussels’ shells. It is envisaged that this reflects a habitat-controlled
element uptake by freshwater shells. Indeed, the highest concentrations of these elements
were found in the eurybiontic species, such as A. anatina, which inhabits silt-rich parts
of the river bottom with generally higher concentration of trace metals in the substrate
compared to sand and gravel bottom habitats. These trace elements can be taken up by
mollusks from adsorbed/exchangeable complex on the surface of clays or river suspended
matter (K, Pb, Cu, Ba, and Mn), or in the form of organic and organo-mineral colloids
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(Al, Fe, LREE, Pb, Zr, Cu, and Ti) as follows from geochemical analysis of riverine particu-
late and colloidal elemental composition [39,43,44].

4.2. Relationships between Mineralogical and Chemical Composition of Bivalve Shells

Piwoni-Piórewicz et al. [45] reported that correct assessment of seawater environments
using Mytilus shells depends on age of studied mussels, because the percentage of aragonite
positively correlates with shell’s size and negatively correlates with concentrations of
several metals (Na, Cd, Cu, U, V, Zn, and Pb). Our results support a negative relationships
between concentration of Na and Zn, and aragonite percentage in shells, although weak
positive correlations were observed between Cu and Pb concentration and the aragonite and
vaterite proportion. The presence of vaterite in freshwater bivalves can mark a disrupted
biomineralization process [46] and it leads to enhanced accumulation of Mg and Ba, as
well as organic matter, compared to aragonite shells [47]. Such a positive relationship
between organic matter’s level and vaterite presence in bivalve shells is consistent with a
correlation between vaterite percentage and Mn:Ca ratio (RSpearman = 0.76, p < 0.01). The
latter is reported to be an indicator of eutrophication in water bodies [7]. It is interesting
that positive correlations (p < 0.01) were also observed between vaterite percentage and Ca-
normalized concentrations of other trace metals, which are known to be linked to organic
complexes or colloids, especially in freshwater habitats (Al, Cu, Fe, Ti, Zr, and REE). The
latter is demonstrated by size-fractionation procedure of colloid characterization in the
Severnaya Dvina River [39].

The vaterite content in shells correlated with Kd Shell/Sediment of Mn (Figure 7A). The
percentage of vaterite in shell is known to correlate with OM level in certain localities
of the water body [47]. Given that the level of organic matter in the studied freshwater
localities is higher compared to marine ones (Mann–Whitney criterion, p < 0.001), and
that OM can bind a number of trace metals in strong, potentially bioavailable complexes,
the mineralogical control on elementary composition of shells via vaterite presence is not
straightforward and requires further investigation.

Generally, incorporations of ions into CaCO3 structure exhibits strong crystallographic
control, i.e., aragonite allows easier substitution of Ca2+ ion to Sr2+, Ba2+, and Na+ ions
compared to calcite [48–50], whereas the latter preferentially incorporates Mg2+ ion [51,52].
Further, the total content of Ca in aragonite shells is usually lower than that in calcite
shells [53]. In accordance with these principles, we found a lower value of Sr:Ca ratio
(0.51 ± 0.23 mmol/mol, n = 14) in aragonite shells compared to that in calcite shells
(1.55 ± 0.19 mmol/mol, n = 15) (Mann–Whitney U test, p < 0.001). It has been shown for
freshwater aragonite shells of Unionidae mussels Lampsilis cardium and Hyriopsis sp. [11]
that Sr:Ca ratio in shells may be related to Sr concentration in water during vegetative
(summer) period [21]. The present study does not support this observation for marine
and freshwater bivalves (p < 0.05), because they did not differ by Sr distribution coeffi-
cients between shell and water (p > 0.05). A possible reason of significant differences in
Sr Kd Shell/Sediment values between marine and freshwater bivalves could be the local
environment in a certain bottom biotope, such as sediment chemical and mineralogical
composition. Overall, the observed differences in Kd Shell/Water between marine and fresh-
water samples may be related to more homogenous bottom environment in marine biotopes
in contrast to more heterogeneous environments in freshwater biotopes.

4.3. Elemental Ratios in Shells (Alkalis, Alkaline-Earth Metals, and Divalent Heavy Metals)

The biological control of Na accumulation was revealed based on Ca-normalized
concentrations (R2 = 0.301, p < 0.05) because Kd Shell/Water values of Na strongly correlated
with the factor “species” (R2 = 0.937, p < 0.001). In accordance with previous authors [54],
there was a strong relationship between Na:Ca ratio in mussels’ shells and water for both
marine and freshwater samples (R2 = 0.815, p < 0.05). This observation demonstrates clear
environmental control on the Na concentration in the expalial fluid, where Na incorporation
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into CaCO3 structure occurs across a very wide range (over four orders of magnitude) of
Na concentration in the external milieu.

The Sr:Ca ratio demonstrated significant differences between marine and freshwater
mussels (U Mann–Whitney criterion, p < 0.00001). We believe that it can be primarily
linked to the presence of a high percentage of calcite in marine Mytilus shells, whereas
all freshwater mussels had aragonite composition. Moreover, the variance of Sr:Ca ratio
among freshwater samples (CV = 45.7%) was sizably higher than that among marine
samples (CV = 12.5%), which was consistent with the recent results of [6]. The Sr:Ca
ratio exhibited strong dependence on sampling locality for both marine and freshwater
habitats, as supported by the general linear model (p < 0.001). The Kd Shell/Water of Sr also
demonstrated significant relationship with the geographical factor among both marine
and freshwater samples (R2 = 0.616, p < 0.001). Taken together, these observations support
strong environmental control of Sr accumulation by studied samples of mussels.

Significant differences in Sr concentration were observed between Anodonta and
Beringiana (Mann–Whitney criterion, p < 0.01) samples due to the specific lithology of
the Severnaya Dvina River basin, having a sizable proportion of carbonate rocks. The latter
are responsible for elevated Sr concentration in the river water [38] and, in turn, lead to Sr
accumulation in freshwater mussels’ shells [33]. In contrast, we did not observe significant
differences between Anodonta and Beringiana samples by Ca-normalized concentration of
Mg, which may be caused by the dominance of similar environmental niches for these two
species. Similarly, there was no difference in the Ca-normalized Mg concentration between
Unio and Beringiana samples.

Physiological control of Sr incorporation into shells of freshwater pearl mussel Matr-
garitifera margaritifera was demonstrated by Bailey and Lear [16]. Other researchers noted
biological control of Sr:Ca ratio in carbonate otoliths of marine species, in contrast to envi-
ronmental control of freshwater ones (i.e., [20]), and results of this study also demonstrated
environmental control on Sr accumulation by freshwater species.

The Mn:Ca is an important geochemical indicator, widely used for reconstruction of
aquatic environments in marine and freshwater biotopes [5,6]. The Mn:Ca ratio values
demonstrated a factor of six differences between studied mussels’ species (H Kruskal–
Wallis criterion, p < 0.0001), with the highest values found in freshwater mussels Anodonta
anatina and Beringiana beringiana (Figure S5). These species inhabit biotopes with clay
substrate; they borrow into sediments and, therefore, accumulate high Mn concentration
from partially anoxic porewaters, where high concentrations of free Mn2+ ion occur [7].
Strong accumulation of Mn in bottom layers of the water column is fairly well-established
across the boreal zone [55–58]. Other factors responsible for shell enrichment in Mn relative
to Ca could be a bloom of Mn-accumulating phytoplankton [59,60], as it was demonstrated
for shells of Mytilus edulis [61], Isognomon ephippium [62], and Pleiodon spekii [63].

The lowest values of Mn:Ca ratio among freshwater samples were observed for mus-
sels belonging to genus Unio. It may be explained by a sand-dominated type of substrate
for Unio compared to Anodonta and Beringiana mussels; the latter usually inhabit biotopes
with silt-rich bottom. The lowest Mn:Ca ratios among both marine and freshwater mussels
were observed for genus Mytilus. It could be linked to specific attached lifestyle of Mytilus
mussels, which prefer sand ground with abundant aquatic vegetation [24]. In contrast
to clay-rich environments where other species inhabit, Mn porewater concentration in
these sandy, macrophytes-dominated settings is quite low (i.e., [64]). Another interesting
observation is that the greatest concentrations of Mn were observed for shells of Beringiana,
and the lowest ones were observed for shells of marine mussels Mytilus trossulus (Figure S5).
At the same time, Mn:Ca ratio was higher for Mytilus edulis, which inhabit biotopes with
sandy and silted bottom, compared to Mytilus trossulus, collected from pebble substrate
with aquatic vegetation. These results corroborate previous data, acquired in other biotopes
of the European Subarctic [33].

Recently, Wang et al. [65] demonstrated that Sr:Ba ratio allows to distinguish marine
and freshwater environments due to the differences in mobility of these elements. Our re-
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sults support this observation because there are statistically significant differences between
marine and freshwater samples by Sr:Ba ratio (Mann–Whitney criterion,
p < 0.001). Univariate GLM evidenced strong relationship between individual site and Sr:Ba
ratio, with additional influence of vaterite’s percentage in shells as a covariate (R2 = 0.95,
p < 0.001). Moreover, there was an increase in Sr:Ba ratio in shells with a decrease of vaterite
proportion (R2 = 0.64, p < 0.001; Figure S6).

The pattern of Ba:Ca ratio was generally similar to the one of Mn:Ca ratio (Figure S7).
However, the highest values of Ba:Ca ratio were found for freshwater species Anodonta
anatina and Unio pictorum. Beringiana beringiana had lower values compared to the last two
species (H Kruskal–Wallis criterion, p < 0.0001). The Ba:Ca ratio in marine mussels’ shells
was lower than that in freshwater ones in both western and eastern Eurasia basins studied
in this work. Similar to Mn, the difference in Ba:Ca ratio between freshwater and marine
mussels from these three regions may be explained by chemical composition of sediments
(Table S3). Furthermore, the Ba:Ca ratio is directly related with primary productivity of
water ecosystems; e.g., peaks of Ba:Ca ratio in shell profile of marine mussel Donax gouldii
corresponded to increasing level of Chl a in the water column [6,66].

In marine settings, Ba has vertical distribution in the water column similar to that
of nutrients [67]. Overall, regression relationships between Mn:Ca and Ba:Ca; and Pb:Ca
and Ba:Ca (Figures S6 and S7) suggest that the primary productivity of water ecosystems,
which is related to the type of bottom substrate, is among the factors controlling trace metal
incorporation in the shells. The highest values of these elemental ratios correspond to soft
bottom substrates like silt and clay, which usually exhibit higher primary productivity in
the water column and macrophytes. For example, Kd Shell/Sediment is significantly different
between studied mussels’ species (H Kruskal–Wallis criterion, p < 0.001), with the highest
values observed for Beringiana beringiana which inhabits silted bottom, and the lowest
values recorded for mussels from the genus Mytilus originated from biotopes with a hard
bottom substrate.

We found a positive relationship between Pb:Ca and Ba:Ca ratios in marine and
freshwater samples (R2 = 0.60, p < 0.0001; Figure S8). Increasing of Pb concentration in shells
can be linked to increasing primary productivity of water ecosystems [63], as demonstrated
for biotopes with silt sediments compared to sandy and pebble substrates. There are
reports of positive correlations between Pb:Ca ratio and organic matter concentration in the
sediment [68,69], because silt substrate led to high values of Pb concentration in shells of
mussels’ species compared to shells of mussels distributed on the sandy substrate [70]. Our
study corroborates these former observations as it demonstrated significant relationships
of Pb concentration in marine mussels’ shells with the factor “locality” for marine mussels
(R2 = 0.556, p < 0.005).

4.4. Lithogenic Elements

Analysis of relationships between the locality factor and Al-normalized concentra-
tion of Sr and Ba in mussels’ shells revealed patterns consistent with those observed by
Wang et al. [65] for sediments. Al-normalized concentration helps to assess clay material
passive incorporation into the shells. Normalization of trace element concentration to Al
demonstrated that the lowest admixtures of clay materials and the lowest concentration
of lithophilic elements are observed in marine mussels Mytilus. In contrast, freshwater
mussels accumulated greater amount of lithophilic elements (Figure 3) and they differed
significantly (p < 0.05) from marine mussels by Al-normalized concentration of Li, Na, Mg,
p, S, K, Ca, Ti, Mn, Fe, Cu, Zn, Sr, Zr, Ba, REE, Pb, and U (Figure 4A). This can be explained
by much higher suspended particulate matter (SPM) concentration in river water and lower
Al concentration in marine SPM (which is served as food for filtrators) compared to riverine
settings [71].

The Al-normalized data demonstrate that majority of metals were generally associated
with silt-/clay-type materials, rich in organic matter, which were deposited in low-energy
sedimentary environments [72,73]. Therefore, chemical and granulometric composition of
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sediments essentially control the accumulation of trace metals in mussels’ shells, specifically
in freshwater localities with high variability of environmental conditions in bottom habitats.

There is only limited information on REE pattern in marine mussels’ shells, which
exhibited differences between several marine localities in the North Sea Basin [74]. We
found that Pr and Nd concentrations in mussels’ shells from the entire dataset (marine and
freshwater samples) exhibit significant positive correlations with those of the sediment
(RSpearman = 0.943, p < 0.01 for Pr, and RSpearman = 0.886, p < 0.05 for Nd). At the same
time, the UCC-normalized concentrations of La, Ce, and Pr had no significant differences
between marine and freshwater samples (p > 0.01), suggesting lack of environmental
control, while such differences were significant for Nd and Gd (p < 0.01). We do not
have a straightforward explanation for the contrasting behavior of light and middle REE.
Tentatively, LREE are prone to form adsorbed complexes with mineral (clay) particles, and
these complexes are similar for both marine and freshwater settings. In contrast, MREE are
influenced by aqueous complexes with organic matter in river water and with inorganic
ligands in marine environments and the bio-uptake of these complexes is different between
different groups of mussels.

It is noteworthy that concentrations of La, Ce, Pr, Nd, and Gd normalized to their con-
centrations in sediments did not differ between marine and freshwater samples
(p > 0.05). This suggests lack of physiological and mineralogical control on REE accu-
mulation in shells. Presumably, these insoluble, biologically-indifferent elements enter the
expallial fluid of the mussels in the form of suspended silicate particles. These particles
are passively occluded (incorporated) into the CaCO3 structure and essentially inherit the
original chemical composition of the bottom substrate.

4.5. Element Distribution between Shells and Environment

The distribution coefficients of K and Na between shell and water were much higher
for freshwater mussels compared to marine ones (Figure 5). It is primarily related to much
higher concentrations of Na and K in seawater compared to the river water; this difference
leads to decreased Kd values in shells of marine species. Thus, specific biological control
of trace elements accumulation in marine mussels can be invoked. Similar mechanisms
may operate for Mg and S (sulfate), although the difference in Kd of Mg and SO4 between
freshwater and seawater shells was not so important as for Na and K. Hence, active
uptake or strong mineralogical control on the incorporation of these elements into calcite
vs. aragonite have to be invoked. Indeed, we found positive correlations of Na and S
concentrations to calcite percentage in mussels’ shells, whereas lithophytic elements, such
as Mn, Al, and Ba were correlated to aragonite and vaterite percentage, more abundant in
shells from freshwater settings. Strontium was strongly controlled by percentage of calcite
in shells, and the values of Kd Shell/Water for Sr (0.14–0.23) in Mytilus shells measured in this
study were consistent with data reported for shells of marine bivalve M. edulis from the
Hudson Bay (0.14–0.20) [75].

The PCA for Kd Shell/Water and Kd Shell/Sediments allowed to reveal the following features
of elemental control. PC1 positively correlated to Kd Shell/Water of lithophilic elements in
water, whereas PC2 was related to water chemistry near silt sediment, because this factor
loadings were highest for Mn and S, that are known to accumulate at the bottom water
layer–sediment interface. Although confidence intervals for marine and freshwater samples
overlap, the standard deviation of freshwater mussels was much higher than that of marine
ones, for both PC1 and PC2 variables (Figure S9). It is expected that this is an evidence of
biological control during incorporation of trace elements in marine shell from surrounding
water, and, respectively, the presence of environmental control of this process for freshwater
mussels. It should be noted that the ensemble of marine and freshwater mussels represents
three separate regions and water basins, including the freshwater basin and the related
marine basin. According to the PCA results, marine and freshwater mussels exhibited
similar patterns of accumulation of lithophilic elements (Li, Na, Mg, Al, and K) from
surrounding water, whereas they differed by accumulation of Mn and S. Given that these
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elements are typically enriched in the sediment–water interface, just in the habitat of bivalve
mollusks, we conclude that marine mussels consume and accumulate fewer concentrations
of Mn and S, due to living on habitats more open for water exchange and less stratified in
these elements compared to freshwater ones.

The PCA results for Ca-normalized Kd Shell/Sediment values demonstrated that Factor 1
allowed to distinguish marine and freshwater samples (Mann–Whitney criterion, p < 0.001).
This factor was related to the type of bottom substrate given its high positive loadings
(0.7 to 0.9) for Kd Shell/Sediments of Al, Mn, and lithophilic elements such as K, Ti, Fe, Zr, Ba,
and REE. These elements were preferentially enriched in bottom sediments, compared to
mussels’ shells. Fe and Mn had strong correlation with Factor 1 (factor loadings were from
0.8 to 0.9). Factor 2 was related to concentrations of Na and Sr (0.975 and 0.622, respectively).
K, Zr, and Ba exhibited moderate to low correlations with both Factors 1 and 2. Presumably,
this group of elements was poorly related to the substrate chemical composition. At the
same time, Factor 1 explained 44% of the total variance and factor 2 explained only 19% of
the variance. Therefore, factor 1 was directly related to the bottom substrate in biotopes
inhabited by studied mussels’ species and it allowed distinguishing between marine and
freshwater mollusk species according to their habitat preferences (Figure S9B). Factor 2 can
be related to the water chemistry at the water–sediment interface, due to the presence of
sulfur compounds in such settings (i.e., [33,76]).

Considering together the factors of both PCA treatments (Kd Shell/Water and Kd Shell/Sediment),
we conclude that marine samples demonstrate lower variance for observed factors com-
pared to freshwater samples. The exception is factor 2 for Kd Shell/Sediment samples, that
were related to the water chemistry at the sediment interface, for both marine and freshwa-
ter samples. The concentration factor (F1) for Kd Shell/Water did not differ between marine
and freshwater shells, although it had greater values of variance for freshwater samples.
A number of labile elements had similar pattern in Kd Shell/Water of Li, Na, Mg, Al, and
K for both freshwater and marine samples. Meanwhile, we found significant differences
between marine and freshwater samples by factors related to the bottom substrate (factor 1
for Kd Shell/Sediment) and to the water layer (factor 2 for Kd Shell/Water). In fact, marine and
freshwater mussels had different patterns of heavy metal (including Mn, Al, Fe, Ba, and Pb)
accumulation, likely due to the presence of clays, OM, and sulfide—the main controlling
factors—at the sediment surface and water–sediment interface in different degree in these
settings. A number of other factors, such as the local environments of habitats together with
metabolically driven mineralogical composition of shells, may also interfere in eventual
control of major and trace element pattern in mussels’ shells.

The hypothesis on the biological and environmental control of trace elements accumu-
lation in mussels’ shells was further confirmed via GLM treatment of the data on elemental
composition of marine mussels Mytilus, which is represented as a separate group on the
PCA plot. The lowest concentration of trace elements in their shells may be due to the fact
that these mussels inhabit a saltwater environment with the highest water mineralization
among all localities. Freshwater samples are distributed according to the total trace element
content in shells (Figure S4A) and water mineralization in studied biotopes. Here, species
could be ranged according to the MPI increase, from Beringiana to Anodonta, which reflects
the influence of local environmental factors.

4.6. Biological and Environmental Control of Trace Element Accumulation in Mussels’ Shells

Analysis of distribution coefficients between mussels’ shells and water revealed a
biological control on element accumulation, in particular, a factor 3, which acted on S,
Li, and U. In studied settings, U is known to be redox-sensitive (e.g., [77]). Kriauciunas
et al. [78] reconstructed variations of redox conditions in a Holocene marine coastal biotope
based on the pattern of uranium concentrations in marine bivalve shells Mytilus from
several layers of the outcrop. In the present study, species of marine mussels Mytilus
from two remote regions (White Sea and Western Pacific) exhibited strong differences
in accumulation of U from water, hence suggesting an environmental control. Pavlov
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et al. [79] evidenced site-specific differences in concentrations of several elements (Sc, V,
Cr, Fe, Zn, Rb, Ta, REE (La, Ce, Sm, Eu)) in marine mussels’ shells. At the same time, As,
Se, Rb, and Ba did not demonstrate such geographical features. In this study, we revealed
differences in Ca-normalized concentrations of K, Fe, Al, Mn, Ba, Pb, Mg, La, Sr, S, Na, and
La in shells among observed localities (Kruskal–Wallis criterion, p < 0.01) (Table 3).

The PCA treatment revealed two factors which allow to distinguish marine and
freshwater mussels (Figure S11A). Factor 1 showed the difference in trace elements con-
centrations between marine mussels Mytilus trossulus originating from the Kamchatka
Peninsula, and Mytilus edulis from basins of the Northeastern Europe (Mann–Whitney
criterion, p < 0.05). Significant differences (Kruskal–Wallis criterion, p < 0.005) by Factor 2
were revealed not only between marine and freshwater samples but also among mussels’
shells samples from each of the six studied localities. The median values of Factor 2 were
generally higher for marine localities with relatively low variance compare to freshwater
sites (Figure S10). It may be related to the mineralization of water in marine sites, given that
F2 demonstrated greater values in marine shells due to its significant positive correlation
with Na concentration.

Al-normalized element concentrations revealed greater variance for marine samples
compared to freshwater ones (Figure S4B). A PCA graph showed that the ellipses of
confidence intervals intersect. Significant differences between marine and freshwater
samples were determined by F1, which had high loading for labile major cations and
alkaline-earth metals (Li, Na, Mg, K, Ca, Sr, Ba), P, but also trace metals (Ti, Cu, Zn, Zr, Gd,
Pb, and U). Presumably, these elements exhibit different pattern in marine and freshwater
samples, reflecting both dissolved (labile elements) and sedimentary (P and trace metals)
sources, including organic-matter-associated divalent trace metals. Factor 2 was related to
Al-normalized concentrations of several REE, including La, Ce, and Nd, whereas factor 3
had the greatest positive correlations with Al-normalized concentrations of Fe, Mn, and
Zr, hence reflecting elevated concentrations of these metals in several studied basins such
as the Khalaktyrka River and the related Avacha Bay. The lowest values of this factor
were determined for the Onega River basin that is located in the area of distribution of
metamorphic rocks (granito-gneisses). These features of Fe and Mn distribution may be
related to the presence of fine-grained sediments in specific localities. For example, we
determined relatively high values of Al-normalized concentration of Fe and Mn in samples
from Khalaktyrskoe Lake comparing to freshwater shells samples from the Onega River
basin, which can be linked to sizable hydrothermal input of these metals in rivers of the
Kamchatka Peninsula (i.e., [41]).

5. Conclusions

Elemental composition of marine and freshwater mussels’ shells reflected the differ-
ence in the environment but also suggested a biological control on major and trace element
accumulation in the marine environments. The biological control was less pronounced for
freshwater mussels. The latter accumulated chemical elements in a wide range, depending
on composition of the water column and sediments. A number of elements (K, REEs (La,
Ce), and U) did not exhibit significant differences between marine and freshwater shells.
Taken together, the elemental composition of ‘external’ compartments (i.e., water and sedi-
ment) together with ‘internal’ biological and mineralogical factors regulate concentrations
of majority of trace elements in studied mussels’ shells, as confirmed from the analysis of
distribution coefficients between shells and environmental components.

Our results support negative relationships between concentrations of Na, Zn, and
aragonite percentage in shells, although weak positive correlations were observed between
Cu and Pb concentration and the aragonite and vaterite proportion. The vaterite content in
shells correlated with Kd Shell/Sediment of Mn.

The Mn:Ca ratio values demonstrated the highest values among both marine and
freshwater samples in freshwater mussels Anodonta anatina and Beringiana beringiana, and
the lowest Mn:Ca ratios were observed for genus Mytilus.
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Calcium-normalized distribution coefficients of elements Kd between shell and en-
vironment were also distinctly different between marine and freshwater mussels. The
Kd Shell/Water values of Li, Mg, Mn (p < 0.01), and U (p < 0.05) were significantly different
between marine species, whereas the Kd Shell/Water values of Li, Na, S, K, and Mn were
significantly different for freshwater mussels from distinct geographical regions (p < 0.01).
Multiparametric statistics revealed that all marine mussels accumulated trace elements
under influence of two factors.

Further studies are needed to apply the developed approaches for other taxa of marine
and freshwater mollusks. The spatial heterogeneity of trace metal distribution within the
shells should also help to constrain specific seasonal events and characterize inter-annual
variations, needed for better understanding of controlling mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15203625/s1. Figure S1: Upper crust-normalized REE pattern
of the average values in the bivalve mollusks’ shells; Figure S2: Bottom sediment-normalized REE
pattern of the average values in the bivalve mollusks’ shells; Figure S3: Mean ratio of trace elements
concentrations in marine to fresh water localities. Error bars indicate s.e.m.; Figure S4: A—Mean
values of the metal (Li, Na, Mg, Al, P, K, Ti, Mn, Fe, Cu, Zn, Sr, Zr, Ba, La, Ce, Pr, Nd, Gd, Pb,
and U) pollution index for studied samples of marine (n = 4–5) and freshwater mussels (n = 4–6).
Significant differences are shown by letters (a—no significant differences (p > 0.05), b—differences
are significant at p < 0.05); B—Mean values of the metal (Li, Na, Mg, Al, P, K, Ti, Mn, Fe, Cu,
Zn, Sr, Zr, Ba, La, Ce, Pr, Nd, Gd, Pb, and U) pollution index for studied species of marine (n =
5–9) and freshwater mussels (n = 5); Figure S5: Comparison of Mn:Ca-ratio (mmol/mol) in shells
of studied species of bivalve mollusks (n = 5 to 9). The differences between Mn:Ca-ratio values
among samples are significant at p < 0.00001). Error bars indicate s.e.m.; Figure S6: Regression
relationship between Sr:Ba–ratio in freshwater (red circles) and marine (blue circles) mussels’ shells
and percentage of vaterite; Figure S7: Regression relationships between Ba:Ca-ratio and Mn:Ca-ratio
in bivalve shells samples. Blue circles, marine mussels (N = 15); hatched circles, freshwater mussels
(N = 14); Figure S8: The power relationships between Ba:Ca-ratio and Pb:Ca-ratio in bivalve shells
samples. Yellow labels show samples from biotopes with silt sediment and red labels show samples
from biotopes with dominant sandy deposits; Figure S9: A—PCA factorial graph F1 × F2 for Kd

Shell/Water. The samples are shown by markers: blue ones present marine samples; red ones present
freshwater samples. Ellipses indicate 95% confidence interval. B—PCA factorial graph F1 × F2
for Kd Shell/Sediment. The samples are shown by markers: blue ones present marine samples; red
ones present freshwater samples. Ellipses indicate 95% confidence interval; Figure S10: Median
values of Factor 2 for studied samples of mussels from marine (blue columns) and freshwater (red
columns) localities; Figure S11: A—Normed PCA factorial graph F1 × F2 of marine (blue circles)
and freshwater (red circles) samples. Ellipses indicate 95% confidence interval; B—PCA factorial
graph F1 × F3 of Al-normalized concentration of trace elements in freshwater and marine samples.
The samples are shown by markers: blue ones present marine samples; red ones present freshwater
samples. Ellipses indicate 95 % confidence interval; Table S1: Elemental composition of freshwater
bivalve shells (ppm, dry weight); Table S2: Elemental composition of marine bivalve shells (ppm,
dry weight); Table S3: Elemental composition water and bottom sediments; Table S4: Ca-normalized
distribution coefficients between mussels’ shells and water; Table S5: Comparison of normalized
concentration of Na, Mn, Ba, Mg, and Sr in marine and freshwater environments (4—p < 0.01,
4*—p < 0.05, ×—p > 0.05); Table S6: Correlations between Ca-normalized concentrations of Li, Na,
S and U in mussels’ shells, water, and sediment (n = 6). Significant correlations are marked by an
asterisk. Table S7: Relationships of Ca-normalized trace element concentrations in mussels’ shells
with “species” factor, determined using GLM (relationships are significant at p < 0.05, marked by an
asterisk). Table S8: Relationships of Ca-normalized trace element concentrations in mussels’ shells
with “locality” factor, determined using GLM (relationships are significant at p < 0.01). Statistically
significant relationships are marked by an asterisk. Table S9: GLM for Al-normalized concentration of
trace elements in freshwater mussels’ shells, Factor: Locality (relationships are significant at p < 0.01).
Table S10: GLM for Al-normalized concentration of trace elements in marine mussels’ shells, Factor:
Locality (relationships are significant at p < 0.01). Table S11: Relationships of distribution coefficients
(Kd Shell/Water) of elements between mussels’ shells and water with factor “locality” determined using
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GLM (relationships are significant at p < 0.01). Table S12: Relationships of element distribution
coefficients (Kd Shell/Water) with species factor determined using GLM (relationships are significant at
p < 0.01). Table S13: Spearman correlation coefficients between content of calcite, aragonite, vaterite
and Ca-normalized element concentrations in bivalve shells. One asterisk indicates a significant
correlation at p < 0.05, two asterisks indicate a significant correlation at p < 0.01. A dash indicates
no statistically significant correlation. Table S14: Spearman correlation cefficients between content
of calcite, aragonite, vaterite and Al-normalized element concentrations. One asterisk indicates a
significant correlation at p < 0.05, two asterisks indicate a significant correlation at p < 0.01. A dash
indicates no statistically significant correlation.
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