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Introduction

Wetlands are among the most sensitive ecosystems on Earth, increasingly threatened by anthropogenic
activities and climate variability (Mitsch and Gosselink, 2015). Anzali International Wetland, a Ramsar
Convention site in northern Iran connected to the Caspian Sea, faces escalating pressures from
urbanization, agriculture, and industrial effluents (Jamshidi-Zanjani and Saeedi, 2013; Abbasi, 2019).
Effective environmental monitoring requires reliable natural proxies capable of recording changes with
adequate resolution (Schone and Gillikin, 2013). Among these, bivalve shells and sediment cores have
proven valuable for preserving elemental and isotopic signals (Poulain et al., 2015; Schone ef al., 2023).
Bivalve shells grow incrementally, incorporating elements under both environmental and physiological
controls, a process known as sclerochronology (Marali et al., 2017; Frohlich et al., 2022). Sediment cores
provide complementary long-term records of deposition reflecting pollution and diagenetic processes
(Schneider et al., 2021; Zhang et al., 2023). Integrating both archives enhances understanding of source-
to-sink dynamics and bioavailability, yet combined studies remain rare (Luoma and Rainbow, 2008). This
study evaluates, for the first time, the combined use of Anodonta anatina shell growth layers and sediment
cores as high-resolution biochronometers for reconstructing temporal variations of 14 elements (Ba, Cd,
Co, Cr, Cu, Fe, K, Li, Mg, Mn, Ni, Pb, Sr, Zn) in Anzali Wetland.

Methodology

Sampling was conducted in February 2025 at three sites based on 4. anatina distribution. Five live
bivalves were collected per site. Sediment cores were collected using PVC tubes (1 m length, 5 cm ID)
and sectioned at 2 cm intervals. For one core per site, TOM, grain size (GS1>500, GS2 250-500, GS3
125-250, GS4 63—-125, GS5<63 um), pH, EC, and Eh were measured following MOOPAM (2010) and
Nishimuta et al. (2021). The second core was digested using HNOs and H20: in high-pressure vessels and
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analyzed for elements by ICP-MS (Agilent 7700x), with quality control using GBW(07318 and SRM 2711
(Gao et al., 2017; Armiento et al., 2022). Recoveries were 86—104% and RSD <5.7%. For bivalve
analysis, the oldest shell per site was selected. After soft tissue removal and cleaning, the left valve was
embedded, sectioned along the maximum growth axis, ground, polished, and etched with 0.01 M HCI.
Acetate peel replicas were examined under a digital microscope to count annual growth lines (Richardson,
2001; Ridgway et al., 2011; Pourang et al., 2014). Element: Ca ratios in prismatic and nacreous layers
were measured by LA-ICP-MS (193 nm ArF excimer, 80 um beam, 2.5 J/cm?, 6 Hz) coupled to an Agilent
7900 ICP-MS, with calibration using NIST SRM 612/614 and LD-5 calcite, and data processed with Iolite
software (Schone et al., 2010; Vihtakari ef al., 2017). Statistical analyses included ANOVA followed by
Duncan's test, Pearson correlation, HCA with average linkage and Euclidean distances (Sokal and Rohlf,
2012; Gelfand et al., 2020), using SPSS 29 and Excel 2021, after log or square-root transformation when
needed (Zar, 2010).

Results

Significant inter-site variability was observed in sediment element concentrations for most elements
except Fe and Zn (ANOVA, p <0.0001). Site 3 exhibited the highest Ba concentration (mean 1066.26
ppm), while Site 2 showed the highest Cd (1.16 ppm) and Pb (59.05 ppm). Grain size distribution differed
significantly among sites: Site 3 was dominated by fine particles (GS5, mean 55.19%), Site 1 by coarser
fractions (GS3, mean 47.45%), and Site 2 had intermediate characteristics. TOM was highest at Site 2
(mean 18.65%), and EC was also highest at Site 2 (mean 1812 uS/cm), while Eh was lowest at Site 3
(mean 166 mV). HCA of sediment elements showed distinct clustering patterns: Fe consistently formed a
separate cluster across all sites. At Site 1, four clusters were identified; at Site 2, four clusters including
separation of K with Mn; and at Site 3, two major clusters (all elements except Fe in one group, and Fe
alone). In bivalve shells, element: Ca ratios exhibited layer- and site-specific patterns (Tables 5, 6; Figure
7). The nacreous layer showed greater inter-site variability than the prismatic layer, particularly for Ba/Ca
(F=25.185,p<0.0001), St/Ca (F =53.150, p<0.0001), and Cr/Ca (F =36.421, p <0.0001). Ba/Ca ratios
in the nacreous layer were highest at Site 3 (4.23 mmol/mol), intermediate at Site 1 (2.49 mmol/mol), and
lowest at Site 2 (1.69 mmol/mol). St/Ca ratios in the nacreous layer were highest at Site 2 (65.24
mmol/mol), followed by Site 3 (50.82 mmol/mol) and Site 1 (35.94 mmol/mol). Several elements (Cd, Fe,
K, Mg, Mn, Zn) showed no significant inter-site differences in shell layers despite varying sediment
concentrations, indicating strong physiological control. Mn/Ca ratios were consistently higher in the
prismatic layer than in the nacreous layer across all sites (e.g., Site 1 prismatic mean 170.62 vs. nacreous
74.04 mmol/mol). Pearson correlation revealed significant relationships: at Site 2, Cd and Pb showed
strong positive correlations with TOM (r=0.626 and 0.822, respectively, p <0.01); at Site 1, Fe correlated
strongly with fine particles (GS5: r=10.842, p <0.01); and Eh showed a negative correlation with Mn (r =
-0.589, p < 0.05). HCA of shell element: Ca ratios (Figure 8) consistently separated Mn and Sr into
distinct clusters across most site-layer combinations, while other elements (Cd, Pb, Co, Ni, Zn, Cr, Li, Cu,

K, Ba, Mg, Fe) often grouped together.
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Discussion and conclusion

The integrated analysis reveals complex controls on element distribution, including spatial heterogeneity,
biological regulation, and temporal synchrony (Dick et al.,2007; Lazareth ef al.,2013). High Ba at Site 3
may indicate terrestrial runoff or phytoplankton-driven inputs (Schneider et al., 2021; Frohlich et al.,
2022), while elevated Cd and Pb at Site 2 suggest agricultural/urban pollution (Zare Khosheghbal et al.,
2013). The higher TOM and coarser sediments at Site 1 enhance metal sorption through organic
complexation, whereas the reducing conditions at Site 2 likely promote dissolution of Fe/Mn oxides and
associated trace metal mobility (Luoma and Rainbow, 2008; Mehdizadeh et al., 2023). The greater inter-
site variability in the nacreous layer compared to the prismatic layer supports the hypothesis that the
nacreous layer, due to its faster growth rate and different microstructure, is more sensitive to
environmental fluctuations (Pourang et al., 2014). Ba/Ca ratios in shells, particularly in the prismatic
layer, serve as a reliable proxy for phytoplankton bloom dynamics, with the highest values at Site 3
consistent with known patterns of algal biomass distribution and bloom cycles in Anzali Wetland (Fallahi
et al., 2016; Bagheri et al., 2025). Higher Sr/Ca at Site 2 may reflect unique hydrological conditions or
physiological vital effects. The lack of correlation between environmental availability and shell
composition for elements such as Cd, Fe, K, Mg, Mn, and Zn highlights the importance of biological
regulation in element incorporation. The constant Mg/Ca ratios across sites support this interpretation, as
Mg is known to be strongly physiologically controlled in freshwater bivalves (Lazareth et al.,2013). The
consistent enrichment of Mn in the prismatic layer across all sites aligns with previous findings and may
result from its association with organic-rich growth bands formed during periods of reduced shell growth
(Siegele et al., 2001; Shirai et al., 2014). The strong positive correlation of Cd and Pb with TOM at Site 2
indicates that organic matter plays a significant role in accumulating these metals, likely reflecting
historical anthropogenic inputs (Schneider ef al., 2021). The negative correlation between Eh and Mn
confirms the redox-sensitive behavior of manganese (Poulain ef al., 2015). HCA results further support
these interpretations: the consistent separation of Fe in sediments reflects its dominance as a lithogenic
element and its association with organic matter and redox-sensitive processes (Luoma and Rainbow,
2008); the separation of Mn and Sr in shells highlights their strong environmental and physiological
controls (Schone et al., 2023); and the grouping of Ba with other trace metals at Site 3 suggests common
terrestrial or phytoplankton-driven inputs. The prismatic layer generally records environmental signals
(e.g., Baand Cu) more reliably than the nacreous layer due to its higher organic matter content (Becker ef
al., 2005). Conversely, Pb, Zn, and Mn are strongly regulated by physiological processes (vital effects),
limiting their direct use as environmental proxies (Schone et al., 2011). The observed mismatches between
sediment and shell signals for certain elements underscore the necessity of multi-proxy approaches that
combine complementary archives. The findings emphasize that while Ba and Cu in the prismatic layer are
promising proxies for primary productivity and contamination, respectively, elements like Pb, Zn, and Mn
require cautious interpretation due to biological modulation. This study demonstrates that A. anatina and

sediment cores provide complementary, high-resolution archives for environmental reconstruction in
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Anzali Wetland. The integrated approach allows distinguishing geogenic from anthropogenic inputs and
provides a robust framework for assessing source-to-sink dynamics, bioavailability, and ecological
responses. Future research should incorporate isotopic dating methods (*'°Pb and *’Cs) for sediment cores
to establish accurate age-depth models and improve temporal correlations between shell growth
increments and sedimentary events (Abbasi, 2019; Coral-Carrillo et al., 2023). Additionally, stable isotope
analyses (8"*C, 8'%0, and metal isotopes) in both bivalve and sediment samples would help distinguish
anthropogenic inputs from natural backgrounds and elucidate biogeochemical cycling under varying redox
conditions. The use of longer-lived bivalve species could further extend chronological records and
improve temporal resolution.
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Figure 3: Anodonta anatina shell growth patterns and layers. (a) Shell valve with the maximum growth axis (red
dashed line). (b) Acetate peel replica of a dorsoventral cross-section along the maximum growth axis. (c) Cross-
sectioned shell slab showing distinct layers, a winter-growth line (black dashed line), and selected points (red) for laser
ablation analysis.
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Figure 4. The classification of selected elements in the core sediments of the sampling sites (a, b, and c¢: corresponding

to sampling sites 1 to 3, respectively) based on hierarchical cluster analysis (HCA) derived by average linkage
clustering with Euclidean distances. The vertical dashed lines are used to show cluster grouping.
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Figure 5: Vertical profiles of element concentrations in the sediment cores. The vertical and horizontal axes represent
depth (cm) and element concentrations (Fe, K, Mg, Mn, Sr in% and other elements in ppm), respectively. The red,

blue, and green lines indicate changes in element concentrations in the core samples collected from sampling sites 1, 2,
and 3, respectively.
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Figure 6: Depth-wise profiles of selected physicochemical parameters in sediment core samples collected from three
sampling sites. Depth (cm) is plotted on the vertical axis, while the horizontal axes represent total organic matter
(TOM, %), pH, grain size distribution (%), electrical conductivity (EC, nS/cm), and redox potential (Eh, mV). Red,
blue, and green lines correspond to sampling sites 1, 2, and 3, respectively. Grain size classes GS1 through GS5
represent particles >500 pm, 250-500 pm, 125-250 pm, 63—125 pm, and <63 pm, respectively.
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Table 1: Descriptive statistics of trace and major element concentrations and physicochemical characteristics in
sediment core layers from the sampling sites

Sampling site Element Mean SD Min. Max.
Ba (ppm) 534.93 196.76 116.76 982.29
Cd (ppm) 0.78 0.26 0.45 1.33
Co (ppm) 58.78 14.46 43.14 96.17
Cr (ppm) 228.79 58.64 128.12 359.66
Cu (ppm) 160.05 25.04 123.45 219.35
| Fe (%) 15.14 3.04 11.83 22.77
K (%) 1.97 0.89 1.07 4.54
Li (ppm) 98.66 27.21 66.14 171.38
Mg (%) 5.26 0.77 4.29 6.84
Mn (%) 0.32 0.11 0.21 0.58
Ni (ppm) 153.30 43.99 105.59 255.79
Pb (ppm) 48.09 14.28 31.54 82.50




Sampling site Element Mean SD Min. Max.
Sr (%) 0.12 0.02 0.08 0.18
Zn (ppm) 271.06 83.94 179.86 520.96
TOM 2.14 1.02 1.11 5.11

pH 7.86 0.21 7.19 8.09
Eh 166.55 7.34 147 178
EC 450 110.49 240 623
GS1 27.06 17.50 5.21 73.83
GS2 8.78 5.59 1.80 19.37
GS3 47.45 15.83 11.11 75.09
GS4 4.67 3.35 0.54 13.99
GS5 12.04 7.11 2.91 26.55
Ba (ppm) 395.03 83.47 224.36 524.68
Cd (ppm) 1.16 0.27 0.75 1.65
Co (ppm) 44.19 4.09 36.42 53.27
Cr (ppm) 136.02 10.75 110.99 162.90
Cu (ppm) 98.27 20.96 55.77 125.34
Fe (%) 12.26 1.73 8.68 15.48
K (%) 0.734 0.20 0.38 1.23
Li (ppm) 7.16 1.54 4.09 10.39
Mg (%) 4.37 0.44 3.47 5.17
Mn (%) 0.74 0.15 0.46 1.16
Ni (ppm) 112.26 17.94 77.57 140.62
2 Pb (ppm) 59.05 15.04 36.34 82.48
St (%) 0.17 0.04 0.10 0.25
Zn (ppm) 233.36 35.98 166.32 291.47
TOM 18.65 5.83 8.91 27.38
pH 8.07 0.11 7.79 8.24
Eh 177 6.41 167 192
EC 1812 392.93 1295 2496
GS1 11.99 13.02 1.32 48.82
GS2 5.84 7.19 0.30 24.15
GS3 32.32 10.23 16.92 56.11
GS4 22.15 8.69 2.59 42.74
GS5 27.70 13.05 14.96 69.20
Ba (ppm) 1066.26 144.37 819.78 1256.94
Cd (ppm) 0.76 0.24 0.42 1.40
Co (ppm) 52.90 9.74 27.49 74.05
Cr (ppm) 207.45 29.22 135.58 250.43
Cu (ppm) 80.20 17.26 4291 109.61
Fe (%) 14.88 18.09 8.19 91.53
K (%) 2.62 0.46 1.65 3.37
Li (ppm) 6.84 1.18 4.41 9.26
Mg (%) 3.55 0.53 2.19 4.24
Mn (%) 0.30 0.13 0.09 0.65
Ni (ppm) 144.31 25.95 77.97 183.43
3 Pb (ppm) 42.89 8.66 28.33 58.29
Sr (%) 0.013 0.002 0.008 0.017
Zn (ppm) 231.27 51.99 102.88 312.19
TOM 3.93 1.81 1.66 10.21
pH 7.77 0.18 7.46 8.15
Eh 166 8.66 147 178
EC 905.05 212.45 351 1373
GS1 1.29 1.99 0.03 8.75
GS2 0.61 0.96 0.05 4.49
GS3 16.22 12.93 3.49 44.08
GS4 26.69 9.21 13.39 49.26
GS5 55.19 14.84 23.13 75.69
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Table 2: Results of 23 one-way ANOV As testing the null hypothesis that there were no significant differences among
the sampling sites in concentration of the elements and the physicochemical characteristics of the core samples.
Sampling sites which have a common letter are not significantly different from one another (Duncan’s new multiple
range test, p < 0.05). GS1 to GSS represent the grain sizes >500pm, 250-500pm, 125-250pm, 63-125pm and <63pm,

respectively.
Parameter F-ratio p-value 1 Sampling s1;es 3
Ba 113.106 <0.0001 b a c
Cd 15.350 <0.0001 a b a
Co 10.083 <0.0001 b a b
Cr 32.135 <0.0001 b a b
Cu 77.105 <0.0001 c b a
Fe 0.447 0.642 a a a
K 53.042 <0.0001 b a c
Li 14.835 <0.0001 b a a
Mg 40.994 <0.0001 c b a
Mn 68.952 <0.0001 a b a
Ni 9.570 <0.0001 b a b
Pb 8.083 0.001 a b a
Sr 168.793 <0.0001 b c a
Zn 2.725 0.074 a a a
TOM 128.687 <0.0001 a b a
pH 15.508 <0.0001 a b a
Eh 13.555 <0.0001 a b a
EC 136.235 <0.0001 a c b
GS1 20.972 <0.0001 c b a
GS2 12.035 <0.0001 b b a
GS3 27.992 <0.0001 c b a
GS4 47.285 <0.0001 a b b
GS5 64.916 <0.0001 a b c
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Table 3: Results of three one-way ANOV As testing the null hypothesis that there were no significant differences
among the element concentrations in core samples from each of the sampling sites. The elements which have a
common letter are not significantly different from one another (Duncan’s new multiple range test, p < 0.05).
Station F-ratio p-value Ba Cd Co Cr Cu Fe K Li Mg Mn Ni Pb Sr Zn

1 200.436  <0.0001 a a a a a d b a C a a a a a
2 310909  <0.0001 a a a a a d b a ¢ b a a a a
3 13.655 <0.0001 a a a a a b a a a a a a a a

iy Gl 1) oKl o olie mexd Cuip
10905 4> b Oygo 4 (0920
V oSzl Cd, Li, Pb, Co, Ni, Cu, Cr, Zn, Ba, Sr, Mn <K < Mg <Fe
Y ol%l Cd, Li, Co, Pb, Cu, Ni, Cr, Zn, Ba, Sr <K, Mn < Mg < Fe
¥ ol&iul Cd, Li, Pb, Co, Cu, Sr, Ni, Cr, Zn, Ba, Mn, K, Mg < Fe

Y



Code Scwmed (GS5: 1 =0.687, p < 0.01) 53,

gy W) o it b i (Siaer EC.oils
(GS1: r=-0.626, p <0.01; GS2: r=-0.589, p <

&oblse slo Siwon ¥ oKl o 0l L2i0.05)
ryr=0.626 s 5a) o <8l TOM ¢Pb . Cd
s Bh o (5 loliae e  Sison .(p<0.01= 0.822
Y oK) ol svalieMn (r = -0.589, p < 0.05)
EC(r=0.618, p<0.05) ypH 1o sie (Sicon

Sz bbbl (Sar zd o)L ol las
@>0.05) cuslas ol,d ojlasl sl iy

9 Cow) (leowdssy b sbrazivwl ¥ (o bLI,|

G o glacdils
Ly, (F Jsex) o (Smrer Jelodiot 25
Sy rlroreS b soazinld Sy ] 6loline
TOM o) oKl ;o 0,5 ST 6 paie slacdile 4
Eh:1r=-) sl Jesly L) g lolae chie Sivon
Cate (Swaod sl)ls ol ols 4Lz (0.587, p < 0.05
(GS5:1=0.842, p < &l s ol (s 53, idu b (568
il TOM L (g loline  Siad g 03,b.050.01)

ol leesll L LI = -0.332, p > 0.05)

6291055 Slgmsy 30 (rlrond 9 (50 08 Az (B g polis yolie o Lailyy b alasly 30 (ygu yy (Smmod il F Jgur

s Coodle 9 oo gl 50 (4099 510 Sro oup LS = Cudle (€ gb @ Bg > Cud FA) Y g ¥ ) (6,10 pdiged sbd olTiwg ! 3l o

IVO-YB+ YDe—Bee Do 31 18 530 o gaudils ouiddylis i yias GS5  JI GS1 .l Seof o) rbauws j0 (1099 410 Sxo ouidd yLid
ol g 5o Y | %3S 3 ying Knn Y-V ¢ ying S

Table 4: Pearson’s correlation coefficients for the elements level and some physical and chemical parameters of the
sediment core collected from sampling sites 1, 2 and 3 (a, b and c, respectively). * Significant at < 0.05. ** Highly
significant at < 0.01. GS1 to GS5 represent the grain sizes >500pm, 250-500pm, 125-250pm, 63-125pm and <63pum,

respectively.

Ba Cd Co C Cu Fe K Li Mg M St Zn TOM GS1 GS2 GS3 GS4 GS5 pH Eh EC
Ba 1
cd 009 1
Co -0.086 0937 1
Cr -0.033 0.8527 0933”7 1
Cu -0374 0.765" 0.8117 0.627 1
Fe -0.171 0.6417 0.736" 0.7147 0.632" 1
K -0.167 08977 0.9307 0.8527 0.727" 0.6527 1
Li  -0.189 0.8477 0.9327 0.818™ 0.880 0.724” 0.885~ I
Mg -0.131 0.766™ 0.8747 0.7817 0.8737 0.7147 0.777" 09377 1
Mn -0237 0.746" 0.8517 0.7737 0.8847 0.617" 0.757" 0.9297 0.963" 1
Ni  -0.046 0.866 0.895" 0.809™ 0.783” 0.660™ 0.8107 0.843” 0.764” 0.7417
Pb  -0.159 0.8817 0.936" 0.837" 0.8997 0.7127 0.884™ 0.964™ 0.9297 0.9327 0.828™ (a)
Sr -0.026 -0.323 -0262 -0344 0078 -0.105 -0.364 -0.043 0196 0.164 -0.313 1
Zn  -0.189 0.9047 0.937 0.813” 0.820 0.521° 0.927 0.886 0.785~ 0.804 0.872” 0.887" -0312 1
TOM -0332 0100 0053 -0.145 0234 -0200 0246 0097 0071 0.114 -0005 0.149 0000 0254 1
GS1 0.183 0477 -0.390 -0.201-0.592" -0.138 -0.433 0.502" -0.516" -0.505" -0.295 -0.530° -0.216 -0.485" 0262 1
GS2 0113 0206 0.189 0193 0021 0299 0383 0228 0041 -0.009 0265 0.131 -0.446" 0207 -0.128 0234 1
GS3 0194 0.540° 0436 0298 0.600° 0206 0370 0471 0.5717 0.526° 0381 0.491° 0295 0.467 0.162-0.8527 0004 1
GS4 0041 0178 0.187 0022 0312 -0011 0.121 0305 0281 0289 0017 0308 0349 0222 0048 -0.470° -0202 0290 1
GS5 0.687° 0279 0252 -0334 -0.043 0842 -0.126 -0.140 -0.166 -0.057 -0343 -0042 0060 -0.119 0349 -0153 -0.145 0270 0203 1
pH 0403 0023 0037 -0072 0423 0058 -0.171 0.114 0219 0251 0107 0.113 0.464° 0052 -0.055 -0.336 -0.335 0.510° 0339 0199 1
Eh 0323 0278 0225 0417 0065 0138 0.151 0080 -0.018 0.025 0196 0.146 0488 0.116 -0.587" 0.075 0233 -0.117 0071 -0078 0287 1
EC -0323 0315 0382 0375 0447 0156 0431 0529° 0.551° 0.601" 0295 0.477 0241 0.449° 0.161 -0.626 -0.589 0395 0016 0028 0110 0002 1
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Ba Cd Co Cr Cu Fe K Li Mg Man Ni Pb Sr Zn TOM GSI GS2 GS3 GS4 GS5 pH Eh EC
Ba 1
cd 0414 1
Co 03720736 1
Cr 06107 0.6817 0.6527 1
Cu 07547 0.7837 0.8157 0.765" 1
Fe 0456 0.543° 0.6097 0425 0.736" 1
K 0867 0.6217 0.535° 0.809™ 0.856~ 0.595" 1
Li 07367 0.796" 0.7457 0.8247 0.9417 0.6747 09147 1
Mg 0.8577 0.6757 0.700” 0.8017 0.9437 0.7027 0.957" 09327 1
Mn 0201 0245 0369 0290 0272 -0.289 0269 0240 0271 1
Ni  0.716" 0.8037 0.8127 0.7827 0.9797 0.706" 0.856" 0.955 0.924" 0297 1 (b)
Pb  0.678" 0.8187 0.7617 0.709” 0.956 0.667" 0.833” 0.909” 0.905" 0.346 0.940° 1
Sr 09247 0109 0120 0389 0.521° 0328 0.667 0.474 0.660" 0.100 0451 0417 1
Zn 08107 0.7707 0.7547 0.783” 0.9827 0.729” 0.9117 0.950™ 0.976" 0.255 0.955™ 0.949™ 0.593" 1
TOM 0.7727 0.626™ 0.461° 0.7027 0.820™ 0.523° 0.803" 0.7207 0.825" 0.240 0.757" 0.8227 0.621” 0.844~ 1
GS1 0190 0288 0381 0149 0523° 0343 0319 0429 0390 0223 0.524° 0.602" 0.032 0465 0405 1
GS2 0286 0488 0.167 0.456° 0340 0210 0353 0352 0314 0113 0357 0365 0.148 0360 0445 -0.144 1
GS3 0727 -0.457 -0.567 -0.6397-0.684 -0.298 -0.647-0.6427-0.725" -0.510" -0.677-0.660 -0.611-0.6927 -0.554" -0222 0258 1
GS4  -0241.0.6237-0.560" -0.204 0.6057-0.724" -0.391 -0.548" -0500" 0.057 -0.576"-0.688" -0.072-0581" -0.440 -0.514° -0.145 0.154 1
GSS 0383 0216 0346 0238 0230 0258 0256 0246 0339 0077 0.195 0174 0414 0267 0079 -0.402 -0.108 0523° -0.193 1
pH 0289 -0246 -0370 -0.034 -0.046 0.112 0.105 -0.029 0.001 -0406 -0.078 -0.196 0436 -0.002 0.170 -0.116 -0.026 0.183 0204 -0.140 1
Eh 0335 0173 0060 0172 -0.641 0268 0210 0231 0250 -0.589° 0230 -0.590° 0352 0313 0450° 0204 0085 -0240 -0.182 0059 0365 1
EC 0372 07137 0.6417 0.481° 0.755" 0.613” 0.648" 0.7117 0.705" 0279 0.755" 0.856" 0.091 0.738™ 0.6127 0.614~ 0309 -0.384 -0.682 -0.028 -0.428 0043 1
Ba € Co C Cu Fe K Li Mg Mn Ni Pb Sr Zn TOM GSI GS2 GS3 GS4 GS5 pH Eh EC
Ba 1
Ccd 0441 1
Co 0539° 0866~ 1
Cr  0.765" 0.650” 0.820 1
Cu  0.6347 09017 0948 0.860 1
Fe -0.192 -0059 -0.046 -0.163 -0.101 1
K 07557 0.7497 0.8787 09347 0.935” -0.176 1
Li  0.6817 0.6357 0.798" 0.8227 0.843" -0.132 0.888" 1
Mg 0.6847 0.7447 0.9207 0.926” 0.936" -0.183 0.964” 0877 1
Mn 0388 0.6907 0.8137 0.5327 0.7747 0.122 0.7257 0.726" 0.7227 1
Ni 04897 0.6997 0.892” 0.806” 0.866 -0.123 0.8497 0.7887 0.889” 0.7017 1 (C)
Pb  0.6127 0.900" 0.847 0.803" 0.960™ -0.149 0.887" 0.821" 0.8787 0.6827 0.772" !
Sr o 0.6637 0.5787 0.7237 0.787" 0.801" -0.115 0.873™ 0.8117 0.897" 0.624™ 0.689 0.808" 1
Zn 05037 0.8127 0.9457 0.787" 0.9387 -0.061 0.880™ 0.837" 0.916 0.792” 0.838 0.870" 0.815~ !
TOM -0295 -0.031 -0.015 -0.173 -0.103 0.809™ -0.211 -0.134 -0.181 0.078 -0.130 -0.166 -0.130 -0.006 1
GS1 -0319 0015 0.063 -0.120 -0.024 0.890" -0.124 -0.137 -0.091 0.189 -0.020 -0.092 -0.064 0053 0.835~ 1
GS2 0277 -0.021 0.020 0061 -0.025 0.044 -0.120 -0221 -0.077 -0232 0.010 -0.104 -0280 -0.025 0378 0331 1
GS3 -0.125 -0.045 0078 0038 0013 -0.085 0052 0.159 0.138 -0.016 0.146 0.028 0.108 0.113 -0.096 0068 0080 1
GS4 0166 0288 0309 0.458° 0385 0068 0330 0092 0335 0084 0346 0356 0252 0255 0.095 0271 0.540° -0265 1
GS5 0066 -0.140 -0270 -0.305 -0246 -0.090 -0226 -0.163 -0.311 -0.049 -0340 -0226 -0224 -0262 -0.111 -0.383 .0.514° -0.722” 0.461° 1
pH 0377 -0387 0340 -0.358 -0.383 0217 -0373 -0224 0279 0.451° -0290 -0.328 -0.161 -0272 -0.003 -0.073 0206 0.454 -0.208 -027 1
Eh 0359 0250 0124 0.197 0206 -0.450° 0261 0225 0.173 0028 0097 0262 0.172 0138 0.6137-0.717"-0.597" -0237 -0.323 0.542° 0226 1
EC 0173 -0.149 -0.106 -0.096 -0.150 0506 -0.144 0.174 -0.188 -0.165 -0225 -0232 -0.086 -0.046 0707 0.486 0341 -0246 0.136 0043 0618 0247 1

«Mny K (V) ¢ BagPb, Co, Cu, Ni, Cr, Cd, Sr, Zn
09,5 50 4 yolie ¥ oKiusl 0,90 ,0 . Fe(F) g « Mg(Y)
Co, Pb, Cu, L1, Cd, Sr, Cr, (1): g so (g pmmndts

.Fe(Y) g « MgsZn, Ni, Mn, Ba, K

$1asS 95 sddiged Judoxigay joxi

GRS () 59 gy 090 polis Lo @ by po slroolsy
Loy 9, 5 Sbony glay o eds «
sloliws! BLKS VRN )‘ AW ‘5)910; Bao sladiges

Glgw) yo polic Gussog S
3 d9zge yolie (oilye bl gladgs Jlodga o5
SIS a4 1) ety (F JS) lojae Slgw,
S GSlen s o lis (50 paigel slaollil)]
09,5 S o Fe wolliusl aw ;2 5 50 10 04 0 cdalie
Sz 5o polie ) dKisl 550 10 0,5 oo L8 GlETa
Co, Pb, Cd, Cu, Ni, Li, Sr, (\): &,.5 0 ;1,8 05,5
3,90 5 . Fe(f) g Mg(¥) K(Y) BayCr, Zn, Mn
Li, (V): sl nnlice JB ploe dligs Loz ¥ oKty

4



Yo (V) VEro gl ol gale dlas

il bl ) S @ polie Cos i Ll 4
N Jgaz 0 6l paises sleelKiul 5l ek (559108
@ yolie gbcans Ol wlhas @)l Lol )18
g5 Soilenm cleasy (g9, oo Sl bl o ppdS
3V IS8 )3 badged Buo dingy (o050 ablie ;5 s S5
y Bao sbdiges slaaY o Sl yole gunadl
AU o ol alids glades Jdosga ol

NG R W DR

Cond 4y bgppe o Hlel B Jsaz 50 (5l paiged
Sloolli] SESa5 4y 50 Y 93 )0 el 4 olis
obly sladelouisa ;o @l & Jgaz 5o )l paiged
L_SLQoliH.ul O ;9)1..9‘ o r )BL:.\.A aQ 43;‘0 ;S.l
e Oyge polie SIS o sl a5l gl paiges
50 Lol | Sy 4y i B atngy sy )0 pudS &
@ 8,bSy slagmil)ly Jelosisn iz @l &V Jou
robe Gm ylogine Dol plais b S92y (o slaie
Joy,a GJLJ 9 A Jﬁ” ).) LS)b)"bﬁ‘“ le.bcliw‘ )l s_i:

Suwo sbrdiged (we 55 Y Na (Siloy p ¥ Pr) acwg srasy ;o (mmol/mol) pudS & polic G 10 Jguo

Gl pdiges groliws! 3 cmd)sié;
Table 5. Element: Ca levels (mmol/mol) in the shell layers (Pr: Prismatic, Na: Nacreous) of the specimens collected
from the three sampling sites

Sampling  Age- g, cd Co Cr Cu  Fe K L Mg Mn Ni Pb Sr Zn
Site Layer

1-Pr 3.68 0.0017 0.021 0.089 0.219 32.43 0.86 0.044 8.11 193.29 0.050 0.00062 54.62 0.028

2-Pr 8.00 0.0011 0.025 0.095 0.299 39.20 2.16 0.111 14.30 295.28 0.051 0.0010 89.82 0.052

3pr 643 0.0000012 0.016 0072 0242 2537 175 0097 1035 11791  0.049  0.00093  79.65  0.060

4-Pr 5.41 0.000032 0.014 0.033 0.267 21.66 1.88 0.084 8.15 91.18 0.035 0.00045 62.90 0.044

sPr 6.06 0.0012 0.016 0.039 0308 2455 132 0109 1426 15546  0.031  0.00050 8137  0.067

! 1-Na 2.26 0.0011 0.0107 0.0120 0.038 16.29 1.02 0.030 2.82 47.38 0.020 0.00018 21.59 0.012
2-Na 2.26 0.00027 0.0104 0.0117 0.047 16.43 2.57 0.056 5.68 89.91 0.047 0.00118 37.50 0.297

3-Na 2.87 0.000048 0.0105 0.0119 0.029 15.66 1.64 0.064 6.85 114.71 0.036 0.00037 33.42 0.101

4-Na 2.74 0.000026 0.0104 0.0117 0.037 16.37 3.33 0.049 8.20 75.81 0.033 0.00077 29.74 0.060

5-Na 231 0.00083 0.0114 0.0130 0.041 17.97 1.60 0.133 11.67 42.40 0.022 0.00037 57.44 0.092

1-Pr 4.16 0.000048 0.0242 0.0959 0.126 35.80 2.06 0.040 8.94 328.61 0.052 0.00405 133.43 0.049

2-Pr 2.69 0.000007 0.0156 0.0568 0.108 23.38 1.03 0.063 6.78 249.47 0.035 0.00139 91.41 0.004

3-Pr 1.94 0.00073 0.0124 0.0586 0.276 20.32 1.70 0.057 13.56 208.82 0.055 0.00433 82.73 0.059

4-Pr 3.10 0.000015 0.0159 0.0652 0.105 23.67 2.30 0.098 12.64 172.91 0.038 0.00211 85.47 0.084

5-Pr 1.69 0.00025 0.0162 0.0665 0.133 23.68 2.03 0.099 9.05 143.37 0.069 0.00201 80.90 0.058

6-Pr 0.47 0.00041 0.0112 0.0410 0.066 16.01 1.59 0.088 4.42 48.10 0.035 0.00203 37.03 0.064

7-Pr 3.14 0.0014 0.0175 0.0740 0.185 24.03 2.60 0.231 22.13 226.79 0.127 0.00180 116.03 0.069

8-Pr 3.44 0.000017 0.0139 0.0546 0.092 19.95 227 0.134 13.11 161.67 0.032 0.00018 122.71 0.038

9-Pr 4.24 0.0011 0.0191 0.0807 0.152 31.52 1.97 0.129 10.72 121.18 0.060 0.00080 120.11 0.064

10-Pr 6.47 0.000077 0.0212 0.0701 0.181 37.47 1.93 0.182 18.71 148.99 0.052 0.00061 137.00 0.042

11-Pr 6.13 0.00097 0.0727 0.0721 0.111 76.18 2.85 0.171 21.57 176.73 0.078 0.00345 125.94 0.115

12-Pr 5.04 0.00015 0.0876 0.0631 0.325 100.37 8.85 0.164 25.90 168.17 0.140 0.01770 67.48 0.282

2 13-Pr 5.50 0.00085 0.0456 0.0768 0.134 124.44 3.16 0.144 8.94 118.34 0.124 0.01011 111.58 0.109
1-Na 1.62 0.00024 0.01634 0.0498 0.033 25.10 1.24 0.066 10.48 161.71 0.034 0.00273 45.41 0.061

2-Na 1.61 0.0000059 0.01317 0.0517 0.026 19.04 5.97 0.079 6.81 190.64 0.032 0.00302 24.03 0.032

3-Na 1.93 0.0013 0.01216 0.0612 0.033 19.58 1.59 0.067 5.79 213.85 0.061 0.00439 63.85 0.085

4-Na 1.05 0.000039 0.01196 0.0360 0.025 16.78 1.04 0.047 5.16 37.66 0.034 0.00076 29.69 0.040

5-Na 2.70 0.00021 0.01438 0.0471 0.031 19.00 1.32 0.054 7.58 67.46 0.036 0.00192 77.42 0.104

6-Na 0.80 0.000049 0.01289 0.0484 0.032 18.69 1.35 0.059 5.19 29.56 0.066 0.00938 108.15 0.145

7-Na 1.30 0.000596 0.01189 0.0349 0.029 16.45 1.48 0.080 5.97 39.91 0.043 0.00346 64.85 0.087

8-Na 1.67 0.000043 0.01097 0.0449 0.029 16.68 1.32 0.121 13.71 82.19 0.032 0.00146 68.18 0.091

9-Na 1.51 0.00077 0.010995 0.0393 0.022 16.55 1.35 0.082 9.86 70.16 0.053 0.00178 55.45 0.074

10-Na 2.20 0.00096 0.014542 0.0514 0.028 19.85 1.26 0.071 10.50 105.69 0.031 0.00165 90.19 0.121

11-Na 1.78 0.0000065 0.011257 0.0309 0.030 16.31 1.48 0.055 8.31 82.60 0.036 0.00477 79.84 0.107

12-Na 1.84 0.000016 0.012755 0.04263 0.022 18.28 2.36 0.073 7.67 100.28 0.051 0.00446 107.78 0.144
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13-Na 1.96 0.000065 0.012707 0.04070 0.022 17.83 0.99 0.050 10.48 110.70 0.022 0.00633 33.31 0.044
1-Pr 4.29 0.000054 0.013333 0.05891 0.169 18.57 1.86 0.069 4.06 96.34 0.028 0.00287 68.53 0.080
2-Pr 5.16 0.00050 0.015507 0.05444 0.140 21.30 1.51 0.089 9.95 98.82 0.025 0.00143 64.11 0.042
3-Pr 7.19 0.00063 0.016144 0.07143 0.355 23.92 2.44 0.116 7.13 80.88 0.034 0.00079 82.66 0.062
3 4-Pr 6.06 0.000013 0.015847 0.04593 0.243 26.93 3.37 0.058 7.80 110.51 0.041 0.00645 56.57 0.135
1-Na 3.43 0.00040 0.009517 0.03574 0.022 13.42 1.03 0.026 3.64 105.34 0.019 0.00236 33.11 0.0369
2-Na 3.18 0.000422 0.011668 0.04737 0.021 15.79 1.33 0.028 6.10 69.46 0.025 0.00327 52.84 0.058
3-Na 5.81 0.000028 0.012414 0.05063 0.025 16.90 1.01 0.039 5.78 103.31 0.018 0.00109 76.67 0.027
4-Na 4.48 0.0015 0.011859 0.06038 0.024 17.63 1.00 0.031 2.67 82.26 0.021 0.00253 40.67 0.038
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Table 6: Descriptive statistics of element: Ca levels (mmol/mol) in the shell layers (Pr: Prismatic, Na: Nacreous) of the
specimens collected from the three sampling sites

Sal;‘::mg Element/Ca Layer Mean SD Min Max

Pr 6.92 137 541 8.68

Ba/Ca Na 2.49 0.299 2.26 2.87
CdCa Pr 0.00079  0.00068  1.2E-11 0.0017
Na 0.00044  0.00037  2.55E-05 0.0011

Co/Ca Pr 0.019 0.0046  0.000026 0.025
Na 0.011 0.00045 0.010 0.011

CrCa Pr 0.066 0.028 0.034 0.095
Na 0.012 0.00051 0.012 0.013

CulCa Pr 0.26 0.037 0.22 031
Na 0.039 0.0062 0.030 0.047

Fe/Ca Pr 28.64 7.10 21.66 39.20
Na 16.542 0.85 15.66 17.97

Pr 1.60 0.51 0.86 2.16

1 K/Ca Na 2.03 0.91 1.02 333
LiCa Pr 0.089 0.027 0.043 0.110
Na 0.067 0.039 0.030 0.133

Pr 11.03 3.10 8.11 14.30

Mg/Ca Na 7.05 3.26 2.82 11.67
Mu/Ca Pr 170.62 79.64 91.18 295.28
Na 74.04 30.09 42.40 114.71

NiCa Pr 0.043 0.009 0.031 0.051
Na 0.032 0.011 0.020 0.047

Pb/Ca Pr 0.00071  0.00026  0.00045 0.0010
Na 0.00058  0.00040  0.00017 0.00118

S1/Ca Pr 73.67 14.44 54.62 89.82
Na 35.94 13.37 21.59 57.43

Pr 0.050 0.015 0.028 0.067

Zn/Ca Na 0.112 0.108 0.012 0.297

Pr 3.69 1.79 0.47 6.47

Ba/Ca Na 1.69 0.48 0.80 2.70
CdiCa Pr 0.00046  0.00040  0.0000071 0.0014
5 Na 0.00033  0.00023  0.0000059 0.0013
Co/Ca Pr 0.029 0.025 0.011 0.088
Na 0.013 0.0015 0.011 0.016

o/ Pr 0.067 0.013 0.041 0.096

Na 0.044 0.0083 0.031 0.061
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CulCa Pr 0.15 0.074 0.067 032
Na 0.028 0.0040 0.022 0.033
Fe/Ca Pr 42.83 34.77 16.01 124.44
Na 18.47 2.36 16.31 25.10
Pr 2.64 1.94 1.03 8.85
K/Ca Na 1.75 1.31 0.99 5.97
LiCa Pr 0.123 0.055 0.039 0.231
Na 0.069 0.019 0.047 0.121
Pr 13.96 6.71 4.42 25.90
Mg/Ca Na 8.09 2.61 5.16 13.71
Mu/Ca Pr 174.93 68.84 48.99 328.61
Na 99.42 57.85 29.56 213.85
NiCa Pr 0.069 0.038 0.032 0.140
Na 0.041 0.013 0.022 0.066
Pb/Ca Pr 0.00389  0.00287  0.00019 0.01770
Na 0.00355  0.00236  0.00076 0.00938
S1/Ca Pr 100.91 29.48 37.03 137.00
Na 65.24 27.56 24.03 108.15
Jo/Ca Pr 0.080 0.067 0.004 0.283
Na 0.087 0.036 0.032 0.145
Pr 5.67 1.24 4.29 7.19
Ba/Ca Na 423 1.20 3.18 581
CdiCa Pr 0.00030  0.00024  0.000013 0.00063
Na 0.00059  0.00048  0.000028 0.0015
CoCa Pr 0.015 0.0013 0.013 0.016
Na 0.011 0.0013 0.0095 0.012
CrCa Pr 0.058 0.011 0.046 0.071
Na 0.048 0.010 0.036 0.060
CuCa Pr 0.23 0.096 0.14 0.35
Na 0.023 0.0017 0.021 0.025
Fe/Ca Pr 22.68 3.58 18.57 26.93
Na 15.93 1.84 13.47 17.63
Pr 2.29 0.81 1.51 3.37
3 K/Ca Na 1.09 0.16 1.00 1.33
LiCa Pr 0.083 0.025 0.058 0.116
Na 0.031 0.005 0.026 0.039
Pr 723 2.43 4.06 9.95
Mg/Ca Na 455 1.66 2.67 6.10
Mu/Ca Pr 96.64 12.19 80.88 110.51
Na 90.097 17.26 69.46 105.35
NiCa Pr 0.032 0.007 0.025 0.041
Na 0.021 0.003 0.018 0.025
Pb/Ca Pr 0.00289  0.00243  0.00079 0.00645
Na 0.00232  0.00090  0.00109 0.00327
S1/Ca Pr 67.97 10.97 56.57 82.66
Na 50.82 19.05 33.11 76.67
J0/Ca Pr 0.079 0.040 0.042 0.135
Na 0.040 0.013 0.027 0.059
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Sbes p 4Y -V oKl Pb, Cd, Co, Ni, Zn, Cr, Li, Cu, K, Ba, Mg, Fe < Sr < Mn
505,55 &Y -\ oKl Cd, Pb, Co, Cr, Ni, Cu, Li, Zn, K, Ba, Mg <Fe < Sr <Mn
Sbejs p 4Y =Y oKwsl: Cd, Pb, Co, Cr, Ni, Zn, Li, Cu, K, Ba, Mg < Fe < Sr <Mn
9,55 aY -Y oKl Cd, Pb, Co, Cu, Ni, Cr, Li, Zn, Ba, K, Mg <Fe < Sr<Mn
Sebejs Y =Y oKwsl: Cd, Pb, Co, Ni, Cr, Zn, Li, Cu, K, Ba, Mg < Fe < Sr <Mn
505,55 aY =Y oKl Cd, Pb, Co, Ni, Cu, Li, Zn, Cr, K, Ba, Mg < Fe < Sr <Mn
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Table 7: One-way ANOVA results (n=28) assessing whether element: Ca levels in the shell layers (Pr: Prismatic, Na:
Nacreous) vary significantly among sampling sites. Sampling sites which have a common letter are not significantly
different from one another (Duncan’s new multiple range test, p < 0.05).

Sampling sites

Element/Ca Layer F-ratio p-value I 5 3
Ba Pr 7.757 0.003 b a ab
Na 25.185 <0.0001 b a c

cd Pr 1.099 0.353 a a a
Na 0.484 0.623 a a a

Co Pr 0.954 0.403 a a a
Na 4.824 0.020 a b ab

Cr Pr 0.480 0.626 a a a
Na 36.421 <0.0001 a b b

Cu Pr 5.036 0.018 a a a
Na 16.654 <0.0001 b a a

Fe Pr 1.023 0.379 a a a
Na 3.169 0.065 a a a

K Pr 0.779 0.473 a a a
Na 0.816 0.457 a a a

Li Pr 1.650 0.218 a a a
Na 4.111 0.033 b b a

FA



Sampling sites

Element/Ca Layer F-ratio p-value I 5 3
Pr 1.387 0.274 a a a

Mg
Na 1.878 0.180 a a a
Pr 2.243 0.134 a a a

Mn
Na 0.498 0.615 a a a
Ni Pr 2.901 0.080 a a a
Na 4.812 0.020 ab b a
Pb Pr 1.144 0.339 a a a
Na 4.392 0.067 a a a
S Pr 3911 0.038 ab b a
Na 53.150 <0.0001 b a c
Pr 0.531 0.597 a a

Zn
Na 1.758 0.199 a a

Sy90 polie (it 18 Sro Wl Gladd (oo yho Goans 5 (903l Heliio 4 48,y (Wil lg Jelowigas joui il gl :A Jgur
G ol g (el S0 Y Na (Silojs yy Y Pr) dtwgy arY S & (oS 1 juolie Coundd) Gz (1! 50 (o) 2
L5518 g03T Zuls wlw! 33 P < 0.05) Cawl 418 Sxo SIS (y1aid suids s Li o lwSy Bg > .51 pdiges
Table 8: Results of six one-way ANOV As assessing the null hypothesis that there were no significant differences
among the element: Ca levels in the shell layers (Pr: Prismatic, Na: Nacreous) of the specimens collected from each of

the sampling sites. The elements which have a common letter are not significantly different from one another
(Duncan’s new multiple range test, p<0.05).

Sam.pling Laye Fratio p-value B C€C C C C F K L M M N P Sr Z
site r a d o r u_ e i g n i b n

| Pr 23.935 <0.0001 a a a a a a a a a c a a b a

Na 28.187 <0.0001 a a a a a a a a ab d a a c a

5 Pr 70.721 <0.0001 a a a a a b a a a d a a c a

Na 40230  <0.0001 a a a a a b a a ab d a a c a

3 Pr 172.748  <0.0001 a a a a a b a a d a a c a

Na 58.007 <0.0001 a a a a a b a a a d a a c a

Ay Na (Sl p aY Pr) diwgs (LAY 10 pundS 4 polic Cand oo ilg ) 9590 10 (yguw ju (Simmod 3o R Jgu
009 18 S0 o LS # Codle (€ gb @ Cud Fa) ¥ g Y ) (6,10 pdiges ol ! 5 o..x.&‘_g)s.i.); Sawo srdiges ((wes )5S
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Table 9: Pearson’s correlation coefficients for the element: Ca levels in shell layers (Pr: Prismatic, Na: Nacreous) of
the specimens collected from sampling sites 1, 2 and 3 (a, b and c, respectively). Statistically significant correlations
are shown in bold. Significant correlations are bolded. * Significant at < 0.05. ** Highly significant at < 0.01.

Ba-Pr Ba-Na CdPr Cd-Na CoPr CoNa CrPr Cr-Na CuPr CuNa FePr Fe-Na KPr KNa LiPr Li-Na MgPr Mg-Na Mn-Pr Mo-Na NiPr Ni-Na PbPr Pb-Na SrPr Sr-Na Zn-Pr Zn-Na

BaPr 1

BaNa 0663 1

CdPr 0753 1

Cd-Na 03538 -0. 0903 1

CoPr 0888 -07 0.667

Co-Na 0218 0392

CrPr 0911 0391 0457 1

CrNa 0218 0392 0441 1

CuPr -0360 - 0025 0345 0392 1

CuNa 0350 -0806 059 0199 0098 0651 1

FePr 0865 - 0.609 0884° 0321 0060 0630 1

FeNa 0233 0547 044 0493 0867 0691 0514 0160 1

KPr 0382 0604 0026 0523 0503 0199 0124 0263 1

KNa -0518 0575 0.73 0392 0484 0425 0255 -0.160 - . (a)
LiPr -0.461 3 0336 0240 0201 0850 0272 -0.018

LiNa 0488 0139 0051 0542 0864 0715 0149 -0350 1

MgPr 0017 0448 0263 0081 0442 0847 0594 0370 0697 1

MgNa -0813 0314 < 0818 0650 0726 0037 -0613 0892 1

MnPr 0763 -0760 0651 0755 0146 0296 0773 0968 0129 0402 1

Mn-Na -0.15 0717 085 0262 0661 0111 -0.405 0.059 0303 0156 0045

NiPr 0146 -0 0940° 0640 0506 0078 0713 -0.753 0679 0.849 1

NiNa 0004 7 0423 -0.767 0245 0421 -04 0246 20109 0431 1

PbPr 0458 - 0042 035 0763 -0477 0036 0101 0688 -0.507 0243 0.398 0808 0751 1

Pb-Na 0036 -0073 0198 -0.57 0135 -0508 0583 0617 0434 0085 0873 078 0557 -0.129 0.037 0123 0871 0449 1

Sr-Pr 0118 -0065 -0.122 -03 0124 0132 0738 0333 0298 0212 0643 0158 0386 0533 0507 0428 0067 0627 0635 0538 1

Sr-Na 0429 0075 0453 0776 0839 0312 019 0818 0125 -0020 0767 0491 0820 0368 0612 0069 0111 0073 0667 1
InPr 0560 0324 0385 0502 0703 0019 -0280 0438 0396 0069 0897 0849 0737 0817 - 0392 0215 0173 0134 0809 0872 1
Zn-Na 0207 -0256 0029 03 0420 0281 0624 0616 0662 -0014 0753 0369 0698 0080 0734 0017 0340 0845 0756 0844 0832 0284 0370 1
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BaPr BaNa CdPr Cd-Na CoPr CoNa Cr-Pr CrNa CuPr CuNa FePr FeNa KPr KNa LiPr LiNa MgPr MgNa MnPr MnNa NiPr NiNa PbPr Pb-Na Sr-Pr_Sr-Na ZoPr Zn-Na
Ba-Pr 1
BaNa 0315 1
CdPr 0101 0109 1
Cd-Na 0019 0226 0342 1
CoPr 0.624° 0199 0113 0360 1
CoNa 0011 0334 -0498 0002 -0.109 1
CrPr 05637 0251 0241 0160 0183 0359 1
Cr-Na -03380 0275 -0433 0455 -0431 0462 -0272 1
CuPr 0208 0332 0134 0478 0431 -0003 0080 0245 1
Cu-Na 0444 0018 -0040 0191 0390 0315 0111 0359 -0231 1
FePr 0660° 0269 0190 -0315 08327 -0038 0291 -0354 0309 -0.547 1
Fe-Na -0.051 0195 -0460 0.120 -0.149 0895~ 0372 0618 0068 0428 0110 1
KPr 0369 0120 -0052 -0264 0820 0075 0034 -0264 0.664° -0.490 0.65¢ 1
K-Na 0146 -0.024 -0271 -0216 -0001 0045 -0277 0269 0014 -0.196 -0.101 -0.043 1 (b)
LiPr 0527 0062 0490 0058 0394 -0379 0099 -621° 0213 -0323 0349 0377 0259 1
LiNa -0012 -0048 0108 0101 -0212 -0308 -0.166 0.37 0029 -0037 -0316 0010 019 0155 1
MgPr 0412 0091 0490 0388 -0.018 -0285 0279 -0379 -0.019 0243 -0.084 0253 0310 0.605° 0072 1
MgNa 0278 0618 0184 0120 -0290 0067 0283 0073 -0389 0200 -027 0399 0175 -0005 0613 0288 1
MnPr 0118 0083 -0.169 0080 -0.026 0402 0523 0170 0164 0271 -0.144 0064 0332 0263 0142 0171 0163 1
Mn-Na 0065 0351 -0216 0324 -0015 0313 0137 0.699" 0352 0.132 0.046 0107 0493 0530 0092 -0.156 0067 0587 1
NiPr 039 0223 0498 0052 0662° -0088 0308 -0411 0575 -0.409 0728 -0214 0712 0141 0620° -0.180 0110 -0459 -0015 0134 1
0541 0387 0252 0348 0100 0243 -0433 0266 0335 0238 -0325 0052 0102 -0076 -0.168 0019 -0265 -0375 -0297 -0.070 -0.066 1
0312 0166 -0.022 -0251 0.789" 0061 0078 -0.080 0.648° -0462 798" 0061 0.897° 0012 0.141 -0231 0402 -0542 -0026 0142 0.734" 0.065 1
Pb-Na 0229 -0312 0. -0.199 0241 -0041 0378 0064 -0029 0167 0330 0007 0127 -0024 -0036 -0334 -0297 -0495 -0413 -0056 0242 0448 0346 1
Sr-Pr 07017 0286 0172 0241 0024 0066 0719" -0230 -0.112 -0035 0109 009 -0212 -0.178 0322 0299 0.641° 0717 0434 0156 0028 .623° -0286 03541 1
Sr-Na 0014 0092 0014 0080 0329 0006 -0377 0053 0318 0216 0045 -0.065 0431 -0286 0353 0068 -0033 -0.086 0462 -0340 0188 0528 0236 0380 0337 1
Zn-Pr 0348 0060 0064 -0260 0859~ -0.142 0023 -0338 0.626° -0.460 0.700" -0.134 0967  -0.142 0359 -0198 -0226 -0512 -0.172 -0.174 0717 0.185 0902 0248 -0287 0446 1
Zn-Na 0014 0092 0014 0080 0329 0006 0377 0053 03138 0216 0045 -0.065 0431 -0286 0353 0068 -0033 -0.086 -0.462 -0340 0.I88 0528 0236 0380 -0337 1.000" 0446 1
BaPr_BaNa CdPr CdNa CoPr CoNa CrPr CrNa CuPr CuNa FePr FeNa KPr_ KNa LiPr LiNa MgPr MgNa MuPr MoNa PbPr_PbNa SrPr_Sr-Na ZnPr ZnNa
BaPr 1
Ba-Na 0927 1
CdPr 0534 0379 1
Cd-Na -0061 -0.141 -0.728 1
CoPr 0863 0614 0539 012 1
Co-Na 0882 0642 0603 0069 0138 1
CrPr 0411 0554 0695 -0894 0051 0132 1
CrNa 0690 0438 0021 0633 0853 0810 -0375 1
CuPr 0910 0893° 0377 0172 0578 0609 0583 0446 1
Cu-Na 0925 0861 0.195 0154 0695 0699 0282 0699 0943 1
FePr 0743 0603 -0.027 0618 0815 0774 -0204 0595 0567 0802 1
FeNa 0827 0621 0241 0433 0945 0919 -0160 0492 0582 0776 0684 1
KPr 0542 0575 -0415 0719 0449 0401 -0331 0786 0554 0778 0873 0.706 1
KNa 0327 0620 0421 0202 0096 0101 -0.190 -0.138 -0.637 0640 -0317 -0.115 0688 1 (c)
LiPr 0598 0558 0947 -0817 0436 0510 0880 -0072 0567 0334 -0061 0165 -0330 0137 1
LiNa 0674° 0635 0584 0228 0757 0790 0580 0531 0572 0907 0606 0694 0447 -0389 0697 1
0337 0.754 0739 -0266 0591 -0.081 0057 0442 0629 -0030 0700 0223 0193 1
0259 0334 0397 0620 -0.192 0095 -0.106 -0273 0007 -0.657 0.620 0839 0316 0488 1
0424 0100 0182 035 0354 -0.562 0263 0283 0131 0370 0109 -0916 0586 0182 0689 1
0.102 -0414 0371 0653 -0447 0500 0291 -0276 -0.378 0075 -0.768 0234 0275 -0.874 -0.173 -0.580 1
0613 0506 0464 0258 0803 0622 0831 0893 0743 0652 -0.690 -0243 0526 -0005 0592 0294 0095 1
0430 0736 0097 0170 0070 0043 -0.544 0031 0762 -0.649 -0.152 -0031 -0457 0827 0217 -0.549 0704 0294 0473 0908 -0487 1
0111 0095 -0847 0613 -0011 009 -0818 0512 -0.116 0178 0538 0306 0757 -0402 0862 -0242 0093 -0914 0857 -0.197 0695 -0031 1
0689 -0897 0326 0411 0231 0279 0775 0063 -0918 0756 -0216 0211 -0327 0716 -0.594 0809 0410 -0.102 0734 -0788 039 0905 0281 1
0467 0607 0698 -0.865 0101 0181 0196 0317 0635 0344 0232 0101 0273 0225 0886 0631 0613 .0721° 0462 0654 0198 0573 0790 -0808 1
0827 0733 0906 -0.569 0706 0763 0734 0275 0720 0588 0287 0493 -0023 0040 0938 0873 -0.303 -0.639° 0773 0111 0067 -0241 0644 0629 0762 1
0092 0179 -0.787 0875 0047 -0020 -0605 0540 0.164 0417 0617 0371 083 -0650 -0.715 -0005 -0240 -0925 0659 0055 0842 -0324 0611 0024 -0.566 -0.481 1
Zn-Na 0517 -0798 0073 0117 0035 -0.059 -0519 -0.078 -0819 0729 -0259 -0.142 -0.533 0932 -0230 0619 0.628 0294 0451 -0857 -0.567 0370 -0.067 0919 0554 -0201 0365 1
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Figure 7: Element-to-calcium ratios measured at selected points along the prismatic (dashed lines) and nacreous (solid
lines) shell layers in cross-sections of Anodonta anatina specimens collected from three sampling sites (Sites 1, 2, and
3, represented by red, blue, and green lines, respectively). The vertical axis represents sequential analysis points from
the umbo to the ventral margin (numbers indicate the age of the corresponding layers), while the horizontal axis

shows the measured ratios in mmol/mol.
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Figure 8: The classification of selected elements (elements: Ca) in the shell layers of the specimens collected from the
sampling sites (a: Sitel-Prismatic, b: Sitel-Nacreous, c: Site2-Prismatic, d: Site2-Nacreous, e: Site3-Prismatic, f: Site3-
Nacreous), based on hierarchical cluster analysis (HCA) derived by average linkage clustering with Euclidean
distances. The red dashed lines are used to show cluster partitioning.
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