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Abstract: The paired Fluvisol and cereal samples in both the field screening and controlled experi-
ments are reported to elucidate the soil-crop relationship for As, Cd, and Pb in relation to changing
contamination levels. Significant varietal differences in plant uptake were observed for crop type
(barley, triticale) and the harvested part of the crop (oat shoots and grain). When parametrizing
the stepwise regression models, the inclusion of soil properties often improved the performance
of soil-crop models but diverse critical soil parameters were retained in the model for individual
metal(loid)s. The pH value was often a statistically significant variable for Cd uptake. For As and
Pb, the more successful model fit was achieved using the indicators of quantity or quality of soil
organic matter, but always with lower inherent model reliability compared to Cd. Further, a single
correlation analysis was used to investigate the relationship between extractable metal concentrations
in soil solution and their crop accumulation. For Cd, there were strong intercorrelations among
single extractions, the NH4NOj extraction stood out with perfect correlation with plant uptake in
both experiments. For As and Pb, the CaCl, and NapyEDTA solutions outperformed other single
extractions and were the better choice for the assessment of depositional fluvial substrates.

Keywords: crop production; contamination; floodplain soils; regression models

1. Introduction

The prime conditions either for farming or various services for human society (settle-
ment, manufacturing) have been provided by floodplains since the dawn of civilization.
On the other side, flooding outlets always bring some risks either for human society or
soil functions, including additional environmental and health-related hazards due to the
inputs of toxic pollutants, i.e., trace elements (TEs) [1]. The changing spatial and temporal
character of biogeochemical processes makes floodplains geochemically reactive pools
affecting the retention/remobilization of TEs. Since intensive farming encounters vulnera-
ble soil conditions for the mobilization of TEs, concern about their possible transfers into
the human food chain may be raised [2]. Generally, the transfer of TEs into plant organs
shows high element and plant-specific differences [3]. As a consequence, a soil-plant
transfer seldom corresponds to stocks in soils, even in geochemically reactive soils such as
floodplains soils [2,4], highly polluted mining sites [5], and industrial sites [6].

Since the fate of TEs is known to crucially depend on their sorption—desorption
equilibria and dynamics in the soils, the predictive models for plant uptake for an array of
TEs usually rely on the empirical multiple linear models that count for the effect of the most
important soil properties i.e., pH, organic carbon, and CEC [6—11]. The element uptake
depends also on the plant species, vegetation periods, and analyzed plant tissue [3,6,12,13],
making them important for agronomic purposes.

Generally, understanding element uptake by various crop plants has been of general
concern for food security [14], from a toxicity point of view [15] as well as remediation
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purposes [16], especially for the metal(loids) with established or suspected adverse effects
The indirect route for entry into the food chain via bioaccumulation may considerably
contribute to potential health risks [1,6], and especially cereals and grains may play a
crucial role in dietary exposure [17]. Given the generally elevated load of Fluvisol, studying
the behavior of trace elements within those soils and identifying controlling factors of
bioaccumulation in their crops is of great concern for agronomic management purposes.
Cereals are a staple crop for food production, and they are intensively cultivated within
the floodplains.

Since the nation-wide or continental systematical monitoring usually reports rather
the geochemical status of soils than the chemical composition of crops, and since soil
quality programs rarely include data on the available pools of trace elements in soils, it is
of great concerns to benefit from the extensive information on total element concentrations
and key soil properties as an alternative route to derive potential crop uptake. Hence, we
set the primary objective of this study to derive the relationship among various extractions
of soil metal(loid)s (As, Cd, and Pb), and further investigate the relationship between those
extractions and crop uptake under conditions of changing magnitude and geochemical
reactivity of Fluvisol contamination. In the present study, widely used regression tech-
niques were used to estimate the effect of different soil parameters on the concentration
of three metal(loid)s (As, Cd, and Pb) in cereal crops grown in floodplains in the Czech
Republic. The novelty of our study is that the relationships between soil properties and
crop contents were assessed across changing reactivity gradient of soil contamination and
using various field and controlled experiments. Since the atmospheric deposition can
contribute to contamination of plant tissues, the indicators of atmospheric deposition for
studied metal(loid)s were also included in the model building for field screening or were
reduced in controlled conditions of experiments.

2. Materials and Methods

The set of experimental data was assessed to investigate the effect of various soil
properties on plant uptake under various experimental settings (real terrain screening—
controlled field conditions and greenhouse pot experiment), and along with the changing
geochemical reactivity of soil metal(loid)s. Since the Czech legislation adopted hierarchical
soil screening limits and the second level of limit values was set explicitly for As, Cd, Pb,
Ni, and Hg—i.e., risky elements with elevated threats for food chain [18], the study was
focused on three elements (As, Cd, and Pb) that were typically elevated in Czech floodplain
soils [19,20].

2.1. The Terrain Sampling of Soils and Cereal Crops under Real Cultivation Conditions

Data for terrain screening were obtained from a nation-wide sampling of the repre-
sentatives of cultivated floodplains where a high flood frequency has met a high extent of
arable land and with cereal crops. For each sampling site, a set of 10 individual topsoil and
plant subsamples were collected from a hectare area of arable land under real cultivation
conditions in 26 randomly selected locations in the Czech Republic. For each sampling site,
a set of 10 individual probes was collected from an area of 1 ha using a hand auger up to a
depth of 30 cm. The soil was homogenized by quartation. The plant samples were taken in
the stage of full crop maturity at the spot of the auger bores. In the case of wheat plants,
spikes with ripe grains were collected and air-dried. Further, grains were threshed to yield
material for chemical analyses. Similarly, the grains from corns were pulled out from the
air-dried cobs. The terrain samples of soils and plants were transported to the laboratory
for chemical analyses.

In an attempt to cope with differences in depositional inputs of metal(loid)s into
crops under real cultivation conditions, we have used the estimated annual deposition of
metal(loid)s on the sampling site calculated as a five-year moving average of deposition
extracted from the spatial model that used the continuous measurement of air pollution at
ground monitoring site [21]. The parameter of moving average (from period 2012-2016) of
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annual deposition of each metal(loid) for each sampling locality was added to the dataset
and model-fitting performance.

2.2. The Experimental Setting of Greenhouse Pot Experiment with a Cereal Crop Grown in
Moderately Contaminated Fluvisols

The controlled pot experiment was conducted with 6 kg Fluvisols with elevated
concentrations of studied metal(loid)s. To homogenize the soil samples, the entire volume
of soil was mixed in a container and sieved at a mesh size of 5 mm after the gravel had
been removed and large aggregates crushed. All the samples for the pot trial were taken
in moderately contaminated floodplains located at ten various sites from the middle and
lower reach of the Elbe River (for localization see Figure 1) and were selected to represent
moderately contaminated Fluvisols. The soils from 10 localities were prepared for the
pot experiment. For each locality, the natural soil and the soil treated with liming were
prepared in duplicates. The pot experiment was placed into a greenhouse to reduce the
effects of atmospheric deposition. Barley and triticale were selected for the pot cultivation
experiment, and were sowed after the topsoil had been finished to prepare the seedbed.
During the growing phase, the pots were watered according to plant needs by adding pure
water. All plants were harvested on the stage of the 5th leaf, and the shoots were separated,
washed with demineralized water, and transported for chemical analysis.

pH KCI

—+  Field trial
® Fot trial

A Terrain screening

BTN
L

el

0 100 km

SAND 0.083 - 2mm / %
Figure 1. The basic soil properties of Fluvisols from the terrain screening and controlled experiments.

2.3. The Experimental Setting of Small-Scale Field Experiment with a Cereal Crop Grown in
Highly Contaminated Fluvisols

In order to complete the observation of soil controlling factors for As, Cd, and Pb-
uptake by cereal across metal(loid) contamination gradient, we have used the results of
our field experiment conducted at well-known heritage burden of highly contaminated
overbank sediments deposited after several flood-induced failures of tailing ponds in the
Pfibram Ore District [22,23]. The experimental area was divided into 1 x 1 m square fields,
where a set of various soil treating was tested in four replicates to simulate various common
management practices—four fields under untreated, natural soil conditions, four fields
with the addition of dolomitic limestone (pH 8.2), four fields with the application of the
compost (pH 7.2, 35.5% Coy), four fields with an acid peat addition (pH 3.8, 30.1% Cox),
and finally with a muck-material of sapric histosol (pH 7.4, 7.2% C,x) ploughed under as
described by [24]. The fields were left to incubate after the addition of amendments for
a season, and the next season sowed by oat plants. During the growing phase, the fields
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were watered according to plant needs by adding pure water. The first half of the oat yield
was harvested on the stage of the 5th leaf to analyze the oat stalks, the second one in the
stage of full oat maturity to separate the oat grains from ears.

2.4. Joint Determination of Basic Soil Properties and Metal(loid)s Contents in Soils and Plants

For the soils from all experimental designs (terrain screening, controlled pot, and field
experiments), a stable set of basic soil properties was recorded with the common methodical
framework—a grain size distribution according to ISO 11277; soil pH potentiometrically
using the 1 mol/L KCl solution according to ISO 10390; the content of organic carbon by the
oxidimetric method using potassium dichromate according to ISO 14235, and qualitative
humus indicator using the color quotient Q4 /¢ measured in 0.1M pyrophosphate mixture
(after filtration and appropriate dilution) within the range 300-600 nm.

The soils from both terrain screening and controlled experiments were air-dried
and sieved according to ISO 11464, and then extracted using chemical extraction media of
different strengths. The soils from terrain screening were extracted using the aqua regia [25]
and ammonium nitrate [26]. The soils from controlled experiments were extracted using
the ammonium nitrate [26] and acid mixture (acid digestion with HNO3;, HCIO4, and
HF) [27]. In both controlled (pot, field) experiments an extended series of partial weak
extractions (Table 1) was conducted to test suitable extraction of bioavailable pools for
best-fit of plant uptake prediction. Trace elements in all extracts were measured by the
atomic absorption spectrometry in flame (VARIAN FAAS 240 FS; Pb), atomic absorption
spectrometry with electrothermal atomization (VARIAN ETA 240 Z; Cd), and with the
hydride generation atomic absorption spectrometry (As) [28]. The quality assurance of
analytical data is guaranteed by the control process using certified reference materials
(soils and sediments, CRM 7001-7004, Prague, Czech Republic) and certified controls of
the laboratory according to CSN EN ISO/IEC 17043:2010. The relative standard deviation
tolerance for analytical replicates was determined lower than 5%.

The metal(loid) contents in plants were determined shortly after the harvest by AAS
(VARIAN ETA 240 Z and FAAS 240) after the plant samples had been mineralized using the
acid mixture (HNO3, HCIO4). All the chemical analyses were performed in the accredited
laboratory of the Research Institute for Soil and Water Conservation, Prague.

Table 1. Overview of the used extraction methods for studied soil metal(loid)s (As, Cd, and Pb).

Method Extracting Solution Reference
Total content acid digestion (HNO3, HCIO4, and HF) ISO 14869-1:2001 [27].
HNO;3 2 mol/L HNOj Zbiral et al. [29].
Na,EDTA 0.025 mol/L Nay,EDTA, Podlesakova et al. [30].
CaCl, 0.01 mol/L CaCl, Podlesakova et al. [30].
NH4NO; 1 mol/L NH4NOj3 1SO/DIS 19730 [22].

2.5. Data Preparation and Statistical Analyses

All the plant and soil contents were transformed using the natural logarithm of the
concentration to ensure homogeneity of variances before the statistical analysis. Pearson
correlation coefficients were calculated to determine the relationship between plant contents
and soil contents using various extracting agents. Then, stepwise multiple linear regression
analysis was built to identify the significant soil variables, which may be used to fit a model
of estimating the plant contents of metal(loid)s in various cereals (straw or grains). A total
of four soil variables (pH, soil organic carbon, color quotient Q4 /4, and clay content) were
used for regression modeling in all stages of experimental design. The set of variables was
further extended by atmospheric deposition for terrain screening and broader series of
partial weak extractions of soil metal(loid)s for the controlled pot and field experiments.
Stepwise regression analysis was performed to identify that set of variables, which gave its
calculation best-fit models measured by percentage variance explained—i.e., adjusted R?.
Given the use of the ratio of mean-squares instead of the sums of squares, computing of the
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adjusted value allows a comparison of regression models containing different numbers of
variables. The significance level for deciding if the predictor enters into the stepwise model
was set p < 0.05, and the significance level for deciding when to remove a predictor from
the stepwise model was set p > 0.15. Data analyses were performed using the R program
version 3.6.1.

3. Results

The basic descriptive statistics of HM contents in the soil samples from field screening
and for soils used for controlled experiments are listed in Table 2 and the main soil proper-
ties are summarized in Figure 1. As shown in Figure 1, the experimental soils also differed
in basic soil properties—i.e., pH, particle size distribution, and organic carbon content.

Table 2. The basic statistics of soil properties and raw concentrations of As, Cd, and Pb in soils from
three experimental stages of the Fluvisol testing.

Fluvisol Field Controlled Controlled Field
Screening (n = 26) Pot Trial (n = 40) Trial (n = 20)
Mean 3 6.3 6.5 52
pH STD* 0.7 0.6 0.5
Min-Max 48-74 50-7.5 45-6.0
Mean 14 29 4.0
Cox STD 0.4 1.1 06
Min-Max 0.5-2.5 1.2-52 2.5-52
el Q50° 7.25 23.4 101.3
[mASXTf " MAD © 250 8.75 6.3
& X X8 Min-Max 0.3-35.4 6.7-56.0 84-111
5 Q50 0.005 0.049 0.02
s MAD 0.00 0.029 0.00
[mg x kg™"] Min-Max 0.005-0.088 0.02-0.2 0.02-0.04
. Q50 0.28 1.17 14.29
[mc‘i icfl] MAD 0.14 0.79 1.28
& X X8 Min-Max 0.09-0.95 0.2-6.1 11.6-22.7
~ Q50 0.003 0.041 0.07
[mCdX I\Ifc_l] MAD 0.00 0.011 0.036
& X K8 Min-Max 0.001-0.04 0.02-0.1 0.02-0.26
g Q50 219 87.5 1015
m Pbx {C,l] MAD 8.5 27.1 77.6
& X XK Min-Max 10.3-58.2 24.6-179 767-1770
~ Q50 <0.05 <0.05 0.95
[meX l\lfc,l] MAD cv’? cv’ 0.44
&% %8 Min-Max cv’ cv7 01-2.3
Plants Maize Triticale Oat
analyzed Wheat Barley

1 TC = total content (acid extraction-HF + HCIO4 + HNO3). 2 MC = mobile content (0.1 M NH4NO; extraction).
3 Mean = arithmetic mean. * STD = standard deviation of arithmetic mean. > Q50 = median.  MAD = median
absolute deviation. 7 CV = excessive amount of left-censored values.

The mean concentrations of metal(loid)s in soils followed the magnitude order Pb
> As > Cd, and slightly changed in crop plants Pb > As ~ Cd across all experimental
designs. The mean concentration of both total and bioavailable pools of studied metal(loid)s
increased in the sequence of terrain screening < pot experiment < field experiment, and
hence representing the condition of Fluvisols with background contamination, moderately
contaminated Fluvisols with local incidence, and the highly contaminated Fluvisols as
exceptional hotspots. Additionally, when the pollution status of experimental soils was
assessed according to the current Czech limit thresholds, the terrain soils were on average
below the first level of soil threshold for preventing soil from being polluted. The soils used
for the pot experiment exceeded the preventive values, and the soils of the field experiment
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exceeded the second level of limit values for evaluating hazards (for health hazards in case
of As and Pb, and for food safety threats in case of Cd).

3.1. The Results from Background Fluvisol-Terrain Screening of Soils and Cereal Crops

As shown in Table 2, Fluvisols randomly selected in areas, where the risk of extensive
inundations met a high cropland extent, showed low metal(loid) contents (As, Cd, and
Pb), and were close to their background levels in Czech soils [18]. Further, the established
metal(loid) extractability using the weak extraction by NH4NO3 detected a very low
portion of mobile forms of studied elements during the screening of fluvial croplands.
The field screening showed that despite being more vulnerable to soil contamination and
potential mobility, it is usually an issue of site-specific spots that may be successfully
traced by various geochemical tools adapted for fluvial records [31,32]. Lower metal(loid)
extractability was also reflected in their low translocation into grains of cereals cultivated
in the floodplain areas. Indirect effects of soil properties on risky elements in cereal crops
were determined from the product of the simple correlation coefficient between soils and
plants after the soils had been grouped according to the various soil properties. The
results were grouped according to the median values of pH, organic carbon content, the
color quotient of humic substances Qy /¢, and estimated annual deposition of the studied
metal(loid)s at the site of soil sampling derived from the spatial model of the Czech
Hydrometeorological Institute. For both groups (higher and lower than median values
of selected parameters), Pearson’s correlation coefficients between total soil contents and
grain contents are summarized in Table 3.

Table 3. Pearson’s correlation coefficients between log-transformed total soil contents and grain
contents after the screening soils had been grouped according to the median values of basic soil/site

characteristics.
Soil Properties Categories As Cd Pb
<6.32 —0.02 1ns 0.53 * —0.2171s
pH (KCD >6.32 0.28 0.19ms —0.07 1
<Qsp —0.351m8 0.04 1s —0.05 s
Deposition >Qs0 —0.10"s 0.63 * —-0.26M
(Qsp[ng-m~—3]) —1.23 —0.38 -73
Organic <1.35 0.55 * 0.29 s —0.07 1s
Carbon >1.35 —0.37 18 0.29 s —0.23 s
Index Q <4.5 —0.29 18 —0.001 s —0.25"s
4/6 >4.5 0.28 s 0.72 ** —0.081s
Clay <11.8 0.1371s 0.63 * 043
content >11.8 —0.20 1 0.09 * —0.391s

1 Bold values denote a statistically significant correlation at the p-value: * less than 0.05 or ** less than 0.01, and ns
denotes a non-significant linear correlation (p > 0.05).

Between the pH groups, the grain contents were better correlated with soil contents
for Cd in soils with lower pH, showing the well-known fact of pH-dependency of Cd
mobility in various soils [13,33], not excluding Fluvisols [34,35]. The opposite relationship,
but with lower statistical confidence, hinted at the better correlation of As contents between
soils and grains within the group of soils with higher pH. These findings corresponded
to the conclusion that liming-induced changes of pH did not influence the plant uptake
of those elements with very low transfer factors, like As or Pb [36]. When focusing on the
soil constituent influencing the binding capacities, the correlation between Cd content in
soil and cereals differs between the soil’s groupings. Generally, a higher correlation was
observed in soils with lower content of clay and lower quality of humus (higher values
for the color quotient of humic substances Qy4/4). The results indicated that high quality
of soil organic matter or higher clay content may affect the soil’s ability to retain risky
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elements in an exchangeable form, and hence prevent potential translocation of metal(loid)
into aboveground biomass. Eriksson [37] found that for a given total Cd concentration,
Cd appeared higher soluble and bioavailable in sandy soil than clay soil. Moreover, the
experiment with ryegrass showed that the transfer-preventing effect of organic matter was
higher in sandy than clay loam soils [38]. After the organic carbon grouping, As showed
significant correlations only for the low carbon group (Cox < 1.35). Trace elements may
complex directly with solid-phase components such as humic substances, and hence the
content of exchangeable forms in Fluvisol may be both reduced or enhanced, depending
on the distribution between organic fractions [4,39]. There was not proved a statistically
significant effect of the soil constituent for Pb correlations in our soil screening results. It
corresponds to the published results of less satisfactory prediction of the Pb-solubility from
measured soil properties in comparison to Cd, Cu, and Zn [33]. It should be noted that Cd
proved an obvious difference in correlation patterns after the soils had been divided using
the estimated annual Cd deposition on the area of the sampling. A statistically significant
correlation between soils and plants was only proved for soils with lower atmospheric
deposition of Cd.

The stepwise regression analysis as a function of both available soil pools (NH4NO3
extraction), total content and soil properties (pH, organic carbon, clay content, color quo-
tient of humic substances Qy /¢, estimated annual deposition of the given elements on the
area of the sampling) were built for As, Cd, and Pb using the soil screening data. The
empirical models using the soil characteristics test were able to explain the very low portion
(8%, 21%, and 16%) of the variability in levels of As, Cd, and Pb in cereal grains. The
results of the multiple stepwise regression analysis showed that only the predictors of
estimated atmospheric deposition remained in an attempted model fit for As and Pb in
grains of cereal crops grown in low-contaminated Fluvisols (Table 4). But it should be
noted that the depositional parameters alone have not allowed reliable fit for As and Pb.
The soil parameters pH and color quotient Q4 /¢ together with atmospheric deposition
of Cd contributed significantly to the model fit for Cd with the better yet not acceptable
portion of explained variability (Table 4).

Table 4. Terrain screening-the results of stepwise regression using the log-transformed soil contents
(As, Cd, and Pb) and basic soil /site characteristic.

Observed ’ % .
plant content
/ ' .
Predicted ) <
plant content . .

R? 0.075
pH
COX
Qu/6 X
Clay content
NH4NOj3; content
Total content
Atmospheric
deposition

The results confirmed that the interaction between plant and soil is very complicated
and of multifactorial nature. The weak soil-plant correlation was usually found in flood-
plains soils [2,39], even in those with elevated soil stocks [40,41]. Given the multifactorial
nature of soil-plant interaction and the relatively low number of sampled cereal plants,
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the result should be interpreted with appropriate caution, but the regression results hinted
at the effect of the depositional parameters. Differences in depositional atmospheric load
can contribute to variation in correlation levels between soils and aboveground biomass of
plants. Given the difficulty in identifying significant relationships of soil-plant interaction
using field data, we researched the possible contributory factors to metal(loid) uptake
under controlled experimental conditions.

3.2. The Results from Moderately Contaminated Fluvisols-a Greenhouse Pot Experiment with a
Cereal Crop

Since there was not possible to build reliable regression models for crop production
using the results from low-contaminated Fluvisols, we have used the result from the
greenhouse pot experiment with a cereal crop and soils from moderately contaminated
Fluvisols from the Elbe floodplain. The median contents of all HMs in soil used for the pot
experiment were approximately four times higher than their background levels in Fluvisols
from terrain screening soils (Table 2), and did not meet the Czech thresholds preventing
cultivated soils from excessive inputs of risky elements and substances.

The low levels of mobile portion of risky elements observed in the Fluvisol screening
area led us to investigate further various weak extractions and their correlations with plant
uptake. As shown in Figure 2 negligible differences were observed in correlation patterns
between soil total contents and weak extraction results for studied elements As, Cd, and
Pb. Their total contents generally showed the tightest correlations with the contents after
the HNO3 and Na;EDTA extraction. Noticeably, a less tight relationship proved the total
contents with the results of the weaker CaCl, and NH4NOj extractions. Even in moderately
contaminated soils, there was still a very low portion of Pb extractable by NH4NOj3 (with a
significant amount of left-censored values).

|<_t © «©

) O 3

As - soil total content |« e W x
As - barley stalk ™ ™ . .

As - triticale stalk Y [ ] [ |

Cd - soil total content ., ... . - x

Cd - barley stalk e oo o . .

Cd - triticale stalk . s -

Pb - soil total content ~ w  ses - CV X
Pb-barleystak 0 . cv &

Pb-triticalestalk ] W = cvV B
A

-1 08-06-04-02 0 0204 06 08 1

Figure 2. Pot experiment results—the correlogram of the log-transformed concentrations of As, Cd,
and Pb after their weak extractions with their total soil and plant content (the cells are sized and
asterisked according to significance test of correlation p-value (* p < 0.05, ** p < 0.01, *** p < 0.001);
the color gradient represent the direction and strength of the correlation; CV—the correlation was
affected by the high portion of left-censored values below the detection limit, X—diagonal elements
of the correlation matrix—the correlation of a column with itself).
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Considering the correlation between various extraction of soil risky elements and
plant contents, significant differences were found among the risky elements, and between
crop types (barley vs. triticale shoots). For As, we found a very low correlation for the total
contents of soil As and shoot contents for both cereal crops (barley and triticale). Whilst
As in barley shoots showed the acceptable correlation with soil As extracted with neutral
Ca(l, salt, As in triticale better correlated with soil As in the Na,EDTA extractions. Cd
in both studied crop plants significantly correlated with soil Cd pools in the case of all
extracting agents. Whereas, negligible correlations were observed Pb in plants and soils
regardless of the extraction method.

Further, stepwise multiple linear regression was used to derive empirical models
capable of predicting risky elements content in cereal shoots based on soil properties
and various extraction of soil risky elements. In contrast to field screening models, we
have not used the depositional parameters due to reducing the atmospheric effects in a
greenhouse experiment. Nevertheless, the extended series of partial weak extractions were
used for the stepwise model build. The regression analysis considered the same critical
soil properties such as soil pH, quantity, and quality of soil organic matter content (Cox
and color quotient Qq/¢), and clay content. Comparing the results of stepwise regression
modeling, the effect of the dummy variable for crop type manifested the differences for As
and Cd in their plant uptake (Table 5). The results corresponded to the published results for
cereal crops [42] as well as wild-growing plants [43] and probably referred to physiological
controls of metal(loid) accumulation by different plant species [44]. These effects justify
rather preferential use of the crop-specific prediction models against the universal plant
uptake models [45].

Table 5. Pot experiment-the results of stepwise regression using the log-transformed soil contents
(As, Cd, and Pb) and basic soil/site characteristic.

Observed
plant content

/
Predicted
plant content

R? 0.392 0.742 0.258

Dummy-crop type X X X
pH X
Cox X
Qu/6 X
Clay content
NH4NOj3; content X
NayEDTA content
CaCl, content
HNOj; content X
Total content X X

In most cases, the inclusion of soil properties improves the model performance be-
tween metal concentration in plant and soil but diverse critical soil parameters were
retained in the stepwise modeling for individual metal(loid)s. Soil pH was the critical soil
variable that controls the Cd uptake by crops through the dissolution of Cd soil species
that is also manifested by the significant effect of NH4;NO3-extracted Cd in the regression
fit. This relationship is well-known from both field and experimental conditions of crop
uptake [36,46,47].
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Whilst many studies suggest a link between soil organic matter content and fixation of
metals in the soil solid phase in terms of ion exchange other authors described solubilization
of some risky elements due to the formation of unstable complexes with organic matter in
fluvial soils [34,35]. Our experimental result showed that under the controlled conditions
of pot experiment the organic fraction in Fluvisols had rather a fixation effect on metal
binding. Therefore, in the present study, the plant uptake of As obviously decreased with
the increasing content of soil organic carbon in Fluvisol. The fractionation of soil organic
matter is of great importance for the mobility of trace elements in soils. Concerning the
fractionation of soil organic matter, the regression results from the pot experiment showed
that the decreasing color quotient (Qy/¢) as an indicator of increasing humus quality had a
significant effect on the plant uptake of soil Pb. The results showed that Pb can be trapped
more effectively by Fluvisols with higher humus quality, preventing plant uptake.

But it should be noted that these findings are valid under the stable soil conditions of
Fluvisol during the controlled pot experiment, and the field conditions of Fluvisols may
significantly vary during the episodic changing of flooding—drying cycles with serious
impacts on soil conditions affecting the mobility of trace elements [35,48]. The experimental
settings rather simulated the field conditions during an equilibration period of a dry cycle.
Whilst many authors discussed that a drop of redox potential due to temporary waterlog-
ging may push the metals in the soil solid phase to be dissolved ([33,34], and references
therein), using the results from selective extractions, X-ray diffraction, and Mossbauer
spectroscopy, Tack et al. [49] concluded that such changes were not detectable during
short temporarily changes (drying and waterlogging) of experimental soils. Moreover,
soil solution concentrations of trace elements were significantly higher in dried sandy and
acidic or poorly buffered soils, and even the saturated soils had lower concentrations of
metals in the soil solution.

3.3. The Results from Highly Contaminated Fluvisol-a Small-Scale Field Experiment with a
Cereal Crop

In order to complete the observation of soil controlling factors for As, Cd, and Pb-
uptake by cereal across metal(loid) contamination gradient, we have used a series of
extracting agent with a changing strength of reactivity (Table 1) to test their efficiency in the
prediction of plant uptake in highly contaminated Fluvisol, similarly to the controlled pot
experiment. As shown in Figure 3, the total contents generally proved tight correlations
with partial extractions using various agents which can be attributed to the higher reactivity
of soil metal(loid)s in tailing-impacted Fluvisol. The increased pool of bioavailable forms
of metal(loid) was also manifested in an increase of correlations between their soil contents
and contents in the oat straw, especially for Cd, As, and less for Pb. The correlation
between the oat grains and bioavailable pools of risky elements was lower and varied
significantly among the studied metal(loid)s as well as among the partial extractions being
used to assess their bioavailable pools. The experimental results showed that the neutral
salt solution CaCl, was quite effective in indicating the As and Cd contents in both oat
straws and grains. For Pb, various weak extractions were comparable in correlation with
Pb content in straws, but negatively correlated with contents in oat grains, in both cases
the linear relationship in the sample data was not strong enough (p > 0.05). The results
indicated the order of mobility and plant uptake Cd > As > Pb, and also the existence of
functional defense mechanisms preventing the excessive translocation of metal(loid)s into
cereal grains [12].



Agronomy 2021, 11, 1180

11 of 16

As - soil total content .

As - oat stalk s

" NHNO,
= XX soiltotal

As - oat grain N B . )

Cd - soil total content = ... .. . 2 X

Cd - oat stalk . . " . .
Cd - oat grain . .
Pb - soil total content = s s . . X

Pb - oat stalk . . . . .

Pb-oatgrain il W W W B
e —

-1 -08-06-04-02 0 02 04 06 08 1

Figure 3. Controlled field experiment—the correlogram of the log-transformed concentrations of As,
Cd, and Pb after their weak extractions with their total soil and plant content (the cells are sized and
asterisked according to significance test of correlation p-value (* p < 0.05, ** p < 0.01, *** p < 0.001); the
color gradient represents the direction and strength of the correlation; X—diagonal elements of the
correlation matrix—the correlation of a column with itself).

In addition, stepwise multiple linear regression was used to derive empirical models
capable of predicting risky elements content in oat shoots and grains based on soil prop-
erties and various single extractions of soil metal(loid)s. Again, the extended series of
partial weak extractions were used for the stepwise model build. The regression analysis
considered the same critical soil properties such as soil pH, quantity and quality of soil
organic matter content (Cox and the color quotient Qg /¢), and clay content.

To see if the models for grains and straw differ in the critical soil parameters, we also
compared the differences between the regression coefficients for two individual models.
The study showed a considerable value of the regression models in accounting for the
variation in metal(loid)s contents between oat straw (Table 6) and seed (Table 7). Amounts
of As, Cd, and Pb were generally significantly higher in straw than in respective seed
samples, and also the critical soil properties with strong relationship within regression
models little varied. Generally, the inclusion of basic soil properties (pH, Cox, Q4/¢, and
clay content) improved the model performance rather for straw contents than for grain
contests. The models for grain content generally showed lower values of adjusted R?, and
relied mainly on the various pools of soil metal(loid)s (Table 7).
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Table 6. Controlled field experiment—the results of stepwise regression for metal(loid) content in oat
stalks using the log-transformed soil contents (As, Cd, and Pb) and basic soil characteristic.

Observed
plant content

/
Predicted
plant content

RZ
pH X
Cox X
Qu/6 X X
Clay content
NH4NOj3 content X X
Nay EDTA content X
CaCl, content X X
HNOj; content
Total content X

Table 7. Controlled field experiment—the results of stepwise regression for metal(loid) content in oat
grain using the log-transformed soil contents (As, Cd, and Pb) and basic soil characteristic.

0.8

Observed
plant content

/
Predicted
plant content

-3.0 -25 -2.0 -1.5 -1.0 0.4 0.8 12 16 -2.0 -1.5 -1.0 -0.5

R? 0.373 0.462 0.132

Clay content
NH4NOj3; content X
Nay EDTA content X
CaCl, content X
HNO3 content
Total content X X X

4. Discussion
4.1. Comparison of Regression Models of Crop Uptake under Various Experimental Conditions

Whilst the regression results for soil-crop relationship for cereals grown in Fluvisols
with background metal(loid) concentration showed that it was harder to obtain reliable
model fit under field conditions, the results from controlled experiments with higher
contamination levels showed significantly better model fit. Although the observed poor
linear relationship between soil and plant seeds in terrain screening corresponded to the
general crop behavior under natural soil conditions [6,42,45,50,51] as well as the uptake by
wild-growing plants in heavy-impacted soils [43,52], it is important to note that the poor
model-fit in the survey may be caused by underlying factors not studied. Very weak soil—-
crop relationships for various metal(loid)s were also observed within the terrain screening
of moderately contaminated fluvial soils [2,39]. It may be the effects of uptake of metals
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via aerial plant organs, differences in the development stage of plants, as well as the low
number of samples, and their spatial heterogeneity [2]. The results of metal(loid) content
may also significantly differ among both crop types and their cultivars [42,53]. Accounting
for the variation of soil-crop relationship in our terrain screening, the addition of mean
annual deposition of metal(loid)s into linear modeling indicated the appreciable role of
atmospheric deposition. The plant uptake may be significant if the soil metal(loid)s are
elevated to excessive amounts or occurred in highly reactive forms, and hence for low-
contaminated soils, the model-fit is hampered by a low variation of plant contents near the
detection limit, and usually a large number of samples below detection limits. The effect
may be seriously inflated for those elements with very low transfer factors, like As, Be, Cr, V,
or Pb [35,54]. On the contrary, for the elements with higher mobility, the linear relationships
are usually achieved and exploited for prediction—like for Cd in our study but were also
published for Cu, Ni, and Zn [55,56]. Summarizing the extensive nationwide monitoring
data, the Pb concentration in various crops (wheat, barley, potato, hop, and rapeseed) were
often close to the detection limit, even as their respective soil concentrations were elevated,
and hence the reliable model fit was excluded [45]. The issue of left-censored data was
familiar for Pb in both low contaminated set of Fluvisol (excessive amounts of censored
values for both plant contents and soil bioavailable pools after the NH4NOj3 extraction) and
moderately contaminated set of Fluvisol (higher number of samples below the detection
limit for soil bioavailable pools after the NH4NOj3 extraction). When studying the linear
relationship between cereal crops and Fluvisols with elevated metal(loid) pools (controlled
pot and field experiments), the reliability of models increased, and allow to account for the
effect of soil physicochemical properties. When parametrizing these models, the inclusion
of soil properties improves the model performance between metal concentration in plant
and soil but diverse critical soil parameters were retained in the stepwise modeling for
individual metal(loid)s. On the side of crop type, there were proved significant differences
between barley and triticale (pot experiment) and between vegetative and reproductive
parts of oat (field experiment). Similarly, Adams et al. [42] observed the differences in the
regression fit for Cd uptake between barley and wheat. The physiological controls that
can explain variability in the accumulation of trace elements by different plant species
are rather unknown but are probably connected to various strategies adopted by various
species to cope with the harmful consequences of heavy metal toxicity [43,44]. These effects
justify rather preferential use of the crop-specific prediction models against the universal
plant uptake models [45].

Since pH has been widely found as a reliable predictor for bioavailable contents of
Cd [33], it was not surprising that pH retained a significant predictor for Cd-content in
barley, triticale, and oat stalks under controlled experimental conditions. Nevertheless,
the tight relationship between Cd-uptake and pH was also observed in correlation and
regression results from terrain screening of cereal crops (Tables 3 and 4). It showed that Cd
uptake with its pH-sensitivity allowed to build quite universal uptake models. Adopting a
set of regression models available from the scientific literature on results from the Czech
soil-crop monitoring, only Cd-models proved acceptable prediction ability [45]. It should
be noted, that the prediction potential of pH on plant uptake turned out insignificant as
soon as the Cd content in oat grains was modeled, yet the pH-dependent bioavailable
pools of Cd (extracted using CaCl, and NayEDTA) remained significant regressors. In
contrary to Cd, for As and Pb, the more successful model-fit was generally achieved using
the indicators of quantity or quality of organic matter, but always with lower inherent
model reliability compared with Cd.

4.2. Evaluation of Single-Extraction Methods to Estimate Crop Uptake in Fluvisols

Since Vacha et al. [57] discussed that NH4NOj solution may not be the most suitable
for the assessment of depositional substrates thanks to continual leaching by water in
a semi-aquatic environment, we intercorrelated the results of different single extraction
methods for soil As, Cd, and Pb in relation to their cereal crop uptake from the controlled
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pot and field experiment. From Table 1, it can be concluded that the NH4NOj3 extraction
became inadequate for studied metal(loid)s in low-contaminated fluvial records, and
remained problematic for low-mobile elements (As, Pb) even in a fluvial environment
with elevated contamination. A decent solution may be achieved by the replacement of
the simple NH4NOj extraction according to the ISO protocol [22] by the first extraction
step of Zeien and Briimmer’s sequential extraction procedure [58] with a longer extraction
duration and higher proportion of extracting agent to sample [59]. But during the controlled
experiments, the soil contents extracted by both the CaCl, and Nay;EDTA solutions showed
decent correlations with plant contents in cereal stalks. In the case of Cd, the choice of
suitable weak extraction seemed simpler, since there were strong correlations among them,
and the NH4NOj3 extraction stood out with a near-perfect positive correlation with plant
uptake in both experiments. In contrast to Cd, reliable choice of candidate indicators for
Pb plant uptake was not allowed by our correlation analysis. The result showed that even
within the controlled experiment of crops grown in highly reactive Fluvisol, it was hard to
obtain reliable uptake models that would allow a greater understanding of the factors that
lead to high metal(loid) content in grain, especially for Pb and As. It is important to note
that the poor model fit in the survey may be caused by underlying factors not studied—i.e.,
the plant physiology of metal(loid) uptake, the different response of plant growth, and
contents of individual elements in plant biomass. The results of metal(loid) content may be
significantly different among various cereal cultivars [42,53]. A proper description of these
physiologically-based differences of plant uptake mechanism may bring some possibilities
to develop cereal crops with the lower intake or translocation of metal(loid)s [60]. The
comparison of various cereals in their strategies to cope with the adverse effects of soil
contamination may be used to search the genotypes with tolerance resp. vulnerability to
metal contamination [61,62].
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