soil systems

Article

Selenium and Heavy Metals in Soil-Plant System in a
Hydrogeochemical Province with High Selenium Content in
Groundwater: A Case Study of the Lower Dniester Valley

Sergey Sheshnitsan L*(, Nadezhda Golubkina 2, Tatiana Sheshnitsan 1, Otilia Cristina Murariu 3,

Alessio Vincenzo Tallarita 4

check for
updates

Citation: Sheshnitsan, S.; Golubkina,
N.; Sheshnitsan, T.; Murariu, O.C.;
Tallarita, A.V.; Caruso, G. Selenium
and Heavy Metals in Soil-Plant
System in a Hydrogeochemical
Province with High Selenium Content
in Groundwater: A Case Study of the
Lower Dniester Valley. Soil Syst. 2024,
8,7. https://doi.org/10.3390/
s0ilsystems8010007

Academic Editors: José L. S. Pereira
and Vitor Joao Pereira Domingues
Martinho

Received: 28 October 2023
Revised: 3 January 2024
Accepted: 4 January 2024
Published: 5 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Gianluca Caruso %

Faculty of Forestry, Voronezh State University of Forestry and Technologies, Timiryazeva Str. 8,
Voronezh 394087, Russia; tatianasheshnitsan@gmail.com

Analytical Laboratory Department, Federal Scientific Vegetable Centre, Selektsionnaya Str. 14, Vnissok,
Moscow 143072, Russia; segolubkina45@gmail.com

Department of Food Technology, “Ion Ionescu de la Brad” Iasi University of Life Sciences, M. Sadoveanu
Alley, 700440 Iasi, Romania; otiliamurariu@uaiasi.ro

Department of Agricultural Sciences, University of Naples Federico II, 80055 Naples, Italy;
lexvincentall@gmail.com (A.V.T.); gcaruso@unina.it (G.C.)

Correspondence: sheshnitsan@gmail.com

Abstract: The bioaccumulation of selenium (Se) and heavy metals (HMs) in plants is important
because it can affect plant health and human nutrition. Recognizing the factors affecting Se accu-
mulation in plants may have important implications for agricultural practices and human health
in selenium-rich regions. The study primarily focused on the interactions between Se and HMs
in the soil-plant system of the Lower Dniester Valley. Total concentrations of HMs (Cu, Mn, Zn)
were determined by atomic absorption spectrometry, while Se concentrations were determined
by a sensitive single-test-tube fluorometric method in solutions and extracts. Water-soluble Se
(0.09 & 0.03 mg-kg ') in soils was 32.1% of the total Se (0.33 & 0.13 mg-kg~!) and increased with the
total rising Se content (¥ = 0.845). The results indicated that plants had a greater Zn accumulation
capacity than that of the other HMs, suggesting its importance as a trace element for plant require-
ments. Se also had a high bioaccumulation rate. Se and Zn accumulation varied in different soil types,
reflecting differences in bioavailability. In contrast, Mn and Cu showed low bioaccumulation, which
varied with soil conditions and anthropogenic Cu pollution. Despite the Cu contamination of the soils
in the investigated region, it can be inferred that the hydrogeochemical province with high Se content
in groundwater has favorable conditions for Se mobilization in soils. The absence of antagonistic
interactions with HMs in the soil-plant system contributes to the enhanced Se accumulation in plants
in the Lower Dniester Valley. These results emphasize the complexity of the interactions between Se
and HMs in the soil-plant system and their potential impact on agricultural practices.

Keywords: bioaccumulation; soil properties; mobility; pollution; Fluvisols

1. Introduction

Bioaccumulation is the gradual accumulation of certain substances, such as heavy
metals and selenium, in plant tissues. These elements are derived from a variety of sources,
including natural deposits, industrial activities, and agricultural practices [1-5]. The accu-
mulation of selenium (Se) and heavy metals (HMs) in plants is of great importance due to
the potential threat posed to plant health and human consumption. However, Se and HMs
such as copper (Cu), manganese (Mn), and zinc (Zn) are also known as essential micronu-
trients that can be beneficial or detrimental to plants and animals, with a narrow range
between beneficial and toxic depending on their concentration and species [6-8]. Although
the essentiality of Se has not yet been established for higher plants, it is responsible for
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a number of beneficial effects in several plant species [9,10] and actively contributes to
plant antioxidant defense against all forms of biotic and abiotic stresses [11]. However, it
is indispensable for animals and humans [12]. The essentiality of Se for humans provides
important protection against viral and cardiovascular diseases and several forms of cancer,
and improves immunity, fertility, and mental health among other benefits [13].

The bioaccumulation of HMs and Se in plants and their ecological effects is increas-
ingly being investigated. It was shown that these compounds can either affect plant growth
and development or also disrupt the ecological balance of ecosystems [7,8,14-16]. The
study of bioaccumulation in hydrogeochemical provinces with high concentrations of Se
is of great importance for several reasons. Firstly, such areas are generally at higher risk
of Se contamination in both soils and water sources, with direct implications for plant
uptake. Understanding the mechanisms and patterns of bioaccumulation in these regions
may help to develop effective strategies to manage and mitigate the risks associated with
Se accumulation in plants. Secondly, as these territories are usually located in agricul-
tural areas, Se accumulation in crops may have important consequences for food safety
and health.

The Moldavian hydrogeochemical province with increased Se content in ground-
water and shallow waters was identified in the 1980s due to the presence of a signif-
icant source of this trace element in rocks and its high concentration in groundwater
(0.n—n-10 ug-L_l). Sedimentary formations of the Middle Sarmatian are rich in dissemi-
nated selenium-containing sulfides, which are the main source of Se in groundwater [17].
According to Hannigan et al. [18], Neogene (Middle Sarmatian) clays contained abundant
Se and they were the source of Se in groundwater, the concentrations of which were shown
to locally exceed the maximal permitted value [19] by 1.5-24.0 times and varied from 15.0 to
240.0 pg-L~1. Therefore, a comprehensive investigation is particularly needed to estimate
the regional Se distribution because of the possible ecological problems for agricultural
practices and the water supply [17]. A more extensive study, which included the Dniester
Valley, revealed Se concentrations in the soils ranging from 0.10 to 0.67 g-kg . The majority
of soils analyzed had an optimal Se content. The highest Se content was observed at a
depth of 0.4-0.7 m and decreased nearer to the parent rock. High Se concentrations were
also found in the local surface waters with values ranging from 0.2 to 6.1 pug-L ™1, indicating
the abundant presence of soluble Se that was available to plants [20]. Se accumulation in
some components of the regional food chains, including insects [21], bee products [22], and
mushrooms [23], was found to be relatively high in the Dniester Valley. Recent studies of
Se content in human hair reported a high supply of the trace element in the environment of
Moldova [24].

Heavy metal pollution in soils in Moldova was found to have significant impacts on
the soil and water environment [25,26]. Moss biomonitoring was used to assess air pollution
levels and sources in the Republic of Moldova. The results indicated consistent pollution
levels for a wide range of HMs [27]. According to some comprehensive studies [27-29],
the main sources of anthropogenic HM pollution in the region are industrial emissions,
transport, and agricultural practices.

The aim of this study was to determine the level of Se in soils and its accumulation
in plants as well as to identify the factors associated with Se bioaccumulation in the
hydrogeochemical province with high Se in groundwater. At the same time, it is expected
that HMs (Cu, Mn, and Zn) in the soil-plant system can act antagonistically [30] and may
reduce the Se bioaccumulation rate in plants.

The choice of these HMs from a wide range of elements was due to the following
reasons. Firstly, Cu, Mn, and Zn are essential for plant, animal, and human nutrition in
certain concentrations [30]. Secondly, these elements have a higher affinity to accumulate
in living organisms in the geochemical landscapes of the Lower Dniester Valley than their
water migration ability. This implies that HMs are more actively involved in biological
cycling and consequently highlights the distribution of matter within ecosystems [31].
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2. Materials and Methods
2.1. Study Area and Geochemical Characteristics of the Lower Dniester Valley (LDV)

The study area of about 1848 km? represents a terraced plain in the south-eastern
part of Moldova (46°48" N 29°38’ E) and occupies mainly the left bank part of the Lower
Dniester Valley as well as the small right bank part of the area adjacent to the Bendery
(Figure 1).
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Figure 1. Location of the study area and sampling sites (o) in the Lower Dniester Valley. White circles
represent geographic position of towns.

Most of the region consists of Quaternary terraces. The terraces are covered by a
thick layer of loess. Towards the north-east, the terraces merge into the root slope of the
Dniester Valley, which is covered by a lower layer of deluvial sediments and is formed by
sands and clays of the Upper Sarmatian. Floodplains cover over 20% of the region, with
predominantly loamy and sandy soils in central and riverine floodplains, accompanied by
shallow groundwater. All floodplain areas in the LDV were artificially isolated from flood
waters by dyke systems constructed to prevent river flooding of the agricultural lands. In
the northeastern part, absolute heights reach 150-200 m, while in the southeastern part
they rarely exceed 80 m. The surface of the terrain is somewhat dissected by small dry
gullies with flat, uneroded slopes.

The depth of the groundwater table in the Pleistocene terraces of the Dniester River
varies significantly, usually ranging from 10 to 15 m. In the Dniester floodplains, the
groundwater level is typically set between 0.5 and 8 m, depending on the fluctuations of
the Dniester River, and is susceptible to flooding [32].

The climate of the area is temperate continental, i.e., warm and arid. The region
has an average annual air temperature of 9.6 °C with a cumulative temperature (above
10 °C) of 3270°, and active vegetation for approximately 200 days. The yearly average
precipitation is 420-430 mm, with a corresponding moisture coefficient of 0.50. The study
area is dominated by Chernozem soils which cover almost 77% of the territory. The most
important types are Luvy-Calcic Chernozems (43.8%), Vorony-Calcic Chernozems (24.5%),
and Voronic Chernozems (4.5%). They are followed by Fluvisols which comprise up to 8%
of the whole soil cover.

2.2. Field Studies and Sample Preparation

The study was conducted in the second half of the vegetation season during July
and August. Soils were collected from the topsoil at a depth of 0 to 30 cm usinga 1 m
stainless steel auger, taking into account the mesorelief characteristics (watersheds and
terraces, slopes, hollows, floodplains). The combined soil sample was the mixture of 7
to 10 samples taken randomly in a given area. Samples of aboveground parts grown in
the current year (shoots and leaves) of cultivated (wheat Triticum aestivum L., sunflower
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Helianthus annuus L.) and wild (couch grass Elytrigia repens (L.) Nevski) mature plants most
common for the study area were collected at soil sampling sites. Dead plant parts from
previous years were not included in the sample.

The obtained soil and plant samples were dried at room temperature and then thor-
oughly powdered (soil samples were powdered with an agate mortar and after that sieved
with a 1.0 mm sieve, plant samples were powdered in an electric mill with steel blades) and
homogenized. The larger mass of the average sample was reduced by quartering and then
packed in polyethylene bags for subsequent analysis.

Samples were dried in a heating oven at 103 & 2 °C to a constant weight for conversion
to dry weight.

2.3. Chemical Analysis and Extraction

Soil organic carbon content (SOC) was obtained from the dichromate redox titration
method using N-phenanthranilic acid as an indicator [33]. The soil pH in water extract was
measured using a portable pH-meter WTW pH 3110 SET 2 with a SenTix 41 pH electrode
in suspension obtained from stirring of the soil sample with deionized water with the
ratio 1:5.

The procedure of alkalimetric determination of carbonates (as CaCO3) was the fol-
lowing. A soil sample (0.5-2 g) was put to a dry 250 mL Erlenmeyer flask, placing the
sample near the wall of the flask. An empty porcelain crucible was placed in the flask.
Five mL of 2 N HCl was poured into the crucible, using a pipette. Then, a tube without
welt (25 x 90 mm) with 5 mL of 0.4 N NaOH was placed in the flask. This tube was leaned
against the wall of the flask, and it was immediately closed with a rubber stopper moistened
with distilled water. Then, the flask was tilted, overturning the crucible with acid allowed
to distribute along the bottom of the flask. After 4-5 h, the flask was opened, the test tube
was removed, rinsed with distilled water from the outside, and dried with filter paper.
Two drops of a solution of phenolphthalein and about 1 mL of a saturated solution of BaCl,
were added to the test tube. Then, the excess NaOH was titrated with 0.2 N HCI until the
disappearing of the pink color.

The carbonate content (CaCOs3, g-kg’l) was calculated as follows:

(V —V;)-C-0.022-2.273-1000

CaCO3 = p— ,

(1)

where V is the acid volume used for titration of the NaOH solution in the control experiment,
mL; V; is the acid volume used for titration of the excess NaOH in the soil analysis, mL;
C is the concentration of HCI, mmol (eq)-mL~!; m is the mass of the air-dry sample, g;
0.022 is the molar mass of the carbon dioxide equivalent (1/2 CO5), g~mol’l (eq); 2.273 is
the coefficient for conversion from CO; to CaCOj3 concentration; 1000 is the coefficient for
conversion to g-kg~!; K is the coefficient for conversion of the analysis result to dry soil.

The sum of exchangeable cations Ca* + Mg?* was determined in a 1 N KCI extract
according to Shaimukhametov [34].

The determination of total HMs (Cu, Mn, Zn) was performed by atomic absorption
spectrometry with an Aanalyst800 (Perkin Elmer, Shelton, CT, USA) using a flow-injection
system FLAS-400 in aqua regia extracts of soil according to ISO 11047 [35]. Exchangeable
forms (EXC) of trace metals were extracted by the acetate-ammonium buffer solution with
pH = 4.8 with a soil:solution ratio of 1:10. The Cu acid-soluble forms in an analytical soil
sample were determined through soil extraction. This was achieved by suspending the
sample in a 1 N nitric acid solution for 24 h. The determination of exchangeable forms
of metals and acid-soluble Cu in soil extracts was carried out using atomic absorption
spectrophotometry with the use of a SHIMADZU AA-7000 (Shimadzu, Kyoto, Japan).

Total soil Se was determined in solutions obtained from the acid digestion of perchloric
and nitric acids at 120 °C for 1 h, 150 °C for 1 h, and 180 °C for 1 h. Water-soluble (WS) Se,
a form of exchangeable Se in soil, was extracted using deionized water with a soil to water
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ratio of 1:5 in a hot-water bath for 1 h [36]. Se was determined in solutions and extracts by
a sensitive single-test-tube procedure for the fluorometric determination [37].

2.4. Bioccumulation Assessment and Statistical Analysis

The bioaccumulation factor (BAF) was used to calculate the Se and HMs transfer from
soil to the aboveground part of various plants according to the following equation [38]:

Ce

BAF = —,
Cs

2)
where C, represents the element contents (in dry matter) in the aboveground part of the
plant and C; shows the element concentration in the corresponding soils.

Descriptive statistics and a correlation analysis among various sample groups were
carried out using STATISTICA 10.0 software (StatSoft Inc., Tulsa, OK, USA, 2011). Each
variable was checked for outliers, which were excluded from further statistical calculations
based on the rejection criterion at p < 0.05. The statistical significance of the differences
between the two variables was assessed according to the distribution patterns of the sample
data, using non-parametric methods (Mann-Whitney U-test, Kruskal-Wallis ANOVA).
Pearson or Spearman correlation coefficients were calculated, and a regression analysis was
performed to examine the tightness and type of relationship between the two variables. All
statistical calculations were performed at a significance level of p < 0.05.

3. Results
3.1. Total Se and Heavy Metals Content in Soils
3.1.1. Soil Physicochemical Characteristics

The main physicochemical characteristics of soils in the LDV, relevant for assessing Se
and HM content and mobility, are shown in Table 1.

Table 1. Soil’s physical and chemical properties.

Exchangeable Cations

socC CaCo
5011 Type ’ Ca2+ + Mg2+ Texture
(g'kg™) (gkg1) (mg (eq)-100 g~ 1)
Fluvisols 8.09 +0.10 139 £592 67.2 +38.0 % 25.0+893 Sandy loam
éﬁ:fngiffs 817+ 0112 13.6 + 6.3 2 439 4+ 23.8"P 32.8 4 10.02 Loam
\é’ﬁoe?zo(;;lﬁ;c 7.88 +£ 024" 84+81° 28.4 +37.0¢ 182 +10.5° Loam
Chz(r’;f;gms 7.95+0.10° 271+15b 126+79¢ 46.4 + 48P Silt loam

SOC: soil organic carbon; CaCOj: carbonate content. Data (1 = 34) are presented as the mean values &= SD. Within
each column, values with the same letters do not differ statistically according to Mann-Whitney U-test at p < 0.05.

Soil pH varied from 7.88 in Vorony-Calcic Chernozems to 8.17 in Luvy-Calcic Cher-
nozems, corresponding to a slightly alkaline soil environment. The ranges of SOC and
carbonate content were very wide, from 8.4 to 27.1 g-kg ! and from 12.6 to 67.2 g-kg ™!,
respectively. The highest content of exchangeable cations was observed in Voronic Cher-
nozems with a silt loam texture (46.4 mg (eq)-100 g~1), but the lowest content of 18.2 mg
(eq)-100 g~! was found in Vorony-Calcic Chernozems with a loam texture.

3.1.2. Selenium in Soils

Statistical data for the estimation of the content of total and mobile Se and HMs content
in the soils of the Lower Dniester Valley are presented in Table 2.
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Table 2. Selenium and heavy metal concentrations in different soil types (0-30 cm) (mg-kg™1).
Se Mn Zn Cu
Soil Type
Total WS Total EXC Total EXC Total EXC
Fluvisols 0.36 & 0.09 @ 0.11 £0.032 429 4 173 2 96.1 +24.02 35.5+25.0% 19141292 27.6 +10.9 % 03540222
éﬁ;’rynocjelf;‘; 032 +0.16° 0.09 +0.022 458 £ 122° 762 + 250 293 + 1642 0.97 £ 0.70 2 39.1+10.82 0.52 + 0.51 2
\/Co}rl‘é?zogj:;“ 033+ 0.12° 0.08 £ 0.032 374 £ 115 64.6 £ 125% 252 +£1032 0.46 £ 0.19® 1314+ 850 0.18 £ 0.03°
Ch\g‘r’;f)‘;fms 0.23 + 0.07 b 0.08 £ 0.012 565+ 17° 56.1+6.2° 440 +£162° 0.82 £ 1.25% 262 +7.7° 0.09 + 0.05°
All soil types 033 + 0.13 0.09 + 0.03 464 £ 129 75.7 + 24.5 338+ 184 1.04 + 0.90 312+ 127 041 £ 0.45

WS: water-soluble forms; EXC: exchangeable forms. Data (n = 42 for Se, n = 34 for Mn, Zn, and n = 30 for Cu)
are presented as the mean values = SD. Within each column, values with similar letters do not differ statistically
according to Mann-Whitney U-test at p < 0.05.

The topsoil layer had an average content of total Se of 0.33 & 0.13 mg-kg~!. Total
Se was the highest in alluvial soils, which were mainly found in floodplain ecosystems,
with an average value of 0.36 & 0.09 mg-kg~!. The mean Se concentration decreased to
0.32 £ 0.16 mg-kg~! and 0.33 & 0.12 mg-kg~! in Luvy-Calcic Chernozems and Vorony-
Calcic Chernozems, respectively, with a rather large variation. Finally, the topsoil of Voronic
Chernozems, which are evolutionarily more mature steppe soils, contained the least total
Se of 0.23 + 0.07 mg-kg~!. It should be noted that the maximum concentrations of this
element were found in various locations including the Dniester-Turunchuk interfluve
soils (0.40 mg-kg 1), the right bank floodplain near Kitskani village (0.44 mg-kg~!), and
Copanca village (0.47 mg-kg~!). The highest Se levels were discovered in the soils of the left
bank, where concentrations reached up to 0.65 mg-kg~!. However, based on the average
concentration of this element, the considered soil types can be ranked in the following order:
Fluvisols > Luvy-Calcic Chernozems ~ Vorony-Calcic Chernozems > Voronic Chernozems.

The average water-soluble Se decreased in a similar sequence as the soil types. Gener-
ally, soils have 0.09 + 0.03 mg-kg~! of water-extractable Se forms, which is 32.1% of their
total content. Nonetheless, even though total Se was noticeably higher in alluvial soils,
an analysis of statistics revealed no significant differences for mobile Se concentrations in
various soil types (Table 2). A regression analysis was conducted to examine the correlation
between the total Se content and its water-soluble forms in soil. The results are shown in
Figure 2, indicating a high positive linear correlation (r = 0.845, p < 0.00001). It is evident
that water-soluble Se in the topsoil layer of the Dniester Valley increased with the rising
total Se content.

0.16
> [ ]

014 R°=0.713
T r = 0.845; p < 0.00001 .
4 .
[=1s]

0.12
g .
o
[9p]
¥ 010 . .
=
= .
Q ]
% o008 o2 s
“.
= 006 4

"
a
0.04
010 015 020 025 030 035 040 045 050 055

Total Se, mg - kg

Figure 2. Pearson correlation between total Se in soils and water-soluble Se in soils. The grey shade
area represents the 95% confidence interval.
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3.1.3. Heavy Metals in Soils
Manganese

The soils of the LDV had different levels of Mn, ranging from 196 to 676 mg-kg~!,
with an average of 464 mg-kg~!. Mobile Mn in the upper soil horizons, which is available
for plant uptake, averaged 75.7 mg-kg ! or 17.9% of the total Mn (Table 2). Table 2 also
displays the significant difference in total Mn content between Voronic Chernozems and
Luvy-Calcic Chernozems. This discrepancy can be attributed to two interrelated factors,
i.e., the higher content of SOC and exchangeable cations found in Voronic Chernozems,
since SOC (r = 0.715, p < 0.05) and exchangeable cations Ca®* + Mg?* (r = 0.698, p < 0.05)
strongly correlated with the total Mn content (Figure 3). This led to statistically significant
differences for exchangeable Mn in Fluvisols and Voronic Chernozems. No significant
influence of the investigated physico-chemical properties on the concentration of mobile
Mn was observed in the soils. The correlation between the total Mn content and its mobile
forms was found to be weak and statistically insignificant.

&
on g = = - -] - -
3 52 4 2 5 S § ¢ & E FE § %
< 8 vs E $ = g = @] = g = g'n = B Pearson
w B ° .
S 2 8S £2 2 = M e & £ i & = g 3 Correlation
pH 0508 -0.403 -0.199 —0.365 -0.268 -0.328 0.128 0256 —-0.081 0424 0.182 _0.167 0.195 —0.056 0.285 10
CaCO: —0.284 -0.119 -0.117 0375 —0.044 0209 —0.154 0.180 0.193 0144 0184 —0.286 —0.321 -0.152
SOC 0.818 0.302 -0.081 0.715 -0.115 0.558 —0.231 -0.201 -0.214 0.041 0224 0314 0.201
EXC 03
Ca2++Mg2+ 0.252 -0.039 0.698 -0.283 0.598 -0.405 -0.065 0454 —0.027 0.262 0.377 0.211
Total Se 0.844 0223 0.253 0.094 0.285 0.488 0.002 0.490 0.043 -0.070 0.017
WS Se 0186 0221 0.074 0245 0456 0.133 0.200 —0.198 —0.157 -0.201
0.0
Total Mn -0.078 0.663 —0.132 -0.158 -0.364 -0.022 -0.004 0.227 0.018
EXC Mn -0.184 0.464 0219 0.342 0.132 -0.440 0.057 -0.416
Total Zn -0.014 -0.236 -0.484 0338 0.056 0.296 0.272 05
.o
EXCZn 0193 0.382 0.352 —0.519 0.022 -0.342
Total Cu 0.700 0.012 0.053 -0.026 0.014
EXCCu 0003 -0.141 -0.129 -0.096 I_l 0

Figure 3. Pearson correlation matrix: correlation coefficients between soil and plant variables. Bold
values are statistically significant (p < 0.05). The abbreviations are the same as in Tables 1 and 2.

Zinc

The soils of the LDV had relatively low total Zn concentrations ranging from 13.2
to 63.0 mg-kg~!, with an average of 33.8 mg-kg~!. Table 2 shows a decrease in total
Zn content in the soil subtypes with no significant differences between them: Voronic
Chernozems > Fluvisols > Vorony-Calcic Chernozems > Luvy-Calcic Chernozems. Similar
to Mn, analyses of total Zn concentration dependance from soil properties suggested that
SOC (r = 0.558, p < 0.05) and exchangeable cations Ca®* + Mg?* (r = 0.598, p < 0.05) played
a crucial role in the accumulation of Zn in the upper soil horizons (Figure 3). This explains
the higher metal content in Voronic Chernozems, which have a silt clay texture and higher
organic matter content. The proportion of mobile Zn forms extracted by an ammonium
acetate buffer with pH = 4.8 ranged from 0.3 to 15.6% of the total content, with an average of
4.2%. Statistical significance was found only for Vorony-Calcic Chernozems and Fluvisols.
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Copper

The analysis of the homogeneity of the samples for both total and mobile Cu revealed
anomalous maximum values. These soil concentrations were found locally. For example,
floodplain soils near the village of Kitskani, Slobodzeja district, contained 158.3 mg-kg ! of
total Cu, 115.8 mg-kg ! of acid-soluble Cu, and 23.7 mg-kg ! of exchangeable Cu. High
Cu concentrations were also found in the vicinity of Slobodzeja town, with exchangeable
Cu of 5.98 and 3.88 mg-kg~!. These values were excluded from the calculations for Table 2
since they are outliers and do not belong to the general population.

Data were categorized based on the percentage of acid-soluble Cu compared to total
content (Table 3). On the basis of this criterion, two categories of soils were defined
according to the level of Cu loading: unpolluted and low-polluted soils with an acid
soluble Cu content of up to 35%, and highly polluted soils with an acid-soluble Cu content
higher than 50% of the total Cu.

Table 3. Copper concentrations (mg-kg~!) in soil samples with different levels of pollution.

Cu
Pollution Level
Total AS EXC
Unpolluted and Mean +SD 2734812 62+353 023 +0.192
low-polluted soils
(n=14) Min-max 12.1-38.3 2.0-11.5 0.03-0.52
Highly polluted soils Mean +SD 737 +57.7P 53.8 £437° 8004 10.71°
(n=4) Min-max 28.9-158.3 20.6-115.8 0.85-23.70

EXC: exchangeable forms; AS: acid-soluble forms. Within the pollution levels, values with the same letters do not
differ statistically according to Mann-Whitney U-test at p < 0.05.

The significant variation in soil Cu concentrations is evident in Table 3. For instance,
the total Cu showed a range of two magnitudes, from 12.1 to 158.3 mg-kg !, while acid-
soluble Cu varied within three orders of magnitude, from 2.0 to 115.8 mg-kg~!, whereas
the concentrations of mobile Cu varied within four orders of magnitude, from 0.03 to
23.70 mg-kg . Hence, the discrepancies in the mean metal content amongst soils with
different levels of pollution are dramatically different and statistically significant, both
for the total metal content and for the concentrations of acid-soluble and mobile forms.
Notably, the values of the acid extraction criterion reached 71-93% for the group of highly
polluted soils.

The mean total Cu content in Luvy-Calcic Chernozems was the highest compared
to other subtypes of Chernozems and to Fluvisols (Table 2), although statistical calcu-
lations allowed us to prove the significance of the differences between Vorony-Calcic
Chernozems and Vorony Chernozems. Therefore, the sequence of soil types, according
to the average total Cu content in the upper soil horizons, was as follows: Luvy-Calcic
Chernozems > Fluvisols > Vorony Chernozems > Vorony-Calcic Chernozems. The content
of exchangeable Cu was strongly dependent on the total Cu (v = 0.700, p < 0.01) (Figure 3),
and the percentage of mobile Cu in the total content was 1.41% (excluding outliers). The dif-
ferences in mobile Cu content between Vorony Chernozems and Luvy-Calcic Chernozems
were significant according to the Mann-Whitney U-test at p < 0.05.

3.2. Se, Min, Zn, and Cu Concentrations in Plants and Their Bioaccumulation

The Se content in plants of the Dniester Valley varied from 0.06 to 0.58 mg-kg~!. The
differences in Se concentrations in aboveground plant tissues and their bioaccumulation
among crops (sunflower, wheat) and wild plant species (couch grass) are shown in Table 4.

Sunflowers had the highest Se accumulation capacity among the studied plants.
Their tissues contained from 0.08 to 0.58 mg-kg~! of this element with a mean value
of 0.23 mg-kg~!, while wheat and couch grass contained 0.15 and 0.12 mg-kg~!, respec-
tively. A slight positive correlation (r = 0.494, p < 0.001) was observed between the Se
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content in plants and the total Se in soils (Figure 4). Conversely, no relationship was found
between the water-soluble Se and its concentration in plants (Figure 3).

Table 4. Selenium and heavy metal concentrations in plants (mg~kg*1) and their bioaccumulation
factors (BAFs).

. Se Mn Zn Cu
Plant Species 1 1 1 1
(mg-kg™ D) BAF (mg-kg™ 1) BAF (mg-kg™1) BAF (mg-kg™1) BAF

Sunflower Mean + SD 023 +0.172 0.70 £ 0.412 94.9 + 4672 0.18 +0.082 2124+55P 0.74 + 0.46 2 514642 0.15+0.133

(Helianthus annuus) Min-max 0.08-0.58 0.30-1.43 43.6-166.0 0.08-0.30 14.6-27.7 0.36-1.35 15-16.4 0.06-0.38
Wheat Mean =+ SD 0.15 + 0.08 3 0.53 + 0.26 ab 90.4 + 2852 0.20 4+ 0.012 30.1+442 07540222 314092 0.1140.042

(Titicum aestivum) Min-max 0.07-0.36 0.29-1.05 26.1-126.5 0.19-0.20 224-35.6 0.55-1.06 1943 0.06-0.15
Couch grass Mean + SD 0.12+0.07b 043+020b 78243742 0.20 +£0.172 254+77b 1.03 £ 0.56 2 334162 0.14 £0.132

(Elytrigia repens) Min-max 0.06-0.32 0.20-0.86 26.2-152.5 0.05-0.49 13.3-434 0.32-2.58 1.5-7.9 0.04-0.49

Data (n = 12 for wheat, n = 10 for sunflower, and n = 26 for couch grass) are presented as the mean values + SD.
For each plant species, mean values with the same letters do not differ statistically according to Mann-Whitney
U-test at p < 0.05.
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Figure 4. Pearson correlation between total Se in soils and Se concentrations in plant tissues. The
grey shade area represents the 95% confidence interval.

The bioaccumulation factors (BAF) showed that Se concentrations decreased in the
order sunflower > wheat > couch grass. This proves that sunflower had a higher ability
to accumulate Se. Generally, plants accumulated the highest Se concentrations in Fluvi-
sols (0.30 mg-kg~!) compared to Luvy-Calcic, Vorony-Calcic, and Vorony Chernozems.
Moreover, a statistical analysis using Kruskal-Wallis ANOVA proved that BAFs were
significantly higher for plants growing on Fluvisols (p < 0.05) compared to those on
Chernozem soils (Figure 5). Generally, among plants growing on different Chernozems,
only plants growing in Luvy-Calcic and Vorony-Calcic Chernozems showed statistically
significant differences.

Similar to Se, higher concentrations of HMs, such as Mn and Cu, were found in the
aboveground part of the sunflower but the differences were not statistically significant for
the different plant species. Most of the BAFs for these metals were lower than 0.20 and
generally did not exceed 0.50. In contrast to Se, Mn, and Cu, the variation in Zn content
and accumulation between different plant species was quite different. For example, despite
the similarity of HM concentrations in the tissues of different plant species, a significantly
higher level of the metal was observed in wheat. In the aboveground parts of sunflower and
wheatgrass, its mean value reached up to 25.4 mg-kg~!. Zn accumulated more intensively
in the plants, and its BAF reached a value of 1.0 and higher. However, the Mann-Whitney
U-test did not prove any species-dependent peculiarities in plant Zn bioaccumulation. A
single plant species, couch grass, was used to investigate the influence of soil factors on the
concentration and accumulation of metals (see Figure 5).
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Figure 5. Heavy metal concentrations and their bioaccumulation in couch grass (E. repens) in the
Lower Dniester Valley. Soil types: FL—Fluvisols, LCCh—Luvy-Calcic Chernozems, VCCh—Vorony-
Calcic Chernozems, VCh—Voronic Chernozems. Data are presented as the mean values £+ SD
(n = 30). p-values represent the statistical significance of difference between soil types by Kruskal-
Wallis ANOVA. Values with the same letters do not differ statistically at p < 0.05.

It is obvious that there was variability in HM accumulation and HM content in plants
among different soil types. However, according to Kruskal-Wallis ANOVA, the reliability
of these differences (p < 0.05) has only been established for the BAFs of Zn and Cu, but not
for Mn BAF as well as HM concentrations in plant tissues.

3.3. Se and HMs Interactions in Soil-Plant System

Se and HM interrelations in the soil-plant system in the Lower Dniester Valley are
summarized in Figure 6.

As reported above, Se in plants was positively correlated with its total content in
soils. Furthermore, a positive correlation was observed between Se in plants and the
content of the mobile forms of Zn in soils (r = 0.352, p < 0.05). No antagonistic effects on Se
accumulation by HMs in plants were found. Conversely, negative relationships between
metals were more common. Indeed, the increase of EXC Mn in soils negatively affected the
content of Mn (r = —0.440, p < 0.01) and Cu (r = —0.416, p < 0.01) in plant tissues. Similar
relationships were found between EXC Zn and the content of Mn (r = —0.519, p < 0.001)
and Cu (r = —0.342, p < 0.05) in the aboveground plant biomass.



Soil Syst. 2024, 8,7 11 of 16
4 I
g WS Se EXC Mn EXC Zn EXC Cu
9]
2 Soil
k= Total Se Total Cu
T
&
A Plant Se Mn Cu
_ J

Figure 6. Interactions between Se and HMs concentrations in soil-plant system in the Lower Dniester
Valley. Red lines indicate positive correlations, blue lines indicate negative correlations. Only
significant correlations, as determined by Pearson’s correlation matrix in Figure 3, were shown.
Abbreviations are consistent with those presented in Table 2.

4. Discussion

According to the obtained results, Voronic Chernozems were distinguished from other
soils by specific conditions predominantly caused by a relatively high content of SOC (up
to 27.1 g-kg 1), a higher cation exchange capacity, leaching the upper horizons from carbon-
ates, and the associated lower soil pH. Luvy-Calcic Chernozems were similar to Fluvisols
in their physical and chemical properties. Vorony-Calcic Chernozems were characterized
by their low carbonate content and pH values comparable to Voronic Chernozems due to
leaching from the upper horizon; at the same time, their lighter texture and lower SOC
determined the lowest content of exchangeable cations there. Generally, the peculiarities
of the soil development process in different soil types under the conditions of the steppe
zone of the Dniester Valley have a significant influence on the content of total Se. The top
horizons of Fluvisols in floodplains had the highest total Se stocks in comparison with
other Chernozems subtypes. Erosion-denudation washout from slopes into floodplains
and alluvial-delluvial processes are probably responsible for this phenomenon [20,39]. The
mean total Se in soils obtained in this study (0.33 + 0.13 mg-kg ') was relatively higher
than those in previous studies, 0.143-0.200 mg~kg’1 [18] and 0.246 + 0.073 mg-kg’l [20],
but it fell within the range of 0.054-0.711 mg-kg*l [18] and 0.100-0.668 mg-kg’1 [20].

The total soil Se is not a good indicator of the Se supply in the food chain [40].
Biogeochemical processes involving the formation of various compounds by the free
biogeochemical energy of living organisms occur in soils. Such biogeochemical processes
result in the production of mobile forms of the element, which may be available to plants,
involving it in biogenic migration [7,41]. The water-soluble Se forms in soils are of the
greatest importance to plants, which are a reliable indicator of the element’s status in
landscapes and ecosystems [30,42,43]. It was found that concentrations of WS Se in the
upper layer of soils in the LDV increased with rising total soil Se (r = 0.845). The same
trend was found for arable soils in arid regions of China, but the correlation coefficient
was lower (r = 0.58), while higher values of the coefficient were characteristic only for soils
under natural vegetation [44]. This study confirms previous research indicating that the
relative abundances of Se species in soil are dependent on total soil Se [18].

The mobility of trace elements in the soils of Moldova is largely determined by the
binding of organic matter and soil-absorbing complexes [45]. Meanwhile, the predomi-
nantly slightly alkaline conditions of soil solutions, a low content of soil organic matter, and
the cation exchange capacity of soils had no significant effect on the content of water-soluble
Se. Furthermore, the total soil Se content was only weakly dependent on the soil humus
content and the soil pH. Favorable conditions for Se mobility in soils are indicated by all
of the above results. On average, at least 32% of the total Se in the soils of the Dniester
Valley can be transferred to the water extract. Bogdevich et al. [18] found that the fraction
of soluble and ligand-exchangeable organic and inorganic Se species was up to 24.5% of the
total soil Se near Carpineni township, which are similar to the data obtained in the present
study. Data related to Se in other regions and biogeochemical provinces were provided for
comparison. For example, in different types of soils in China, the WS Se was observed in
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less amounts from 1.07 to 6.69% of total Se [44]; in the acidic soils of Japan—0.5-7.1% [46];
in the soils of Serbia—0.59-16.35% [47]. In Hungary, most of the soils contained no more
than 10% of WS Se, and only in some individual samples did its concentrations reach a
similar level of 20-35% of the total amount [48]. Therefore, our results are consistent with
those reported in other studies.

To identify the geochemical characteristics of Se and studied HMs in the Lower
Dniester Valley, we compared the obtained results with data on element content in soils
worldwide, as well as with mean values and concentration ranges in the soils of the study
region (see Table 5).

Table 5. Selenium and heavy metal concentrations in soils and their threshold levels (mg-kg ™).

World . Soils of the LDV
Chemical Soils [30] Soils of Moldova [20,45] (This Study) Threshold Levels [30]
Elements
Total Total EXC Total EXC MAC TAV
S Mean 0.44 0.25 - 0.33 0.09 * - -
€ Min-max - 0.10-0.65 - 0.08-0.65 0.04-0.15* - 3-10
M Mean 488 790 24 464 75.7 - -
n Min-max - 1502250 0.4-195 196-676 43-136 - -
7 Mean 70 71 1.4 33.8 1.04 - -
n Min-max - 10-166 0.1-4.9 13.2-63.0 0.14-3.34 100-130 200-1500
C Mean 389 32 1.6 31.2 ** 0.41 ** - -
u Min-max - 2-400 0.1-60 7.0-158.3 0.01-23.70 60-150 60-500

(*) Data on water-soluble forms; (**) mean value was calculated excluding outliers. Threshold levels: ranges of
maximum allowable concentrations (MAC) and trigger action values (TAV) for potentially harmful chemical
elements in agricultural soils.

In general, the Se content in LDV soils was found to be relatively higher than reported
for a broader area, including the Dniester-Prut interfluve. At the same time, world soils
had a higher mean value of total soil Se. The total Cu in the soils of the LDV (excluding
contaminated sites) was comparable to that of soils in Moldova, which was slightly lower
than the average content of soils in the world. The total Mn in the investigated soils was
similar to the mean value of the metal in soils of the world, but 1.7 times lower than
the total concentrations in the soils of Moldova. Meanwhile, the LDV had relatively low
concentrations of total Zn in the soils. On average, they were more than twice as low as the
regional background and similar to those found in soils worldwide. It is important to note
that the Se and HMs of soils were typically far below the known thresholds.

The investigation of Mn, Zn, and Cu contents in the soil, which are possible anthro-
pogenic pollutants, confirmed the absence of any systematic contamination with Mn and
Zn, but not with Cu [28,45,49]. Agricultural pollution is the main source of high Cu con-
centrations in the environment of Moldova [29,50]. Unlike total metal concentrations,
which reflect general soil contamination, the mobile forms are the main indicator that
fully characterizes the degree of adverse effect on plants. Many researchers explain that
aggressive extracting agents, such as acids, extract the significant quantity of HMs from
the soil. Acidic extracts contain not only the forms available to plants, but also a part of
the total, which can be considered as the next reserve capable of being mobilized [51,52].
Acid-soluble Cu varied within three orders of magnitude from 3.0 to 115.8 mg-kg~! soil,
then the concentrations of mobile metal forms varied within four orders of magnitude from
0.04 to 23.70 mg-kg ! soil. According to Kiriluk [45], the range for the soils of Moldova
was much wider (0.1-60.0 mg-kg ') with an average value of 1.6 mg-kg ! soil. The acid
extract contained significantly large amounts of mobile Cu in polluted soils, potentially
available for assimilation by plants. Chemicals have been used extensively in Moldavian
agriculture, with approximate estimates of copper-containing preparations being around
6000-8000 tons per year from the early 1950s to the early 1990s [45]. The accumulation
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of Cu in soils can result in high concentrations of Cu even after the cessation of pesticide
use [53,54]. In this respect, the analysis revealed the existence of local Cu contamination in
the alluvial soils of the Dniester Valley with relatively low total content and mobility in
most of the studied region.

Regarding the average Se and HMs content in plants, there were no significant differ-
ences in element concentrations, except for Se in sunflower and Zn in wheat, which were
the highest. This variability, in addition to species-dependent accumulation, could imply a
different availability of elements in the soil.

The studied plants belonged to the ecological group of non-accumulators according
to their ability to accumulate Se in their tissues [55]. Se content in the aboveground part
of the studied crops and wild-growing plants was found to be relatively low compared to
its content in most soils. Substantially, plants growing on Fluvisols, the soils associated
with floodplains, accumulated more Se than plants growing on Chernozems on terraces
and slopes in steppe and arable lands. This can be explained by the higher total Se content
in floodplain soils, which are subordinate in landscape-geochemical systems compared to
Chernozem soils. However, it cannot be ignored that artificially constructed dyke systems
to prevent river flooding isolated the agricultural lands in the floodplain from flood waters.
This altered soil formation process in alluvial soils may have resulted in a greater influence
of groundwater on Se loading in alluvial soils, as shallow groundwater provides additional
moisture to the root zone via capillary fluxes [56]. This may have implications for the
cultivation of selenium-enriched crops and the production of functional foods. Considering
the slightly alkaline nature of soil solutions, the relatively low SOC content, and the
significant cation exchange capacity of soils [30,55,57], selenates, selenites, and ligand-
exchangeable organoselenium compounds are expected to be readily available for plant
uptake. In another study of the soil-plant-groundwater system [58], the Se content in
plants was also relatively low.

The use of biogeochemical indicators (BAFs) characterizing interrelations can be used
to assess certain cases of the soil-plant system. Biological selectivity allows plants to control
their chemical composition within certain boundaries [59,60]. Plants accumulated Zn more
intensively, as indicated by BAFs > 1, in order to meet their requirements. Se was also
characterized by high BAFs > 1, although it is not an essential trace element for higher
plants [11,12,61]. Significant differences in the accumulation of Se and Zn were observed in
different soil types of the Dniester Valley. This indicates that the bioavailability of these
elements differs depending either on the specific landscape and geochemical conditions or
the intensity of their migration. No such patterns were observed for Mn and its BAFs were
low. The bioaccumulation of Cu also varied as a function of the soil geochemical conditions
and the level of anthropogenic pollution, but it was low too (BAFs < 0.5).

5. Conclusions

The conditions for Se bioaccumulation in plants in the Dniester Valley were found to
be favorable. The reasons are connected to the territory location within a hydrogeochemical
province with high selenium content in groundwater, the Se optimal level in soils, its
high mobility, and the occurrence of favorable physical and chemical conditions of soils
for selenium mobilization. Se concentrations in plants varied from 0.06 to 0.58 mg-kg ™!
depending on either the plant species or the local landscape and geochemical conditions.
Plants growing on Fluvisols accumulated more Se than those on Chernozems due to the
higher total Se in floodplain soils. This may have implications for producing Se-fortified
crops and functional foods. However, the absence of systematic soil contamination caused
by Mn and Zn, their relatively low levels in soils, as well as local foci of soil pollution with
Cu, determined the absence of antagonistic interactions in the soil-plant system. Further
studies are required to identify the reasons for the high mobility of Se and the significant
content of its water-soluble forms in soils.
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