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Abstract

:

The bioavailability of trace elements (TEs) is one of the major factors for successful plant production and environmental protection. The aim of this study was to determine the extent to which TEs are bioavailable and which of the basic soil parameters affect bioavailability. The survey included agricultural soil samples taken from 240 locations on the territory of the Republic of Serbia, where the soil analytics were carried out. On the basis of the analyzed data the prediction models were derived based on the Freundlich model, showing the dependence between trace elements (TEs) extracted using the DTPA buffer solution in relation to the trace elements extracted using an aqua regia, the organic matter content (SOM), the clay fractions content, and soil pH. On one part of the samples, the prediction models were separated on the basis of a suspension for determining the pH in H2O and 1M KCl. The model was applied for the following TEs: Mn, Ni, Pb, Zn, and Cu. The content of the pseudo total forms of TEs statistically significantly influenced the bioavailability of TEs in all prediction models for all studied elements. The pH value statistically significantly affected the bioavailability of Ni, Mn, Pb, and Cu also in all prediction models. The impact of SOM and clay varied depending on the model and TEs. Multiple linear regression showed that the prediction models for TE Cu (R2 = 0.763–0.848) were the most reliable and that the bioavailability of Cu was significantly influenced by all the studied soil parameters except clay. Reliable results were also shown by the prediction models for TE Pb, but the values of the determination coefficient and investigated parameters that influenced the bioavailability varied depending on the model. The derived models for TE Mn, Zn, and Ni were less reliable (R2 is approximately 50% or less), and the effect of the tested parameters on bioavailability varied depending on the model and TEs.
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1. Introduction


Soil contains the main source of trace elements (micronutrients and non-essential elements) for plants [1]. There are two main transfer pathways that are significant for the evaluation of trace elements (TEs) risk in relation to living organisms: the soil-plant pathway, such as fodder and food crop, which introduces TEs into the food chain, and/or phytotoxicity and direct uptake through ingesting or inhalation by humans and animals [2].



The TEs bioavailability is considered to be the most decisive problem in both agricultural and environmental studies [1]. Before the TEs become bioavailable to plants and other biota soil, they have to be mobile [3]. Plants are known to have mechanisms that regulate the uptake of TEs under conditions of deficiency or excess in soil. As the mechanisms by which the exclusion of TEs in excess are much weaker than those in deficit, the excess of TEs presents greater stress for the plant [1]. The content of TEs in soil, in addition to its geochemical origin, has been increasing in recent decades through anthropogenic impact, intensive agricultural production, and industrialization. The mobility of TEs in soil is influenced by many factors, including the most important such as soil pH, SOM, and chemical speciation, while the clay content and redox potential are considered to be less important [3].



According to Hough [4], copper (Cu) is considered to be an essential TE for human life and health, as well as an essential TE in plants. It is a constituent of several “key” enzymes, playing an important role in physiological processes [5]. Cu in soil originates from the parent substrate and anthropogenic sources [6]. Agricultural practice also contributes to the inputs of Cu to soil. Copper is present in some agrochemicals, animal feed, as well as in the co-products, such as livestock manure (in some cases as a result of feeding comprising Cu), compost, and the sludge from wastewater [4].



Manganese (Mn) is an essential TEs in plant nutrition and has several important functions [7,8]. The most important function of manganese in plants is related to the processes of oxidation and reduction [9]. The total Mn content in the soil is practically derived from the parent substrate, and as a deficiency element for some plants, it is added through fertilizers [6].



According to Adriano [7], trace amounts of nickel (Ni) in plants are required for certain biological processes, although its toxicity has been recorded at elevated levels. However, Kabata-Pendias and Szteke [9] noted that there is no evidence of an essential role of Ni in plant metabolism, but there are several suggestions that it might be needed for plants. Recent studies of Wenzel et al. [10] confirmed that Ni is essential for plants. In addition to the parent substrate, Ni enters the soil anthropogenically [6]. In most soils, Ni is present at moderate levels, being the fifth most abundant element on earth [11].



Zinc (Zn) is an essential TE for plant nutrition but required in only low concentrations, unlike the major nutrient elements that are ordinarily supplied in mixed fertilizers [7]. It is deficient in the soil but also phytotoxic due to industrial contamination [12]. High concentrations of Zn are toxic to both plants and soil microorganisms and may have harmful effects on soil fertility and yield of crops [13].



Lead (Pb) is known and classified as a carcinogenic and toxic TE for most living organisms at higher exposure. Unlike most TEs that occur in soil, there is no demonstrated biological need for Pb [14].



The content of TEs in soils should be determined in order to identify the contaminated soils, and on soils where the deficiency of TEs is found, compensate them for successful crop production [6]. Based on the literature review of many authors [4,5,7,8,9,10,12,13], it is considered that most of the TEs studied, in addition to their essential roles in plant metabolism, also act phytotoxically at certain levels in given soil conditions, so it is important to determine their soil content and bioavailability to the cultivated plants. Bioavailability presents the part of a trace element that is or has been available to cultivated plants [5].



Most countries still utilize the total soil TEs content as a simple index of hazard in contaminated soils in their current legislation. Nevertheless, total TEs load takes no account of soil properties that modify the bioavailability of TEs pollutants in contaminated soils [15]. The Dutch have recognized the problem of the TEs behavior in soil and, based on years of research, adopted in their legislation that the determination of target and remediation values for TEs in soil is carried out with correction depending on the content of clay and organic matter [16].



The soil test procedure, which includes DTPA-TEA or diethylenetriaminepentaacetic acid-triethanolamine, is among the more widely used techniques in the identification of soils with inadequate levels of available Cu, Mn, and Zn [17]. Kashem and Singh [18] signify TEs removed by the chelating agent DTPA as the plant-available fractions.



In both agricultural and environmental studies predicting the mobility in soil and bioavailability of TEs has been a “hot topic” for years [1]. The prediction of TEs solubility uses the regression models as an efficient tool, where most of the models consist of pH, OM, and total content of TEs [19].



The Freundlich isotherm is most often used to describe the adsorption of TEs in soil depending on soil parameters [7]. Many researchers have applied the principle of Freundlich isotherm by examining the content of TEs in a plant depending on individual soil parameters [20,21,22,23]. In their research, de Souza Braz et al. [24], Buchter et al. [25], Sauvea et al. [26], and Sauvea et al. [27] applied the Freundlich isotherm and determined the dependence of TEs mobility on certain soil parameters. Kashem and Singh [18] used stepwise multiple-regression procedures to determine the relationship of the mobile, immobile, and DTPA fraction of TE (Ni, Cd, and Zn) with organic matter, clay, and dust. Due to the importance of determining TEDTPA quantities (referred to earlier as plant-available fractions) and not having a complete prediction model that will include the most important soil parameters as factors affecting the mobility of TEs and pseudo total TEs forms (TEAR), we propose to test the following prediction model:


log (TEDTPA) = A + b*pH + c*log(SOM) + d*log(Clay) + e*log(TEAR).



(1)







The prediction model presented by this study is based on the Freundlich model showing the dependence of TEs extracted with DTPA buffer solution—available forms (TEDTPA) in relation to TEs extracted by aqua regia—pseudo total forms (TEAR), organic matter content (SOM), clay fraction content, and soil pH. Soil parameters—pH, SOM and clay, recognized by many authors as highly influential on the mobility of TEs, can be routinely determined in laboratories [21]; thus, their inclusion in the prediction model intended to serve a larger number of users for future predictions of TEs behavior in soil.



After determining the physico-chemical parameters and the concentration of TEs in DTPA and TEs in aqua regia, the aim of this study was to determine which of the tested independent variables affects the bioavailability of TEs (dependent variable). The research will define the prediction models.



Due to the different R2 values in studies of Gavriloaiei [28], and Thomas [29], and the unequal difference between the pH of water suspension and 1M KCl suspension in determining the pH of the soil, we decided to perform separate prediction models on one part of the samples for both solvents. The coefficient of determination of the prediction models obtained (for pH in water suspension and 1M KCl suspension) would indicate whether there is a difference in the choice of solvents for the future formation of prediction models and interpretation of the results.




2. Materials and Methods


2.1. Soil Sampling and Preparation


Samples of the soil material were taken from 240 sites belonging to agricultural soil on the territory of the Republic of Serbia, and one composite sample was taken in the period 2010–2018. The areas covered by this survey are: Municipality of Veliko Gradište, Mačva and Toplica districts, a section of the E75 highway through Serbia from Belgrade to Preševo, and the area of Radočelo Mountain. Samples were taken in disturbed conditions from each site, and a composite sample, consisting of 20–25 individual samples, was taken using a soil sampling probe from a depth of 0–30 cm. After sampling, samples were prepared for analyses in accordance with SRPS ISO 11464 [30].




2.2. Soil Analysis


Soil pH was determined potentiometrically (in water, in 1M KCl 1:5 v/v) according to SRPS ISO 10390 [31]; SOM content was determined by dry combustion according to SRPS ISO 10694 [32]; clay content was determined by the pipette method (modified International B method) [33]; TEs content was determined by extraction with DTPA buffer solution according to SRPS ISO 14870 [34], and detection using inductively coupled plasma-atomic emission spectrometry (ICP-AES) according to ISO 22036 [35], and also by extraction with aqua regia according to SRPS ISO 11466 [36] and detection using inductively coupled plasma-atomic emission spectrometry (ICP-AES) according to ISO 22036 [35]. For quality control in the analyses, every tenth sample was analyzed in duplicate using certified reference materials, as follows: ERM-CC141 loam soil (TEs), NCS ZC73005 soil (SOM), and Eurosoil 7 (SOM).




2.3. Statistical Analysis


To model the dependence of soil TEDTPA (γi) in relation to pH (χ1), SOM (χ2), clay (χ3) and soil TEAR (χ4), a multiple linear regression model with logarithmic values of all input variables was used as follows:


log(γi) = β0 + β1log(χ1i) + β2 log(χ2i) + β3 log(χ3i) + β4 log(χ4i) + εi.



(2)







For ease of the Freundlich models, the values of these parameters are logarithmic, except for the pH value, which is itself a negative logarithm of the H+ ion concentration. The dependence of the regression coefficients was determined at the 5% level. The criterion for evaluating the suitability of the prediction model is represented by the coefficient of determination (R2).



Descriptive statistics and multiple linear regression models were obtained from the SPSS (IBM SPSS Statistics 25, Armonk, New York, USA) and Microsoft Excel 2016 (Redmond, Washington, USA) statistical programs.



A prediction model based on the pH value obtained in 1M KCl solution (model 1) was determined on a bulk of 240 samples. For obtaining the prediction models, especially for the pH value in 1M KCl suspension (model 2) and water suspension (model 3), a bulk of 204 soil samples was used (the bulk of samples was reduced by samples from the section of the Belgrade–Preševo highway E75).





3. Results and Discussion


3.1. Physicochemical Properties of the Test Soil


The studied soils are very different in terms of the analyzed chemical and physical properties, which is to be expected since there are a lot of samples and different localities (Figure 1). The results of the analyzed soil samples for the bulk of 240 samples (model 1) are presented in Table 1.



A total of 83% of the tested samples had a highly acidic to acidic soil reaction for pH in 1M KCl; 41% of the samples had high to extremely high SOM content; 66% of samples had medium and high content of clay fraction [39]. Criteria for interpreting the contents of TEAR, as well as the assessment of soil pollution, are the MPL (maximum permitted levels) values, prescribed by the ordinance of the Republic of Serbia. In 45 samples, Ni content was above MPL, in five samples, Pb content was above MPL, and in 2 samples, Cu content was above MPL. The Zn content in all samples was within the permitted limits. The content of TEDTPA (interpreted on the basis of classification published by Barrett at al. [38]) showed that the high values of available Mn were determined in 196 soil samples, high values of available Cu—in 216 samples, and high values of available Zn—in 21 soil samples. The obtained values of TEs in this research are comparable with the results obtained for the part of Central Serbia. The average contents of Ni, Cu, and Pb are within the limit values for the soil of Central Serbia region, while the average Zn content is slightly higher and closer to the Zn content specific to the soils of Vojvodina [40].



The results of the analyzed soil samples for models 2 and 3 for the bulk of 204 samples (Table 2) showed that 84% of the tested samples had a very acidic to acidic soil reaction for pH in 1M KCl, 79%—very acidic to slightly acidic for pH in H2O, 38% of the samples had high to extremely high SOM content, while 74% of the samples had medium and high content of clay fraction [39].



The TEAR content showed that the content of Ni was above the MPL in 30 soil samples, the content of Cu in 1 sample, while the contents of Zn and Pb were within the allowed limits. The TEDTPA content in 161 soil samples showed high values of available Mn, in 182 samples—high values of available Cu, and in 11 soil samples—high values of available Zn.




3.2. Prediction Models


By statistical analysis, linear regression models were obtained and the coefficients of determination were determined. Statistically significant regression coefficients at the 5% level are bolded (Table 3, Table 4, and Table 5). Prediction reliability is related to the coefficient of determination (R2).



Prediction model 1 for TEs Mn, Ni, Pb, Zn, and Cu is shown in Table 3. Reliability of prediction models for all TEs tested ranged from 0.25 to 0.76. The most reliable prediction model was for Cu (R2 = 0.76).



Prediction models 2 and 3 are based on the bulk of 204 soil samples for TEs Mn, Ni, Pb, Zn, and Cu, and are displayed in Table 4 and Table 5. Reliability of the prediction model based on pH in 1M KCl (model 2) for all TEs tested ranged from 0.38 to 0.85. The most reliable prediction model was for Cu (R2 = 0.85). The reliability of this model covers a larger bulk of samples (9%) in relation to the model 1.



The reliability of the prediction model based on pH in H2O (model 3) for all TEs tested ranged from 0.38 to 0.85. As with models 1 and 2, the most reliable prediction model was for Cu (R2 = 0.85), and the values are almost the same as in model 2.



The most reliable prediction model for TEDTPA Mn is model 3 (for the bulk of 204 samples and pH value in H2O). Considering all three models, it can be concluded that the difference between the coefficient of determination for the tested element is a maximum of 4%. Unlike models 2 and 3, in model 1, in addition to pH and TEAR, the content of the clay fraction also has a statistically significant effect.



The reliability of the prediction model for TEDTPA Ni in models 2 and 3 is significantly higher (13%) than in model 1. In all three models, there are statistically significant effects of the same parameters, including pH, clay, and TEAR Ni.



The prediction model reliability for TEDTPA Pb is 22% more reliable in models 2 and 3 (R2 is the same for models pH in H2O and pH in KCl) compared to model 1. Unlike model 1, in models 2 and 3, in addition to pH and TEAR, the SOM content also had a statistically significant effect.



For TEDTPA Zn, the more reliable prediction model is model 1 (6%). In all three models, there are statistically significant effects of the same parameters, including clay and TEAR Zn.



The reliability of the prediction model for TEDTPA Cu is significantly higher in models 2 and 3 (8%) than in model 1. The same parameters—pH, SOM, and TEAR Cu, have a statistically significant effect in all three models.



Certain authors have indicated that by dividing the samples based on pH, SOM type, and soil type [41], it is possible to obtain more reliable prediction models (with higher R2).



By comparing the prediction models 2 and 3 (between pH in KCl and pH in H2O) for Pb and Zn, the models have the same coefficient of reliability, while for Mn, Ni, and Cu, model 3 is slightly more accurate. Based on the obtained results, it can be ascertained that for the prediction models projection, it does not matter from which suspension the pH value of soil samples is determined. A similar conclusion was reached by Gavriloaiei [28], who emphasized a strong correlation between pH in H2O and in 1M KCl (R2 = 0.98). In the studies of Gandois et al. [42], and Zhang et al. [43], prediction models were derived based on different soil pH values (acidic, neutral, and alkaline soil reaction). Depending on the pH value, the models showed different coefficients of determination and variables that statistically significantly affect the bioavailability of TEs.



3.2.1. Manganese


In all prediction models, the pH value statistically significantly affects the bioavailability of Mn. Sungur et al. [44] confirmed the statistical significance of the pH values effect on Mn mobility by statistically processing the results of sequential analysis in order to determine the relationship between soil properties and TEs. Adriano [7] stated that pH had the greatest effect on the availability of Mn, which led to the conclusion, among other things, that Mn is generally considered to be one of the most important toxic TEs in acid soils. Clay has a statistically significant effect in prediction model 1, as confirmed in the studies of Mahmoudabadi et al. [45] and Rékási and Filep [46]. Mahmoudabadi et al. [45] obtained the statistical significance of SOM effects on Mn bioavailability, while our model did not confirm such an impact. The bioavailability of Mn is statistically significantly influenced by the pseudo total forms, as confirmed by Behera and Shukla [47].




3.2.2. Nickel


The bioavailability of Ni in all prediction models is statistically significantly influenced by pH, as confirmed by the results of other studies [24,25,45]. Clay also statistically significantly affects the bioavailability of Ni, as in many previous studies [25,45,46,48,49]. In some prediction models of Zhang et al. [43], in cases where soils were either acid or alkaline, the clay had a statistically significant effect on Ni bioavailability. SOM had no influence in any model on Ni bioavailability. Unlike our models, other studies have shown that SOM had a statistically significant effect on Ni mobility [26,42]. The pseudo total forms have a statistically significant effect on Ni bioavailability in the present study, as well as in studies of other authors [26,42,43]. According to Kabata-Pendias and Mukherjee [5], the forms of Ni in soils are diverse and range from highly mobile to ones that have no reactivity at all. The same authors reported that the behavior and phytoavailability of Ni are controlled by several soil properties, particularly clay and SOM contents, as well as soil reaction.




3.2.3. Lead


In all prediction models, the pH value has a statistically significant effect on the Pb bioavailability, which was also confirmed in previous studies [24,50,51]. In models 2 and 3, our research results show that SOM affects the bioavailability of Pb, which is consistent with the results of other authors [27,45,50,51]. Jahiruddin et al. [50], concluded that clay had a statistically significant effect on Pb mobility, which is not the case with any prediction model in our study. Pb mobility is statistically significantly influenced by the pseudo total forms, as confirmed by Vries et al. [52]. Jopony and Young [53] reported an evident significant linear relationship, which covers a very wide range of Pb total and pH values. In the results of McBride et al. [54], SOM was the only variable, which showed statistical significance on the bioavailability of Pb.




3.2.4. Zinc


In all prediction models, the clay content statistically significantly affects the bioavailability of Zn, as shown previously [24,50]. The pH value in our study does not affect the bioavailability of Zn, unlike the results obtained in studies of Buchter et al. [25], Jahiruddin et al. [50], Sauvé et al. [26], Sauvé et al. [27], Ivezić et al. [51], Mahmoudabadi et al. [45], and Rutkowska et al. [13]. SOM does not have a statistically significant effect on Zn bioavailability, as confirmed by the results of other authors [13,24,52], and unconfirmed by Jahiruddin et al. [50], Sauvé et al. [26], Dragović et al. [55], and Mahmoudabadi et al. [45], that concluded that there was an influence. Zn bioavailability is statistically significantly influenced by TEAR, as confirmed by Vries et al. [52] and Rutkowska et al. [13]. McBride et al. [54] obtained pH and total Zn dependence in their studies. The multiple regressions in previous studies [43], showed that soil pH and total soil Ni contents were the most important parameters in the prediction of the soluble Ni concentrations with the adjusted determination coefficients.




3.2.5. Copper


The bioavailability of Cu is statistically significantly influenced by pH and SOM, which is in accordance with the previous studies [24,25,50,51,52]. Unlike our prediction models cases, Jahiruddin et al. [50], Vries et al. [52], and Rékási and Filep [46], confirmed the statistical significance of clay effect on Cu mobility. Cu bioavailability is significantly influenced by pseudo total forms, as obtained by Vries et al. [52], Ivezić et al. [51], and Mondaca et al. [56]. The activity of free Cu ions in the study of Mondaca et al. [56] showed a significant relationship with the total content of Cu, pH, and SOM. The study of McBride et al. [54] also showed that the bioavailability of Cu is influenced by pH, SOM, and total Cu.



As the soils consist of heterogeneous mixtures of various organic and organic-mineral substances (minerals of clay, oxides, and hydroxides of Fe, Mn, and Al), other solid components, and a variety of soluble substances, there are the manifold binding mechanisms for TE and forms of their occurrence in soils, varying in accordance with the soil composition and physical properties [5]. There are many studies that document the significant influence of the pH value on the TEs adsorption, describing an increase in TEs solubility with a decrease in pH values [57]. By measuring the pH in water suspension, the values that more closely reflect the true pH values that prevail in natural soil conditions are obtained, while the values of pH in 1M KCl suspension provide better information concerning the chemical properties of the system [58]. The measurement of pH in water generally yields higher pH values than in 1 M KCl suspensions also [59]. According to Kim et al. [60], in soils with usual pH values (pH 3.6–8.2), TEs subjected to our study can be classified into two classes: I) class of relatively high mobility (Ni and Zn); II) class of relatively low mobility (Cu and Pb). Unlike the usual soil pH range, in acidic soils, Brümmer [61] determined the decreases in the mobility of TEs in the following order: Cd > Zn > Ni> Mn > Cu > Pb > Hg.



The level and mobility of TEs are significantly affected by the content of organic matter in soils in combination with other factors. Organic matter affects both the accumulation and release of TEs in soil [62]. Carrillo-Gonzalez et al. [3] indicated that high content of solid organic matter in soil increases the sorption of cations onto humus material (increase mobility and/or bioavailability of TEs), whereas high and soluble humus content increases the complexation for most trace cations (decrease/increase mobility and/or bioavailability of TEs). In addition, they determined that the TEs could also be binded and stripped from the solution by high-molecular-weight organic compounds, since they can be insoluble and, therefore, semi-immobile. In highly acidic soil conditions, organic matter immobilizes TEs, and in weakly acidic to alkaline soil conditions (pH 6–8), it mobilizes TEs by forming insoluble and soluble complexes [63].



As for clay, in the majority of soil types, the TEs are mainly associated with the clay fraction [62]. With respect to soil type and organic content, the clay-rich soils generally have a higher retention capacity than soils with little or no clay [64]. Many studies indicate that cation sorption on clay minerals varies depending on cation properties and clay nature [3,65,66,67]. The insignificant concentrations of TEs may be included in clay minerals as structural components, but their capacities of sorption to TEs play the most important role [68].



The pseudo total forms of TEs affect bioavailability for all tested elements and in all models. Belanović et al. [69] found that the greatest influence on available forms of TEs have the total contents of TEs in soil. In the study of Ivezić et al. [51], the total TEs concentrations were very low, and variations among sites were small, and, therefore, total TEs concentrations were not statistically significant for the regression model. Despite this anomaly, they considered that it is necessary to include the total concentrations of TEs for the prediction of mobile TEs forms in soil, which is in accordance with the study of Lončarić et al. [70].



From the derived prediction models, the models for bioavailable Cu and Pb (R2 = 0.60–0.85), which showed a high degree of reliability, are distinguished. For TEs Cu, Ni, and Zn, it can be stated that, in all models, the same soil parameters have an effect, characteristically for each element. The models for Mn, Ni, and Zn bioavailability have a coefficient of determination R2 = 0.25–0.54, indicating that the model refers to a 50% or smaller bulk of samples.






4. Conclusions


In the conducted research, three prediction models for bioavailability of trace elements (TEs) in soil were formed on samples of different physico-chemical properties, taken from different localities and with various ways of using.



Multiple linear regression showed that the prediction models for TE Cu and TE Pb were the most reliable.



The bioavailability of TEs was most influenced by the content of pseudo total forms of TEs, while the influence of other soil parameters tested (pH, soil organic matter—SOM, clay) was less significant and varied depending on models and TEs.



The inconsistency of the starting hypotheses, made in the formation of these models, in the behavior of individual soil parameters (pH, SOM and clay) on the mobility of TEs could be explained by the different mechanisms of action of the parameters tested in this study, especially SOM and clay, as explained in the paper. More reliable prediction models could be obtained by dividing the sample based on pH, SOM type, and soil type, as previously suggested. The results of the present research have shown that it would be useful to derive a prediction for sub-models by separating samples according to pH, SOM type, with soil type inclusion.



The absence of a significant difference in the values of the determination coefficient for models that include different types of suspensions in determining the pH of the soil indicates that, in future studies, it is not important to select a suspension when forming a prediction model.



The reliability of the prediction model for Cu bioavailability should be verified by applying as many soil samples as possible.



In agriculture, the application of prediction models based on the results obtained in the present research provides information for assessing the suitability of plant species cultivation at given locations, ecological risks, and the need for applying the agro-technical measures based on the bioavailability of TEs.
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Figure 1. Soil sampling locations in the Republic of S