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Abstract: This study assisted in identifying and preventing the increase in heavy metals in soil and
winter wheat. Its accumulation can affect cultivated crops, quality and crop yields, and consumers’
health. Selected heavy metals were analyzed using the GTAAS method. They were undertaken on
selected heavy metals content (Cd, Cu, Pb, and Zn) in arable soils at three sites in Slovakia and their
accumulation in parts of cultivated winter wheat. Our study showed that the limit value of Cd in
soil samples was exceeded in the monitored arable soils from 2017-2019. The average content values
of Cu and Zn did not exceed the limit values, even in Pb values (except for the spring period). The
analyses also showed that the heavy metals content for plants bioavailable in soil did not exceed the
statutory critical values for Cd, Cu, and Zn’s average content values. However, Pb content exceeded
permitted critical values. Heavy metals bioaccumulation (Zn, Cu) was within the limit values in
wheat. Analyzed Cd content in wheat roots and Pb content were determined in all parts of wheat
except grain. The study showed that grain from cultivated winter wheat in monitored arable soils is
not a risk for consumers.

Keywords: heavy metal; bioavailability; winter wheat; sustainable agriculture; health; Wilcoxon
rank-sum test; Kruskal-Wallis test; Spearman’s rank correlation coefficient

1. Introduction

According to the European Union Agency for the Protection of the Environment,
heavy metals are one of the primary pollutants in soil and are being considered a severe
environmental issue [1,2]. Soil quality is crucial for crop production (it determines the
possible composition of food and supported nutrient intake through the root system),
human health [3-8], and the sustainability of ecosystems [2]. Interest in local organic food
has increased in developed countries. Therefore, it is crucial to be aware of the spatial
distribution and concentrations of toxic and potentially toxic elements in soils [9-14] and
their transport to plants [15-18].

Although much progress has been achieved in understanding the links between soil
and human health, we still do not have much knowledge about the complex interactions
between them. Therefore, research in this area is still needed [2].

1.1. Heavy Metals in Soil-Plant Systems

Factors affecting the process of soil contamination and thus sustainable agriculture
are, for example: human activity, the organic carbon content in the soil, pH, available phos-
phorus, soil structure, and the capacity of exchangeable cations [19-23]. Soil contamination
can damage and cause deterioration of water quality and have a negative impact on the
environment [24-26]. Many studies have found that land-use change [27], cultivated plants,
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surrounding transport networks and hydrology of the territory [28,29], diversity of land
use [30], and different ways of maintaining the soil are related to soil contamination [27-33].

Although plants need some heavy metals (e.g., Cu and Zn) for their growth and
development, excessive amounts of these elements can be toxic for them [34]. Excessive
concentrations of certain heavy metals (e.g., Cu and Zn) that contaminate the soil usually
reduce plant growth and the soil’s biological activity, ultimately leading to the loss of
organic elements in the soil [35,36]. Functional groups of organic substances (alcohols,
phenols, carbonyl groups, and carboxyl groups) can dissociate their hydrogen ions and
separate metal cations by chelation [37,38]. If the organic elements added to the soil remain
stable, the chelated metals will remain immobilized in the soil. However, organic acids,
able to form soluble complexes with heavy metals, could increase the mobility of these
heavy metals [39]. Changes within the soil can have different effects on metal mobility and
bioavailability for plants [40—43].

Heavy metals such as Cd, Pb, Hg, and As are globally dangerous environmental
contaminants [44,45]. Their effect on plants causes typical signs of toxicity and an overall
decrease in biomass with a potential reduction in yields [46]. The plant fights against the
toxicity of heavy metals by activating enzymes eliminating reactive oxygen species [47],
and by accumulating compounds that increase the chelation or sequestration of heavy
metals [48]. As reported by Chandrasekaran et al., the toxicity and mobility of heavy metals
in the soil ecosystem depends on factors such as the total concentration of heavy metals,
the specific chemical form, and the binding status of the elements and its properties [49].
Identifying the relationships between soil properties and plant absorption regarding heavy
metals can be used as a basis for setting soil guideline values to ensure the protection of hu-
man health from crop consumption, and to promote compliance with food standards [9,50]
and sustainable agriculture.

1.2. Chemical and Toxicological Aproperties of Selected Contaminants

Cadmium belongs to the group of cumulative metals and, if the concentration is
exceeded, it has a toxic effect on both plant and animal organisms [46,51]. Cd in agricul-
tural soils can be transferred to crops very easily which creates a potential health risk to
consumers [9]. Concerning plant foods, the highest concentrations are present in cereals
(e.g., wheat—especially whole grains) and rice, leafy vegetables, potatoes, and root veg-
etables [52,53]. Cadmium is a potentially toxic risk element, as it naturally occurs as an
impurity in many phosphate fertilizers [9,45,54].

Copper is one of the essential trace elements for plant and animal organisms and plays
a role in basic physiological processes [46,55]. This metal can accumulate in the soil due to
human activity [56]. While an excess of copper inhibits plant growth and impairs critical
cellular processes [57], it acts as both an antioxidant and a prooxidant [58].

Lead enters the soil via anthropogenic sources (leaded petrol, lead-based paint, lead
mining and smelting, and other industrial activities) [59]. Therefore, soil is consequently
one of the largest contaminants [59,60]. Lead is a bioaccumulative toxic element, which
does not degrade in the environment. Plants take up Pb only in minimal amounts and it is
stored mainly in their roots [61]. Pb has a phytotoxic effect only at very high concentrations
(from 100 ppm to 500 ppm) [60,62]. Due to the toxicity of lead (Pb) compounds, its intake
from food is one of the riskiest [46,63]. The most common source of Pb exposure for humans
is the ingestion of contaminated food and drinking water [46,63—65].

Higher concentrations of nutrients such as Fe and Zn present in foods can harm the
human body [11,66]. Zinc in the optimal concentration interval is one of the essential
elements for plant and animal organisms [46]. The primary source of Zn in the soil is
geo-logical material [67,68]. Contamination by zinc can be affected by surface horizons
(fertilizer addition) [69] and soil unit. In addition to its existence as a free element or chelate
complex in soil solution, Zn can be adsorbed on the surface of solid particles [70].

Many studies have shown the differing nature of the composition of plant pollution
by risk elements in soils, including their transition from soil to plants [1,6,11,17,20,43,63,68].
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However, only a few studies have analyzed soil units and heavy metal mobility in them.
Moreover, very few researchers have explored the combined effect of mobility of heavy
elements in soil units in the agricultural literature and compared their transition in selected
parts of the plants. Therefore, our study’s originality is in that it shows the mobility of
heavy metals in soil units and their transition to cultivated plants.

This study aim was to analyze the content of selected heavy metals (Cd, Cu, Pb, Zn) in
agricultural land in three selected localities in Slovakia (the cadastre of the municipality of
Zlaté Moravce, Nitra region). The achieved results were compared in the years 2017-2019
in different periods (spring and autumn) in selected soil sampling depths. Analyzed soil
samples from selected localities (Localities I-III) represent soil units in which correlations
between heavy metal contents (Cd, Cu, Pb, Zn) were analyzed. The values of selected
factors (pH and TOC) and their influence on the mobility of heavy metals in the soil in
two seasons and three selected localities were monitored. In the agricultural land—plants
system, the determined heavy metals affect the cultivated crop. The content of heavy
metals in plant samples (root, stem, leaves, and grain) of winter wheat can cause hygienic
defects. Therefore, we investigated the transfer of selected heavy metals to individual parts
of the cultivated crop (winter wheat), focusing on sustainable agriculture and the quality
of cultivated plants.

2. Materials and Methods
2.1. Study Area

The measurements were carried out at 3 different sites (Localities I-1III) to 5 depths
(Table 1), in the Zlaté Moravce district (the Nitra region, the southwestern part of Slovakia)
in the northwestern part of the Hronska Hills (Figure 1). We focused on sites within one
district (Zlaté Moravce) to show the differences in heavy metal content and monitored
parameters of arable soil.

Table 1. Zlaté Moravce-Prilepy: monitored area of soil sampling.

Soil Unit Designation

Localities Coordinates Type of Land Use of Sites According to BPEJ 1
. 48°21'53.5" N . Brown soils typical, on loess, medium
Locality I 1892459 4" E Arable land For growing wheats (moderate)-heavy
. 48°22/01.1" N . Brown soils (type) on
Locality II 18°24/55.6 E Arable land For growing wheats loess clays, heavy
o / 1 : 5 :
Locality TII 48°22'25.3" N Arable land For growing wheats Brown soils typical, on loess, medium

18°25'01.8"” E

(moderate)-heavy

1 [71] designation according to BPE]J (BPE] is the soil evaluation method on the territory and nationally used table for classifying how
land is used). For example: brown soils typical, on loess, medium (moderate)-heavy is classified as number 44, which classifies its parts,
structure, system of updating, and its use by evaluation of soil. BPE]: Categorization of soil-ecological units.

Locality I corresponded to arable soil borders in the east with a small wood and in the
west it borders the suburb of Zlaté Moravce-Prilepy. Locality II is located north-northeast
of the suburb of Zlaté Moravce-Prilepy. The arable soil examined from Locality III was
adjacent to the 1st class road no. 65.

Most of the Zlaté Moravce (Zlate Moraveths) cadastre is on the Danubian Upland
but its eastern part lies in Pohronsky Inovec (Pohrone Inoveth) [72], in the valley of the
Zitava River (Zhitava) on the border of western and central Slovakia [73]. It is located in
the lowlands (170-300 m above sea level) [72].

Young tertiary clays, siltstones, and gravelly formations with artesian water horizons
form a flat piece of land and spread to the hilly area on the Pohronska and Zitavska hill
(pahorkatina) and the slopes of Pohronsky Inovec. Of the pedological conditions, on the
surface, there were Quaternary loess, clays, and river sediments (leached brown soils and
alluvial soils) [73]. On the loess of the hills were brown soils along with the Zitava River
alluvial soils of Fluvisols. Brown forest soils of Cambisols predominate in Tribe¢ and
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Pohronsky Inovec [73]. The floodplains were covered with modal to gley Fluvisols. These
soils are deep, medium-heavy (loam) to heavy (clay-loam) soils. The agricultural area was
dominated by high-quality deep clay brown soils and Luvisols, modal to Pseudogley. The
most widespread soils in the foothills to mountainous areas were modal, Pseudogley, and
Luvisol Cambisols. Soil types and subtypes of two soil groups predominate in the area,
namely groups of leached soils and groups of brown soils: Brown soil (B), Luvisol (LV),
and Cambisol (CM) [74].

0 40 80 120
M

@ Studied locality
= Zlaté Moravce - Prilepy cadastre

Cadastre boundary

—— Regional boundary e State border
il —— Ziate Moravce - Prilepy cadastre

Figure 1. Monitored area (Localities I-III).

The Zlaté Moravce district’s climatic characteristic belonged to the European-continental
climate area of the temperate zone with ocean air, which is transformed into continental.
The Zlaté Moravce region is one of the warmest regions in Slovakia [72]. The lowland
part belongs to the warm part; the mountains to the moderately warm climatic region [73].
The flow of air masses is conditioned by the area’s morphology, with prevailing east and
northwest winds. Average temperatures in the monitored areas ranged from —6.4 °C to
23.1°C.

Monitored Sites (Localities I-III)-Arable Lands for Cultivating Cereals

Fertilization via 200 kg-ha~! NPK (a purely natural organic fertilizer which contains N
5%, P 2%, K 8%), sowing, 200 kg-haF1 LAV (NH4NOj3 with limestone, pure content of N is
27%), 200 kg-ha—! LAV, and 120 kg-ha~! LAV, was applied along with the fungicide Hutton
to the monitored arable lands (Localities I-III) before the cultivation of wheat durum
(Triticum durum) (autumn 2016/spring 2017). After machine harvesting, the crushed straw
was incorporated into the soil.

Canola oil (Brassica napus L.) was grown at Locality I (autumn 2017 /spring 2018), sow-
ing, 200 kg-ha~! NPK, herbicide Butisan 400 SC, fungicide Albukol, in spring, 200 kg-ha ™!
DAM (DAM = liquid nitrogen fertilizer), 180 kg-ha~! LAV, 100 kg-ha~! DAM 390 (DAM
390 = liquid nitrogen fertilizer contains 30% nitrogen) and boron 1 kg, fungicide Pictor,
Boscalid, 2x insecticide Decis ew 50, and insecticide Nurelle D.

Within Locality Il and Locality Il (autumn 2017 /spring 2018), after ploughing 200 kg-ha~*
NPK, sowing wheat durum (Triticum durum), 200 kg~ha_1 LAYV, 200 kg-ha™ L LAV,
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120 kg-ha~! LAV, the Hutton fungicide was applied. After machine harvesting, the crushed
straw was incorporated into the soil.

After ploughing, 180 kg-ha’1 NPK, the sowing of wheat (Triticum aestivum L.) (autumn
2018/spring 2019), 150 kg-ha~! LAV, 200 kg-ha~! LAV, 200 kg-ha~! LAV, the Hutton fungi-
cide, Tebuconzole, and insecticide Markate 50 were applied. After mechanical harvesting,
the straw was incorporated into the soil. At the end of the summer, and at the beginning
of autumn 2018, Localities I-11I, the sowing of Canola oil (Brassica napus L.) took place,
utilizing 200 kg-ha~! NPK fertilizer.

2.2. Equipment and Analytical Procedure

The heavy metal analysis included a series of measurements carried out from spring
2017-autumn 2019. During this period, 240 soil samples were taken from 3 selected
localities (soil units), which were used as arable land (Localities I-III). Soil samples were
taken from 5 depths (from 0.0 m to 0.5 m). The analysis of all soil samples, e.g., pH
(pPH(H,O, pH(KCI)) and TOC were repeated three times. From the analyzed soil samples,
we obtained the total content of heavy metals (Cd, Cu, Pb, and Zn) and the values of heavy
metal content to the bioavailability of plants, which we evaluated based on permitted
limit values. The contents of selected heavy metals (Cd, Cu, Pb, and Zn) were analyzed
in various parts of the plants’ material. The transition of heavy metals into the soil-plant
system was monitored in durum wheat (Triticum durum) (for analyses, the following were
examined: root, stalk, leaf, and grain from Localities I-III).

According to the Decree of the Ministry of Labour, Social Affairs and Family of the
Slovak Republic No. 59/2013 Coll. and subsequent amendments for contamination detec-
tion, at least one average sample was taken from every area of 10 ha (at least 9 sampling
points/places) with homogeneous soil in the area under examination [75]. For heteroge-
neous soil in the mentioned area, average samples were taken from each part. For analytical
determination of heavy metal limit values, we used air-dried soil samples, sieved to fine
soil with a particle size below 2 mm. First, the soil samples were analyzed in an aqua
regia solution. The results were analyzed in accordance with the Decree of the Ministry of
Agriculture and Rural Development of the Slovak Republic No. 508/2004 Coll. and with
an amendment of certain acts [76].

In accordance with van Reeuwijk, we analyzed pH values in soil samples (water to
soil = 2.5:1, v:m) [77]. We determined an active soil reaction (pH(H,O)) in distilled water
and an exchange soil reaction (pHKCI) in a solution of 1 mol-dm 3 KCl (Centralchem, Ltd.;
Bratislava, Slovakia). The solution was mixed. The suspension was shaken in a Unimax
2010 horizontal shaker (Heidolph Instrument, GmbH, Schwabach, Germany) for 20 min.
After shaking, the samples were filtered through filter paper Filtrak 390 (Munktell & Filtrak,
GmbH, Bérenstein, Germany) and measured by a pH meter (inoLab Multi 9310 SET [; Labo
SK, Ltd., Bratislava, Slovakia). In all experiments, the chemical reagents (ACS grade) were
dissolved using distilled and deionized (DDI) water produced using a MilliporeSigma™
Synergy™ Ultrapure Water Purification System (Meck Millipore, Bedford, MA, USA).

According to the Tjurin method modified by Nikitina, we determined the total organic
carbon content (TOC) in soil samples and the various separated fractions [78]. From the
equation DH = CHA/TOC.100 [%], we calculated the humification degree of humified
substances [79].

For the determination of metal content (Cd, Pb, Cu, and Zn), we used atomic ab-
sorption spectroscopy (GT AAS; Agilent Technologies, GTA 120 Graphite Tube Atomizer,
Hermes LabSystems, Ltd.; Bratislava, Slovakia). Soil samples were measured in duplicate
in a Graphite Atomic Absorption Spectrophotometer for Cd, Cu, Pb, and Zn quantification.
Compound samples were mineralized before analysis (Ethos One; Chromspec Slovakia,
Ltd., Sal'a, Slovakia). Soil samples were mineralized in aqua regia (HCI = 37%; HNO3
p-a. > 65%; chemicals from Sigma Aldrich, Ltd.; Bratislava, Slovakia) for determining
the content of risk elements. Soil samples were extracted in NH4NOj for the contents of
bioavailable forms of heavy metals.
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In plant samples (leaf, root, and stalk of wheat winter grain), heavy metals (Cd, Pb,
Cu, and Zn) were measured in duplicate by the GT AAS method [80]. The plant parts were
dried at room temperature, mineralized in an extract of HNO3 and Hy,O, (HNO3; > 65%;
67%; HyOyp > 30%; from Sigma Aldrich, Ltd., Bratislava, Slovakia). We used the leaching
method with 1 mol-dm =3 NH4;NO; (NH;NO;3 > 98%; Sigma Aldrich, Ltd.; Bratislava,
Slovakia) to determine the selected risk elements’ content (Cd, Cu, Pb, Zn) accessible
to plants.

2.3. Statistical Analysis

As previously mentioned, the measured values obtained from soil samples were ana-
lyzed using selected statistical methods. Specifically, to verify the normality of the sample
distribution, the Shapiro-Wilk test was chosen. We used the Wilcoxon two-sample test to
confirm the statistical significance of the differences between the sampling periods (spring
and autumn). In the following analysis, we used the Kruskal-Wallis test. To calculate the
degree of interdependence between the observed variables, the Spearman’s rank correlation
coefficient was applied [81]. We performed the calculations in the STATISTICA program
9.0 Standard Plus CZ (StatSoft Inc., Tulsa, OK, USA).

The null hypothesis Hy was tested against the alternative hypothesis: H;. The samples
are not from the same population, i.e., there are significant differences between variables.
The p-value expresses the probability of error if the null hypothesis is rejected in favor of
the alternative hypothesis: Hj. If this probability is smaller than 0.05 resp. 0.01, the tested
hypothesis Hy is rejected at the significance level o = 0.05 resp. « = 0.01. Otherwise, we
cannot reject the tested hypothesis Hy.

3. Results
3.1. Heavy Metals in Soil Units of Localities I-11]

At Localities I-1II, soil samples were taken in two seasons (spring, autumn). As
previously stated, we examined the content of heavy metals (Cd, Cu, Pb, and Zn) in the
soil samples (Tables 2—4).

Based on the results (Tables 2—4), the limit value of cadmium (0.70 mg-kg~!) was ex-
ceeded in all three arable lands in the observed periods (spring and autumn) between 2017-
2019. The Cd contamination in arable lands in springs 2017-2019 decreased as follows: Locality
I (1.33 mg-kg~!; excess by 90%) > Locality III (1.31 mg-kg~!; excess by 87.1%) > Locality IT
(1.28 mg-kg~!; excess by 82.9%). The lowest Cd concentration during the observed spring
periods was at Locality I (in 2017 depth 0.2-0.3 m and 2018 depth 0.3-0.4 m) and at
Locality II (in 2019 depths 0.2-0.3 m and 0.4-0.5 m). Below limit, Cd concentrations were
recorded at Locality I in 2018 (0.60 mg-kg~!, depth 0.4-0.5 m) and Locality II in 2019
(0.40 mg-kg~!, depth 0.3-0.4 m). The highest Cd concentration was found in spring 2019
at Locality I (2.40 mg-kg !, depth 0.3-0.4 m).

Table 2. The content of heavy metals (mg-kg~!) at Locality L.

Metal Concentration

2017 2018 2019

Spring Ave + SD Min Max Ave + SD Min Max Ave + SD Min Max
Cd 1.32 £ 0.59 0.20 1.80 0.96 +0.48 0.20 1.40 1.72 +0.48 1.20 240
Cu 16.00 £+ 1.39 14.40 17.60 19.68 £ 0.57 19.00 20.60 19.04 +2.82 16.00 24.40
Pb 45.60 + 6.12 36.00 54.00 56.76 + 1.82 5494 59.94 65.68 + 3.01 62.52 70.56
Zn 51.91 +2.37 48.52 54.82 71.20 £ 5.88 64.00 80.00 63.20 + 16.33 38.00 80.00

Autumn Ave £ SD Min  Max Ave £ SD Min  Max Ave £ SD Min Max
Cd 2.32 +0.48 1.40 2.80 1.52 +£0.10 1.40 1.60 0.92 +0.39 0.40 1.60
Cu 20.48 +2.33 18.40 25.00 19.88 £ 1.72 18.20 22.60 18.92 £+ 0.49 18.40 19.80
Pb 59.42 + 14.72 47.70 87.90 58.64 + 8.01 4950 70.92 449 1+7.83 34.96 52.40
/n 55.20 + 14.73 46.00 84.00 60.00 +11.10 40.00 74.00 52.40 +£9.91 40.00 66.00

Notice: Ave & SD = Average & Standard Deviation. Min = min. value; Max = max. value.
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Table 3. The content of heavy metals (mg-kg ') at Locality II.

Metal Concentration

2017 2018 2019

Spring Ave + SD Min Max Ave + SD Min Max Ave + SD Min Max
Cd 1.56 £0.15 140 1.80 148 £0.16 120 1.60 0.80 & 0.67 020 1.80
Cu 16.96 & 0.70 16.00 18.00 21.28 £0.92 20.00 22.80 20.96 £ 0.82 20.00 22.00
Pb 46.00 £ 6.32 38.00 56.00 54.80 +7.76 46.00 66.00 79.60 £ 2.94 76.00 84.00
Zn 54.692 +£2.02 5236 56.94 62.05 + 3.49 57.06 67.18 63.56 £ 2.65 60.28 66.54

Autumn Ave £ SD Min  Max Ave £ SD Min  Max Ave £ SD Min  Max
Cd 2.48 +0.32 2.00 2.80 1.68 £ 0.10 1.60 1.80 1.16 £0.23 0.80 1.40
Cu 21.60 £ 0.66 2040 2240 19.68 £+ 0.81 18.60 20.40 19.72 £ 1.12 18.00 21.00
Pb 4720 £3.25 42,00 52.00 65.60+14.11  38.00 78.00 70.40 + 4.96 66.00 80.00
Zn 61.80 £ 5.89 54.76 72.58 65.22 £+ 8.04 5492 74.66 55.24 4 6.94 45.04 63.20

Notice:

Ave £ SD = Average + Standard Deviation. Min = min. value; Max = max. value.

Table 4. The content of heavy metals (mg-kg ') at Locality III.

Metal Concentration

2017 2018 2019

Spring Ave £ SD Min  Max Ave £ SD Min  Max Ave £ SD Min  Max
Cd 144 +0.41 1.00 2.20 144 +0.27 1.00 1.80 1.04 +0.23 0.80 1.40
Cu 14.56 £+ 12.60 12.60 16.00 19.40 £ 2.90 15.60 22.40 18.60 £+ 1.99 15.80 20.60
Pb 41.60 4 3.88 36.00 46.00 52.00 + 4.90 44.00 58.00 77.60 = 1.96 76.00 80.00
/n 48.30 + 2.69 4436 52.44 55.10 + 4.77 4928 61.12 57.20 + 2.81 52.46 60.86

Autumn Ave + SD Min Max Ave + SD Min Max Ave + SD Min Max
Cd 2.52 + 0.27 2.00 280 1.60 £0.13 140 1.80 1.16 + 0.39 0.80 1.80
Cu 17.52 +0.98 16.40 18.80 19.36 £ 1.20 17.40 21.00 18.44 +2.29 15.20 21.00
Pb 41.60 + 4.96 32.00 46.00 67.60 £+ 4.08 62.00 74.00 65.60 + 5.57 60.00 76.00
/n 52.10 + 6.42 44.64 62.70 58.08 + 4.74 50.78 63.86 56.44 + 18.67 33.84 86.66

Notice:

Ave £ SD = Average + Standard Deviation. Min = min. value; Max = max. value.

Based on the average Cd values shown in Tables 2—4, it can be stated that in autumn
periods, the Cd content in the examined arable lands decreased every year. The lowest
Cd concentration during autumn periods was at Locality Iin 2019 (0.40 mg-kg~!, depth
0.0-0.1 m); the highest Cd concentration was in 2017 (2.80 mg-kg~!). The limit Cd value
was exceeded in all three observed arable lands in autumn (2017-2019). The average Cd
content in autumn in all the observed years was the highest at Locality II (1.77 mg-kg~?;
excess by 152.9%) > Locality III (1.76 mg-kg ~!; excess by 151.4%) > Locality I (1.59 mg-kg~%;
excess by 127.1%).

As the soil samples’ analyses indicated (Tables 2-4), they did not exceed the limit
values of copper (60 mg-kg~!) and zinc (150 mg-kg~!) in any of the examined arable lands
during any of the analyzed periods (spring and autumn) 2017-2019. The average Cu
content at the localities decreased as follows: spring-Locality I (19.73 mg-kg~!) > Locality I
(18.24 mg-kg 1) > Locality III (17.52 mg-kg~!); autumn-Locality IT (20.33 mg-kg ') > Lo-
cality I (19.76 mg-kg 1) > Locality I1I (18.44 mg-kg~!). The highest spring Cu concentration
was recorded at Locality I (24.40 mg-kg~!, depth 0.4-0.5 m) in 2019, while the lowest
spring Cu concentration was found at Locality IIT (12.60 mg-kg~!, depth 0.3-0.4 m) in
2019. The lowest autumn Cu concentration was in 2019 at Locality III (15.20 mg-kg’l,
depth 0.4-0.5 m), while the highest autumn Cu concentration was 2017 at Locality I
(25.00 mg-kg !, depth 0.0-0.1 m).

The limit value of lead (70 mg-kg~!) was exceeded in spring samples 2017-2019,
while in autumn samples, the limit value was not exceeded (Tables 2—4). The Pb limit
value in spring samples was exceeded as follows: at Locality I (80.00 mg-kg~!, depth
0.3-0.4 m; 76.00 mg-kg !, depth 0.4-0.5 m), in spring 2018 and 2019 (76.00 mg-kg !, depth
0.2-0.3 m; 72.00 mg-kg !, depth 0.3-0.4 m; 80.00 mg-kg !, depth 0.4-0.5 m); at Localities
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II and IIT in all the examined depths in spring 2019. The spring average Pb content in
2017-2019 decreased in the observed arable lands: Locality II (60,13 mg-kg~!)> Locality
I (60.00 mg-kg!) > Locality III (57.07 mg-kg~!). At Locality III, the spring average Pb
content values decreased as follows: in 2019 (77.60 mg-kg~!; exceeding the limit value by
10.9%) > 2018 (52.00 mg-kg 1) > 2017 (41.60 mg-kg ). The lowest spring Pb concentration
was recorded in 2017 at Locality I (depth 0.0-0.1 m) and Locality III (36.00 mg-kg’l,
depth 0.3-0.4 m). The highest spring Pb concentration was found in 2019 at Locality II
(84.00 mg-kg !, depth 0.1-0.2 m). Although the average values did not exceed the Pb
limit value, in some autumn samples taken from various depths, the Pb contamination
did exceed the limit value. At Locality III, in autumn samples, the average Pb content
decreased as follows: 2018 (67.60 mg-kg ') > 2019 (65.60 mg-kg ') > 2017 (41.60 mg-kg~1).
The highest autumn Pb contamination was found at Locality I in 2017 (84.00 mg-kg ™,
depth 0.0-0.1 m; exceeding the limit value by 20%). The lowest autumn Pb contamination
was recorded at Locality IT (32.00 mg-kg !, depth 0.2-0.3 m) in 2017. The average autumn
Pb content in 2017-2019 decreased as follows: Locality II (61.07 mg-kg ') > Locality III
(58.27 mg-kg 1) > Locality I (55.87 mg-kg1).

The lowest spring zinc concentration in the observed arable lands was found at
Locality III (44.36 mg-kg !, depth 0.3-0.4 m) in 2017. At Locality I, the highest spring Zn
concentration (70.56 mg-kg~!, depth 0.4-0.5 m) was recorded in 2019. The highest spring
average Zn content during 2017-2019 was at Locality IT (60.10 mg-kg~!) > Locality I >
(58.12 mg-kg 1) > Locality III (53.53 mg-kg~!). The highest autumn Zn concentration was
re-corded at Locality I (87.90 mg-kg !, depth 0.0-0.1 m) in 2017; the lowest autumn Zn
concentration was at Locality 1T (33.84 mg-kg~!, depth 0.4-0.5 m) in 2019. The highest
autumn average Zn content during 2017-2019 was at Locality II (60.75 mg-kg ') > Locality
III (55.54 mg-kg ') > Locality I (54.32 mg-kg!).

Correlations Analysis between Selected Heavy Metals Contents at Localities I-III

Using statistical methods, the correlations between the heavy metals” contents (Cd,
Cu, Pb, and Zn) at Localities I-III were studied. The calculated values of the correlation
coefficients are summarized in Table 5.

Table 5. Correlation coefficients between heavy metals contents (Cd, Cu, Pb, and Zn) at Localities I-III.

Season 2017-2019 (Spring) 2017-2019 (Autumn)
Metal cont. ! Cu Cd Pb Metal cont. ! Cu Cd Pb
Zn 0.5903 —0.0277 0.6613 Zn 0.7037 0.0072 0.5885
Locality I Cu - —0.4586 0.8088 Cu - —0.0363 0.6697
Cd - —0.4947 Cd - - —0.3004
Zn 0.9272 —0.5375 0.5655 Zn 0.3516 0.1402 0.2478
Locality II Cu - —0.4793 0.4919 Cu - 0.5262 —0.2480
Cd - —0.3224 Cd - —0.5971
Zn 0.8704 —0.2138 0.5653 Zn 0.8853 —0.4627 0.4758
Locality III Cu - —0.2929 0.4018 Cu - —0.5501 0.5829
Cd - - —0.2977 Cd - - —0.7186

1 Metal cont. = Metal contaminant.

Based on the results (Table 5) of the statistical analysis, it can be stated that there was a
significant degree of correlation between the Zn and Cu contents (r = 0.5903) and between
the Zn and Pb contents (r = 0.6613) in spring samples from Locality I. A high correlation
degree (r = 0.8088) was recorded between the Cu and Pb contents. Based on the value of
the correlation coefficient between Zn and Cd content, there was no significant correlation
between them, and there were only a mild correlation degree between the other elements.

Between the Zn and Cu content in autumn samples from Locality I, the value of the
correlation coefficient was r = 0.7037, which means that the correlation was high between
the contents of the examined elements. Between the Zn and Pb content (r = 0.5885) and
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the Cu and Pb contents (r = 0.6697) the correlation degree was significant. The correlations
between the contents of the other elements were none or only mild.

The correlation coefficient between the Zn and Cu contents in spring samples from
Locality Il was r = 0.9272, i.e., the correlation between the observed elements contents was
very tight. Between the Zn and Cd contents (r = —0.5375), and between the Zn and Pb
contents (r = 0.5655) the correlation was significant. In contrast, the correlations between
the contents of the other examined elements were only mild.

Based on the calculated correlation coefficients, we argued that between the Cu and
Cd contents (r = 0.5262) and between the Cd and Pb contents (r = —0.5971) in autumn
samples from Locality II, there were significant correlations. The correlations between the
contents of the other analyzed elements from this locality were none or only mild.

The value of the correlation coefficient between the Zn and Cu contents in the soil in
spring samples from Locality III was r = 0.8704, which indicates a high correlation. Table 5
shows that, between the Zn and Pb contents, there was a significant degree of correlation
(r =0.5653). The correlations between the contents of the other analyzed elements were
only mild or even non-existent.

Lastly, based on the calculated values of correlation coefficients summarized in Table 5,
it can be stated that between the Zn and Cu contents (r = 0.8853) and between the Cd and
Pb contents (r = —0.7186) in autumn samples from Locality III, there was a high degree
of correlation. The value of the correlation coefficient between the Cu and Cd contents
was r = —0.5501. In contrast, the correlation coefficient between the Cu and Pb contents
was r = 0.5829, which indicates a significant degree of correlation. Based on the calculated
correlation coefficients shown in Table 5, the correlations between the contents of Zn and
Cd/Pb were only mild.

3.2. Influence of Selected Factors (pH and TOC) on the Mobility of Heavy Metals in Soil

The obtained results (Tables 6-10) were related to the influence of soil factors (pH and
TOC) on the mobility of heavy metals at Localities I-1II expressed through their correlations.

3.2.1. pH Values in Soil Units of Localities I-III

The average pH values of active and exchangeable soil reaction in the observed periods
at Locality I ranged from neutral to acidic, at Locality II from neutral to mildly acidic, and at
Locality III from mildly alkaline to neutral. The average values of active and exchangeable
soil reaction in the observed periods are summarized in Table 6a,b.

3.2.2. Correlation Analysis between pH Values and Heavy Metal Contents

In our study, we analyzed the correlations between the concentrations of the heavy
metals and the pH(H;O) values at the observed localities (Localities I-III) (Table 7).

The correlation coefficients were calculated between all the recorded pH values and
the heavy metals concentrations in two seasons (spring and autumn) in 2017-2019. The
rank correlation coefficient was also applied to calculate the degree of interdependence
between the observed variables [81].

As Table 7 shows, the value of the correlation coefficient between the Zn content and
pH(spring) at Locality I was r = 0.5594, which means that there was a significant degree of
correlation between the observed variables. As indicated by the value of the correlation
coefficient between the Cd content and pH(spring) (r = —0.7265), there was a high negative
correlation between these variables. The values of correlation coefficients between the
contents of other heavy metals in soil samples and the pH(H,O) values indicate that the
degree of correlation was none or only mild between these variables.

Based on the calculated correlation coefficients, we argued that between the Zn
content and pH(spring) (r = 0.6440), between the Cu content and pH(spring) (r = 0.5558),
and between the Cu content and pH(autumn) (r = —0.6894) at Locality II there were
significant correlations. A high correlation degree (r = 0.8420) was observed between the
Pb content and pH(spring). The values of correlation coefficients between the contents of
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the other heavy metals and pH(H,O) suggest zero or only mild interdependence between
the observed variables.

Table 6. (a) pH(H;O) values (spring, autumn 2017-2019). (b) pH(KC) values (spring, autumn 2017-2019).

(a)

Localities 2017 2018 2019
Spring Ave + SD Min Max Median Ave &+ SD Min Max Median Ave &+ SD Min Max Median
Locality I 641 +011 6.26 6.60 6.40 621 +0.17 596 646 6.15 6.78£0.05 6.71 6.86 6.76
Locality II 7.09 £+ 0.05 7.00 7.15 7.08 7.38 £ 0.05 7.32 7.45 7.37 7.64 £+ 0.05 7.56 7.71 7.63
Locality Il 722 £0.07 712 731 7.22 756 +0.08 746 7.66 7.52 755+0.09 746 7.70 7.50
Autumn Ave + SD Min Max Median Ave + SD Min Max Median Ave + SD Min Max Median
Locality I 6.40+010 6.24 6.53 6.41 6.84+0.09 675 7.01 6.81 703+0.06 695 7.10 7.03
Locality II 659 +£0.17 6.41 6.80 6.52 776 £0.05 771 7.84 7.77 7184+ 024 6.76 743 7.31
Locality Il 6.81 £029 641 7.15 6.83 759+014 740 7.85 7.49 765+0.09 750 7.76 7.66
(b)
Localities 2017 2018 2019
Spring Ave£SD Min Max Median Ave+SD Min Max Median Ave£SD Min Max Median
Locality I 6.06 £0.07 595 6.15 6.08 515+028 481 552 5.05 529 +£031 480 5.65 5.31
Locality II 6.64+023 625 6.96 6.63 633+0.18 6.11 6.55 6.30 635+033 6.08 692 6.11
Locality Il 6.80 £0.13 6.61 6.95 6.82 671+019 642 6.89 6.82 6.65 007 655 6.72 6.67
Autumn Ave + SD Min Max Median Ave 4 SD Min Max Median Ave 4 SD Min Max Median
Locality I 5.09+013 489 524 5.05 559 +027 524 595 5.57 557 +026 514 581 5.73
Locality II 549 +£005 543 556 5.47 648 +030 6.10 6.83 6.47 6.37+£019 6.06 6.61 6.34
Locality Il 6.05+0.10 5.87 6.14 6.11 6.76 £ 0.08 6.64 6.87 6.76 6.64+0.08 653 6.76 6.62

Table 7. Correlation coefficients between concentrations of heavy metals and p(H,O) values at Localities I-III in 20172019

(spring and autumn).

Metal Contaminant Locality I Locality II Locality III
pH spring autumn spring autumn spring autumn
Cd 0.3915 —0.7265 —0.3368 —0.3103 —0.0481 —0.6234
Cu —0.2023 —0.0859 0.5558 —0.6894 0.2543 —0.0484
Pb —0.0744 0.2617 0.8420 0.3324 0.6637 0.5633
Zn 0.5594 —0.2750 0.6440 0.1895 0.2272 —0.2466
Table 8. Average TOC content (%) at Localities I-III in 2017-2019 (spring and autumn).
TOC Content Localities
1 II 111
Years 2017 2018 2019 2017 2018 2019 2017 2018 2019
TOC spring 1.32 0.87 0.88 1.03 1.34 0.90 1.23 1.60 1.43
TOC spring Ave. 1.02 1.09 1.42
TOC autumn 1.04 1.10 1.18 1.08 0.95 1.31 1.24 1.46 1.22
TOC autumn Ave. 1.11 1.22 1.31

Note: Ave. = Average.

As indicated by the results in Table 7, there was a significant interdependence between
the Pb content and pH(spring) (r = 0.6637), between the Cd content and pH(autumn)
(r = —0.6234), and between the Pb content and pH(autumn) (r = 0.5633) at Locality III
There was no interdependence in the other cases of heavy metal contents and values of
pH(H0).
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Table 9. Mann—-Whitney test results (spring—autumn).

Spring-Autumn

Monitor Character

V4 p-Value

pH(H,0) —4.238 0.000!
pH(KCI) ~1.397 0.162
TOC 0.437 0.662

1 Statistically different values.

Table 10. Multiple comparison of pH values (pH(H,0O) and pH(KCI)) spring period.

pH(H,0) PH(KCI)
Localiti
OCMNES " Localityl  Localityll  Locality I Localityl  Locality I  Locality III
Locality I - 0.2880 0.0003 ! - 0.1576 0.0010 !
Locality II - 1.0000 - 1.0000
Locality III - _

! Statistically different values.

3.2.3. Analysis of Total Organic Carbon Content

In the arable lands (Localities I-III) where inorganic fertilizers were used before so-
wing, regarding the crops’ requirements and ploughing in the residuals after harvest, the
average values of total organic carbon (henceforth TOC) at Localities I and II were low. In
contrast, at Locality III, the average TOC was medium (Table 8).

Based on the obtained data, the average TOC content in 2017-2019 was as follows: at
Locality I the TOC decreased from medium to low; at Locality II the TOC content increased
from low to medium; and at Locality III the TOC remained medium.

Analysis of Differences between Seasons in pH(H,O), pH(KCI) Values and TOC Content

As Table 8 shows, the average TOC values at the three localities vary throughout
seasons. Our objective was to determine if the recorded data regarding pH(H,0), pH(KCI),
and TOC in two seasons (spring and autumn) are statistically significantly different.

The results in Table 9 suggest that the recorded pH(H,O) values differ significantly
in two seasons; in other words, two seasons differ significantly in pH(H,O) values. The
differences between the values of the other examined variables (pH(KCI) and TOC) in two
seasons are not statistically significant.

Analysis of Differences between Localities I-III in pH(H,O) and pH(KCl) Values and TOC
Content in Soil

As the results shown in Tables 6-9 indicate, between Localities I-III in the exam-
ined variables—recorded values of pH(H,O), pH(KCI), and TOC in the soil in two sea-
sons (spring and autumn)—there are some differences. The multiple comparison results
(p-values) for springs 2017-2019 are summarized in Table 10.

Based on the results shown in Table 10, it can be seen that in the springs of the
examined years, Localities I and III differed significantly in the recorded pH(H,O) values.
In the studied years’ springs, the localities” average pH values were as follows: at Locality
I pH = 6.47; at Locality Il pH = 7.37; and at Locality IIl pH = 7.44 (Table 6a).

An analogous procedure was performed to verify the statistical significance of the dif-
ferences between Localities I-III in recorded pH(KCI) values in the soil samples (Table 10).
The statistical analysis proved that in the springs from 2017-2019, Locality III differed
significantly from Locality I in pH(KCI) values. The average pH(KCI) values in the springs
from 2017-2019 at the three localities were as follows: at Locality I pH(KCI) = 5.50; at
Locality II pH(KCI) = 6.44; and at Locality III pH(KCI) = 6.72 (Table 6b).

The same statistical methods were applied to test the statistical significance of the
differences in the TOC ’s variable between the localities. Based on the Kruskal-Wallis test
results, the TOC in the soil samples from the three examined localities in the springs from
2017-2019 are not significantly different.
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Lastly, the Kruskal-Wallis test was applied to verify if the three localities (Localities
I-11IT) differ significantly in three variables (pH(H,O), pH(KCl), and TOC values) in the
autumns from 2017-2019. Based on the results summarized in Table 11, it can be seen that
Localities I and III differed significantly in the recorded values of pH(H,O).

Table 11. Multiple comparison of pH values (pH(H,O and pH(KCI)) autumn period.

pH(H,0) pH(KCI)
Localities . ; ; . ; ;
Locality I Locality IT Locality III Locality I Locality IT Locality III
Locality I - 1.0000 0.02001 - 0.4844 0.0080 !
Locality II - 1.0000 - 1.0000
Locality III - _

1 Statistically different values.

Therefore, pH(H,O) values recorded in the soil samples taken from the examined local-
ities in the autumns from 2017-2019 are significantly different. The average pH(H,O) values
in the localities during the periods in question were as follows: at Locality I pH(H,O) = 6.76;
at Locality II pH(H,O) =7.11; and at Locality III pH(H,O) = 7.35 (Table 6a).

As the results in Table 11 suggest, in the autumns from 2017-2019, Locality III differed
significantly from Locality I in pH(KCI) values recorded in the soil samples. In other words,
the recorded pH(KCI) values of the soil samples taken from Localities I and III in the
autumns from 2017-2019 are significantly different. The average pH(KCI) values in the
autumns from 2017-2019 at the three localities are as follows: at Locality I pH(KCI) = 5.4;
at Locality II pH(KCI) = 5.95; and at Locality III pH(KCl) = 6.48 (Table 6b).

The same procedure was applied to test the statistical significance of the differences
between the examined localities in the variable TOC recorded in the soil samples. The TOC
values recorded in the soil samples taken from the localities in autumns 2017-2019 do not
differ significantly.

It should be noted that the concentrations of the examined heavy metals (Cd, Cu, Pb,
and Zn) in soil samples were evaluated in terms of the decree currently in force by the
method of dissolution in aqua regia. The evaluation of the relation between the agricultural
land and plants was also performed by means of NH4NO;3 (¢(NH4NO3) = 1 mol dm™3)
leachate to make the analysis more complex (Table 12) [76].

Table 12. Average content of heavy metals in soil samples (in 1 mol-dm~3 leachate NH4;NO3) in
2017-2019.

cd! Cu'l Pb! Zn'
Localities Seasons (mg-kg—1) (mg-kg1) (mg-kg—1) (mg-kg—1)
Locality I ASEEIE%H 882 823 g?? 1555;
Locality II ASESIEH 88; 82; 8;3 igézl
locliym e 0000 1%

! The limit value for heavy metals in relation to agricultural land and plant-critical values (in mg kg~! dry
matter in leachate 1 mol-dm~3 NH4NO3) for Cd = 0.1 mg kg~!, Cu = 1.0 mg kg~!, Pb = 0.1 mg kg~!, and
Zn =2.0 mg kg~ [76].

The comparison of heavy metal contents (Cd, Cu, Pb, and Zn) in soil samples obtained
using dissolution in aqua regia exceeded the limit value of Cd (0.70 mg-kg~!) in all three
localities throughout the examined periods (spring and autumn, 2017-2019) (Tables 2—4).
In NH4NOj leach, Cd contents (0.10 mg-kg ') did not exceed the critical value in any of
the three localities (Table 12). The Pb contents (limit value Pb = 70 mg-kg’l) found in
the soil samples by means of aqua regia dissolution in the springs from 2017-2019 were
exceeded in Localities II and III in 2018 (Tables 2—4). Although in the autumn samples, the
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average Pb contents obtained with aqua regia dissolution did not exceed the limit values,
in autumn samples taken from some depths, the concentration of Pb did exceed the limit
values. In NH4NOj leach, Pb contents (0.1 mg~kg*1) exceeded all three localities’ critical
values (Table 12). Particular attention should be paid to Pb due to its determinative role in
evaluating soil contamination and potential environmental hazard. Furthermore, Pb is not
an essential element, it is more toxic to life forms, and can be easily absorbed by organisms.

Based on the results of the soil analyses done using aqua regia dissolution (Tables 2—4),
we can conclude that the limit values of copper (60 mg-kg ') and zinc (150 mg-kg~!) in
the examined arable lands did not exceed limits in any of the studied periods (spring
and autumn) 2017-2019. In NH4NOj leach, Cu and Zn contents did not exceed the
critical values (Cu = 1.0 mg-kg™!, Zn = 2.0 mg-kg~!) (Table 12). The comparison of
results shows that the excessive concentrations of the given elements concerning the
limit and critical values are identical. Soil samples analyzed in NH4NOj leach, and
their comparison with critical values, are essential in evaluating agricultural land and
plants’ relation. Industrialization and urbanization increase soil contamination, resulting
in harmful environmental safety effects, including plants.

As Table 13 suggests, the average contents of Zn, Cd, and Cu in the examined years
2017-2019 did not exceed the critical values [75] in the studied localities where analyzed
plant material was obtained. An exception was the values of Pb, which exceeded the
allowed critical value at all three localities throughout the examined years. The heavy
metals were analyzed in various plant parts of winter wheat (root, stalk, leaf, and kernel).
The contents of heavy metals in the plant parts are summarized in Table 13.

Table 13. Average contents of heavy metals in plant samples (dry material in mg kg~!) in 2017-2019.

Localities Part of Plant Cd Cu Pb Zn
root 0.30 15.50 2.40 61.95

Locality 1 stalk 0.00 2.00 0.60 8.14
y leaf 0.00 2.90 1.70 3.54

grain 0.00 440 0.00 25.47

root 0.30 22.10 2.60 85.41

Locality 11 stalk 0.00 1.80 0.75 5.65
y leaf 0.00 3.60 1.80 4.00

grain 0.00 4.10 0.00 18.38

root 0.20 18.00 2.90 44.40

. stalk 0.00 7.20 0.85 13.66
Locality IIT leaf 0.00 6.40 1.85 16.38
grain 0.00 420 0.00 21.98

An increase in heavy metal content in plants may cause their hygienic defects. Ac-
cording to the Decree of the Ministry of Agriculture and Rural Development and the
Ministry of Health of the Slovak Republic No. 14300/2007-OL, through which the title of
the Foodstuff Code of the Slovak Republic is issued, stating the limits for contaminants in
foodstuff, the maximum permissible Cd content in kernels (MAA = Maximum Allowable
Amount; MAA Cd = 0.2 mg kg~ ! for wheat) was not exceeded in the analyzed parts of
plants grown in Localities I-1II [82,83]. Nor was the maximum permissible Pb content in
kernels (MAA Pb = 0.2 mg kg ! for grain) exceeded from the examined localities.

A rather complex issue is the bioavailability of elements in terms of the interactions
between agricultural land and plants. The evaluation of bioaccumulation of elements
from the geological environment in the food chain is based on the analysis of the translo-
cation of potentially toxic elements from soil to specific, locally grown plant products,
e.g., cereals [84]. The relative bioavailability is expressed through the bioaccumulation
coefficient (BAC). Its calculation is based on the element’s content in a plant in proportion
to the element’s total content in the soil. The bioaccumulation measure of potentially toxic
elements in plants is evaluated based on BAC values in terms of the classification suggested
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by Selinus et al. [85]. The average BAC values (BAC = the element’s content in a plant/the
element’s total content in the soil) in the examined years 2017-2019 are summarized in
Table 14.

Table 14. Bioaccumulation coefficient for potential heavy metals.

Bioaccumulation Coefficient

Arable Soils Seasons cd Cu Pb 7n
R R B R
Locality II :E:&rrfn ggg 822 88? 8?2
Locality III Asl};:ffn 188 828 88; gg;

4. Discussion

Based on the researched results and analyses of the measured values of heavy metals
in arable soils (Tables 2—4) at the monitored localities in the surface layer, we conclude that
the content values of Cu and Zn did not exceed the limit values in any of the monitored
periods. Zn’s average contents did not reach even 50% of the permitted limit value in
arable soils. When comparing these results with the study of Wang et al. [86], we conclude
that these two heavy metals (Cu and Zn) are not identical in this study. The results of Wang
et al. [86] accord with our findings—they exceeded the limit content value of Pb in the
surface layer in 2019 at Localities II -II. They are also identical with the exceeded Cd limit
values in the surface layer in all monitored arable soils (except autumn 2019 at Locality
I). Our results also confirm the conclusions of the authors Yuanan et al. [87]; in general,
the heavy metals in the soil’s surface layers indicate the impact of human activity. Soil
contamination by Cd can be caused by, amongst other reasons, the use of large amounts of
inorganic fertilizers, mainly phosphorus fertilizers [88-91], and also agrochemicals [44],
which were also used in the localities we monitored.

Our results confirm the findings of Rodriguez-Bocanegra et al. [11], who observed in
their study that contents of Cu, Pb, and Zn are higher in the topsoil than in the subsoil. We
think this was caused by natural geological subsoil, mineralogical and geochemical charac-
ter, or groundwater. Parent rocks (e.g., granite and sandstone) also affect soil contamination,
especially Cd, Cu, and Zn. Similar conclusions were reached by Feng et al. [92].

We also found differences in the content values of Pb. When compared with our results,
we agree with the study by Roca et al. [93] that limited mobility and strong incorporation
of Pb in organic matter leads to bioaccumulation of this element in horizons of surface soil
rich in humus.

By running the analyses, we found out that soil samples were contaminated most by
Cd. Simultaneously, low to medium contamination of heavy metals was recorded with
Cu, Pb, and Zn (except the content values of Pb in selected localities in the springs from
2017-2019). This study agrees with the findings of Li et al. [94]. The source of even low or
medium contamination of Cu, Pb, and Zn could be exhaust fumes from transport (road no.
65 is near Locality III). On the other hand, exceeding the allowed Cd limit values could
have been affected by fertilization and industrial emissions. This statement correlates with
Li et al. [94] and Feng et al. [92]. Our results also confirm the theory of Ye et al. [95], that the
spatiotemporal dynamics of heavy metals (Cd, Cu, Zn, and Pb) may be due to the physical
and chemical properties of the soil.

In soil samples from Localities I-1II, which we analyzed, we were interested in how
heavy metal content values changed after the application of fertilizers within three years.
During the observed period, the input of heavy metals was as follows: Pb > Cu = Zn > Cd
(Localities I-II) and Pb > Cu > Zn > Cd (Locality III). Our results are similar to those
measured by Belon et al. [96] and Hu et al. [97]. We differ between these two heavy metals:
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Pb and Zn. In the analyses of the content values of Cd and Cu in arable soil, the average
content of Cd had a decreasing trend for the whole monitored period. The content values
of Cu increased from 2017 to 2018 and decreased from 2018 to 2019. When comparing these
results with the study of Zhao et al. [98], we conclude that the average content values of
Cd are not identical to this study. The trends observed differ from those found in arable
land by Shao et al. [99] for the last 15 years. The reason for this difference may be reduced
inputs from anthropogenic sources (reduced application of fungicide-based copper). From
the results obtained from the study by Hu et al. [97], heavy metals in fertilizers represent
an environmental risk.

Based on the correlation coefficients of the calculated values of the contents of the
monitored heavy metals in the soil, we reached the following results. At Locality II and
Locality III in the autumn periods 2017-2019, the metals Cu and Cd were negatively
correlated with each other (Table 5), i.e., with increasing Cu content values, the Cd content
decreased and vice versa. This is consistent with the finding made by Huang et al. [100].
In contrast, Demkova et al. [101], in their study, noted that all studied heavy metals were
significantly positively correlated with each other, except for the relationship between the
total Cu and Cd content.

If we consider the pH(H,O) values (Table 7), which affect the mobility of heavy
metals, based on the calculated correlation coefficients in the autumn period with increas-
ing pH(H,0O), Cu content at Locality II and Cd content at Locality III were decreased.
Huang et al. [100] reached similar results. Our study showed that, due to the experimental
characteristic and TOC contents in the autumn period in the observed years, TOC contents
in soil samples taken from the monitored localities are not statistically significantly differ-
ent. Instead, we agree with Li et al. [94], who concluded that the soil’s physicochemical
properties mainly influenced the soil’s contamination.

The correlation coefficient between the heavy metal Zn content and Cu and Pb content
were evident in all three arable soils in the spring periods of 2017-2019 (Table 5). A similar
result was reached by Demkova et al. [101]. If there is a significant correlation between the
elements, it is that they originate from the same source. Chai et al. [102] reports that the
positive correlations between Cu, Pb, and Zn may reflect their soil ‘s geochemical affinities.

It was also confirmed, based on the calculated values of the correlation coefficients,
that the high degree of bonding was between the contents of the metals Zn and Cu at
Locality I (autumn) and Locality III (spring and autumn). At Locality II, a very close
correlation was observed between the contents of metals Zn and Cu. A high degree of
correlation was also confirmed between the contents of metals Cd and Pb at Locality
III (autumn) and between the contents of metals Cu and Pb at Locality I (spring). Lv
and Wang [103] obtained similar results. The correlation of Cd with other heavy metals
may have a mixed source (e.g., lithogenic and anthropogenic) or different geochemical
properties from other heavy metals in the soil, as reported by Chai et al. [102]. The authors
Yuanan et al. [87] stated that, in general, high values of the correlation coefficients between
the contents of the heavy metals are likely to contribute to the same or closely related
sources. The contents of the heavy metals Cu, Pb, and Zn, can be interconnected and are
probably partially influenced by biological factors, the content of organic substances in the
soil, and/or pollution [104].

We also used the correlation coefficient to measure statistical dependence between pH
values (spring and autumn) and heavy metal content. We chose this particular method per
Zhao et al. [105], who stated in their study that correlation analysis is an effective method
for revealing the relationship between heavy metals in soil and soil properties. Based on
the calculated values of the correlation coefficients, we confirmed that the Zn content also
increases at Locality I with the increase in the pH (spring) value. The Zn content has a
much lower affinity to the soil’s organic matters so that the pH soil instead drives the
total concentration of the Zn content and the Zn** activity in the soil solution [106]. In
the case of Cd, by increasing pH (autumn), the Cd value decreases (i.e., Cd mobility is
more prominent in an acidic environment). At Locality II, Cu and Zn contents had higher
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concentrations in neutral soil pH. The concentration of Cu and Zn in an acidic environment
is higher than in the alkaline state [107]. We calculated a statistically significant correlation
between the Cu content and pH (spring and autumn) values. In the spring period, the
Cu content increased with increasing pH values (Table 6a) and in the autumn period vice
versa. Cu adsorption in soil has a stronger pH dependence than Cd [108]. Heavy metals
become more soluble (leachable) under acidic conditions [109]. Hydrolysis of Cu at pH =6
increases its retention in the soil, while Cd hydrolyzes up to pH = 8 [108]. At Locality III, a
significant degree of binding was evident between Pb content and pH (spring and autumn)
values, and between Cd content and pH (autumn) values. According to Kim et al. [110], the
relative mobility of Cd in the soil solution is higher than Pb. Li et al. [94] claim that higher
concentrations of heavy metals have been observed at localities with higher pH values.
According to Zhang et al. [111], low soil pH values are associated with some elements’
intense leaching. The monitored soils’ relatively high pH values could explain the weak
correlation between pH and risk elements.

In our case, the correlation relationships were statistically significant between the con-
tents of all heavy metals and the pH values, but the degree of their binding was different. It
did not match the results obtained by Demkova et al. [101] and Zhao et al. [105]. The results
we researched correspond to the results obtained by Wang et al. [112]. Botzan [108] states
that metal cations’” mobility increases with increasing soil pH values due to the formation of
metal complexes with dissolved organic matter. Heavy metals tend to accumulate in soils
with high pH values and organic substance content with a heavier structure [113]. One
possible reason could be the low mobility of heavy metals in clay and alkaline soils [114].

By analyzing the total organic carbon content, we found that arable soils (Localities I-II)
had a low TOC content in the monitored years. Similar values were measured as well by
Simansky et al. [115]. Each soil has its carbon capacity, and therefore, despite the addition of
large amounts of carbon, the soil may not increase its carbon content proportionately [116].
An indispensable role of the ecosystem is the soil’s organic carbon storage [117], depending
on the balance of its inputs and outputs [118]. The post-harvest residues after combining
harvesting into the soil were involved in the monitored localities, but the TOC contents
were still low. These results do not fully correspond to the findings of Korschens et al. [119]
and Cong et al. [117], stating that low organic carbon stocks are in soils that are not used
for agricultural crop production (plant residues are not incorporated in soil). The decline
in soil organic carbon reserves and possible loss in agricultural soils can also be affected by
climate change and lower average annual temperatures [120-124]. Héring et al. [125] state
that TOC stocks did not change depending on climatic, vegetation, and soil conditions.
The authors Jiang et al. [126] indicate that soil factors and anthropogenic activities were
directly influenced by soil’s organic carbon content. However, long-term studies have
shown that practices such as better fertilizer management, fertilization and composting,
residue incorporation, crop rotation, green manure, reduced tillage, and modification of
the irrigation method increase carbon formation and storage in the soil [127]. According to
Lal et al. [128], these practices support sustainable agriculture and mitigate climate change.

At the monitored localities, we found that organic carbon content decreases depending
on the depth in all soil units (Table 8). This matches the results obtained by Liu et al. [129]
and Brady and Weil [130]. Studies that look at the impact of agrotechnical practices
on TOC stocks primarily focus on the soil profile’s surface layers [131]. According to
Rumpel and Kogel-Knabner [132], the primary sources of organic matter in the subsoil are
dissolved organic carbon, plant roots and root secretions, and particles’ transport from
the surface. By analyzing the results, we concluded that for the storage of organic carbon
in surface and subsurface soil layers of the monitored localities, fertilization with NPK
fertilizers had an effect. The results of further long-term experiments showed that with
the application of inorganic fertilizers, the organic carbon content in the soil changed and
either increased [116,133] or remained at the same level, or only slightly increased over
the years [127]. Only the average TOC content, calculated from measured TOC values at
Locality III (Table 8) corresponded with the results of Zhang et al. [134]. It is known that
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maintaining organic carbon stocks in agricultural soils is essential to ensure food security.
Under long-term constant management and environmental conditions, agricultural stocks
of organic carbon are in a dynamic balance between C inputs (crop residues, organic
fertilizers, and decomposition of soil organic matter) [135].

In the final part, we analyzed the statistically significant difference of three monitored
localities in the observed features: pH(H,O), pH(KCI), and TOC values in two seasons
(spring and autumn, 2017-2019). The Kruskal-Wallis test confirmed that the observed
values were statistically significantly different (Tables 10 and 11). The multiple comparison
test confirmed that Locality III was statistically significantly different from Locality I in
pH (active and exchange) values. The results correspond to the works of several other
authors [136-139]. According to Balang [137], the exchange soil reaction expresses a more
stable, long-term soil condition than the active soil reaction. Different soil units and the
same land use had different soil pH values [138]. Most studies that monitor soil acidification
during periods focus only on the topsoil, and attention is generally focused on the transition
from neutral to acidic soil pH [136,139]. There is no statistically significant difference in
TOC content analyzed in soil samples. Soil organic carbon content can decrease soil
acidification and affect soil pH values [140]. In the current pedogenesis stage, Slovak
agricultural soils” carbon content is only satisfactory [141]. Changes in soil organic carbon
levels in arable soil vary depending on the soil type [140].

By analyzing the content of heavy metals in plant parts (Table 13), we found that at
Localities I-1II, higher values of heavy metals were determined in the root system than in
other new parts of the wheat. Bioavailable forms of Zn and Cu content in soil samples did
not exceed the critical values. Pb content values exceeded the limit value for heavy metals
concerning agricultural land and plant-critical values (Table 12). Xing et al. [142] state in
their work that pollution of agricultural land often leads to increased concentrations of Cd
and Pb in crops such as wheat. Rodriguez-Bocanegra et al. [11] found in their study that
the analyzed soil had high contamination of Cu, Pb and Zn content mainly in arable soil.
Many of these heavy metals were bioavailable to plants, especially Zn. Besides that, they
confirmed that plants generally accumulate a higher content of heavy metals in the root
system than in other new parts. The authors Kumpiene et al. [143] state that phosphorus
application reduces bioavailable Pb, thus reducing accumulation in plant shoots. This
corresponds to the conclusions we reached in our research.

Cd occurred only in the root, in the above-ground parts in our analyzed parts of wheat,
and Cd content was not found in the grain. We recorded lead in the root and the above-
ground parts of wheat, but there was zero grain content. We conclude that the accumulation
of Cd in plant, can be influenced by pH values, TOC values, plant nutrients, and the plant
itself (species, variety, or cultivar). Gao et al. [144] reached similar conclusions. According
to McLaughlin et al. [145], environmental factors may promote greater Cd uptake by
increased flux to the root. The addition of Ca* ions through liming can lead to increased
Cd solubility and availability to plants [146]. Plants grown on low pH soils, where Cd’s
solubility is highest, may pose a potentially high risk to consumers. Wheat grown on soils
with low Zn and P bioavailability may have higher Cd concentrations in the grains [54]. The
availability of macronutrients and micronutrients, such as Zn, also affect Cd’s absorption
in plants [147]. Cadmium slows down the root system’s growth and causes chlorosis, even
necrosis, with an overall decrease in biomass and yields [26]. We have reached similar
results in our research as well. By analyzing the plants, we found that the accumulation
of Zn content in crops depends primarily on Zn's soil availability. In our measurements,
Zn content did not exceed the permitted limit value in any monitored localities. Studies
by other researchers have shown that Zn’s availability in the soil depends not only on the
total Zn content of the soil but also on the influence of the physicochemical properties of
the soil [148,149]. The low availability of Zn is often reported for wheat grains [70]. It is
essential to improve Zn’s availability in crops through agricultural management practices
such as zinc fertilizer application [150].
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At Localities I-1II, we also included in the calculation the results of analyses of whole
plant parts (Table 13). According to the bioaccumulation coefficient values, potentially
heavy metals, Zn and Cu, in monitored localities can be classified into a class among the
elements with an average intensity of accumulation. The calculated values of the bioaccu-
mulation coefficient Cd for Locality I place it among the negligible accumulated metals. But
for Locality I and Locality III these are intensively accumulated metals. The bioaccumula-
tion coefficient values in all monitored localities classify Pb among the metals with average
accumulation intensity. A similar conclusion was reached by Peijnenburg et al. [151]. Fur-
thermore, according to Norouzi et al. [152] and Demkova et al. [153], the concentrations of
heavy metals in plants depend on the root uptake associated with the bioavailability of the
elements in the soil or by dry and wet deposition on the external organs of plants. Heavy
metals that bind to solid particles in the atmosphere can enter and contaminate the soil,
given that the absorption of metal in higher plants occurs through the roots and leaves.

5. Conclusions

Our task is to avoid increasing concentrations of heavy metals in soil. Their accumula-
tion affects the soil’s ability to provide safe food, affects the quality and yields of cultivated
crops, and impacts consumers’ health. This is especially true for the contents of heavy
metals with a high degree of biotoxicity.

Today, different procedures are used regarding sustainable agriculture; one possibility
is the circular economy. The circular economy is focused on the (re)design of processes
and products, aiming to minimize negative environmental impacts by reducing the use of
non-renewable resources and improving waste management [154]. Agricultural production
seeks to prevent soil degradation [155] and use amounts of fertilizer that do not change
the soil’s properties [135] while still increasing plant yields and productivity. This agri-
cultural activity is a sustainable development component which affects food producers in
difficult qualitative and quantitative conditions. Agricultural ecosystems are an important
component in the production of food of plant and animal origin for humans. Heavy metal
bioaccumulation in edible parts of plants seriously affects environmental components, the
food chain, and the quality of people’s lives, especially today, when the growing number
of emerging diseases such as COVID-19 represents an increasing health risk.

The data obtained from the study on the content of heavy metals in soil and cereals
grown in this soil should lead to appropriate measures related to food safety [156]. These
are preventive measures to exclude heavy metals from the food chain. They may also
include checking the bioavailability of the elements (e.g., by liming or using other methods
to demobilize heavy metals), growing plants other than cereals on the affected land, and
eventually remediation actions. The assessment results based on the soil samples from
our study also highlight the need for spatially intensified and thematically broadened
monitoring of soil resources in a monitored area. Heavy metals can be in agricultural soil
from anthropogenic sources (transport and industrial) and dry and wet deposition. This
also applies to the monitored sites; whose arable soils are in the vicinity of inhabited urban
areas or near roads where the limits of Cd and Pb heavy metal content have been exceeded.

The main reasons for Cd’s presence in the soil can be the use of large amounts of
inorganic fertilizers, agrochemicals, and atmospheric deposits. Higher Pb contents may
be mainly from anthropogenic sources (burning of fossil fuels and municipal sources),
including transport and industrial resources. Exceeding the limits of heavy metals results
in a threat to human health and direct negative economic impacts. To reduce heavy
metals in the soil, stricter regulation of ash emissions during the coal combustion process
could be introduced, especially in winter seasons, to mitigate the growing agricultural
use of these heavy metals in arable soils. One effective solution to prevent and reduce
soil contamination is for surface layers of soil to contain buffers, which would prevent
pollutants from reaching deeper into the soil.

Regular monitoring and evaluation of the heavy metal content in soil units are of
primary importance in this field. Current knowledge points to a comprehensive approach
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to tackling soil contamination and cultivated crops (plants) with heavy metals, which is
necessary to maintain the soil’s ecological function and ensure the health and food safety
of cultivated cereals.
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