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Abstract

:

There is a small sample of edaphic geochemistry studies over large geographic areas, especially studies that consider major reference soil groups (RSG) that evaluate both native concentrations of elements and anthropogenically contaminated soils in agricultural settings, considering the long-term effect of agricultural practices on landscape sustainability. In this study, four RSGs were analyzed for the available trace elements Ni, Cr, Cd, Pb, Cu, Mn, and Zn, including other edaphic properties from 2002 to 2012. The main objectives were to assess the range of concentrations of the selected elements in the four typical Mediterranean soils, Cambisols, Luvisols, Calcisols, and Fluvisols, with heavy anthropogenic input (HAI) and compare them to minimal anthropogenic input (MAI). For MAI, the background levels of Pb, Ni, Cd, and Cr were highest in Calcisols, differing from those of Cambisols, Luvisols, and Fluvisols (p < 0.01), Cu is highest both in Calcisols and Luvisols while Mn is higher in Cambisols and Fluvisols (p < 0.05). The background concentration of Zn was the same in all RSGs (p > 0.05). For HAI, the reference levels of Pb, Ni, Cd, Mn, and Cr were highest in the Calcisols, and Cu was high in all RSGs except Fluvisols, while Zn presented the lowest concentrations in the Luvisol RSG, with all these results considering a confidence interval of 95%. Predictive maps for the sampled elements, as well as the edaphic bioavailability, are provided. This environmental impact assessment suggests that the land use is departing from sustainable ecosystem service development and that territorial management practices, with conservation goals in mind, should be adopted.
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1. Introduction


Cadmium (Cd) and chromium (Cr) are both toxic heavy metals, and although copper (Cu), lead (Pb), manganese (Mn), nickel (Ni), and zinc (Zn) are plant nutrients (i.e., cation micronutrients), when they are added in excess through organic amendments, inorganic fertilizers, sludges, etc., they can also be detrimental to crop growth [1,2,3]. According to Kumpiene et al. [2], excessive exposure to trace elements poses a permanent threat to ecosystem services and humans worldwide because of the ability of metals and semi-metals to cross the cell membranes of living organisms and human epithelia and their interference with cellular metabolism. The composition of heavy metals and semimetals of agricultural soils tends to be closely governed by the source material. According to authors such as Jebreen et al. [4] and Rambeau et al. [5], carbonate rocks are generally composed of three main minerals: calcite, with common constituents of Al, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, Pb, Sr, V, and Zn; dolomite, with common constituents of Cd, Co, Fe, Mn, Pb, and Zn; and aragonite, with common constituents of Ba, Pb, Sr, and Zn. In general, it is accepted that determining the total content of heavy metals in a soil is not sufficient to understand their relative mobility and ecological availability as pollutants, nor is it a particularly useful tool to estimate potential risks, although it is useful to determine whether the concentration of a given element is either increasing or decreasing [6]. As a general rule, low total concentrations indicate that a soil has developed from an original material with a low total content of a given element, or that it has been depleted during the processes of edaphogenesis and that it is thus relatively free of contamination. According to Alloway [6], the most important factor in determining the toxicity or deficiency of trace elements and heavy metals is the amount available in the soil for crops. This amount depends on the total content of the element, the soil texture, the adsorption capacity of the soil, and physicochemical factors such as pH and redox potential, which control the balance between the adsorbed fractions and those of the soil solution, presenting the concept of ‘critical load’, which represents the maximum concentration of heavy metals semi-metals in soils and the environment that can be maintained without harmful effects on them; thus, metal toxicity to biological life, including human life, depends not only on their total concentrations but also on their mobility and relationship with other components of the ecosystem, with their bioavailability (i.e., the accessibility of a chemical element to be absorbed by crops) being the most important parameter to analyze [7,8,9]. It is necessary to obtain sufficient samples from uncontaminated locations in the study area to be able to determine whether the local background level for each metal or semimetal provides a basis for comparison. A study by Nunes et al. [10] determined the background levels in 2002 in the study area, but with an assumption that could lead to error that the bioavailability of metals and semimetals was identical to the availability of the elements measured in the laboratory at a pH of 7.3 (Cd = 0.240 ± 0.230 mg kg−1, Cr = 0.850 ± 0.790 mg kg−1, Cu = 1.23 ± 1.15 mg kg−1, Ni = 1.95 ± 1.30 mg kg−1, Pb = 3.16 ± 2.33 mg kg−1, and Zn = 0.640 ± 0.580 mg kg−1). In this study, the soil organic matter (SOM) values were positively correlated with the content of available heavy metals, which reflects their affinity for this constituent [11,12,13,14]. All concentrations of available heavy metals were positively correlated with pH, which the authors did not expect since most of the literature reports that an increase in pH leads to a decrease in heavy metal content [6,15]. Another study by Afifi et al. [16] was performed in the Mediterranean basin in El-Mansoura, Nile Delta, Egypt in a clay soil with pH = 7.87, EC = 4.22 dS m−1, SOM = 0.65%, and content of CaCO3 = 1.18% (in the soil surface horizon) where the cultivation of sugar beet (Beta vulgaris L.) was implemented between 2008 and 2009 under two treatments (T1: good quality water from the Nile River; T2: wastewater with secondary treatment); by analyzing some physical and chemical properties of the soil, it was found that after 2 years of irrigation, regardless of the water source used, the values of Fe, Mn, Zn, Cu, Cd, Pb, Ni, Cr, Co, N, P, and K increased significantly by 28, 60, 48, 6, 110, 88, 52, 64, 58, 12, 30, and 13%, respectively, considering the average of both treatments. This study concluded that intensification through irrigation led to an increase in the elements studied in the surface layer of the soil, and to avoid the accumulation of edaphic heavy metals, it was recommended to use additional processes, such as the incorporation of plant waste or organic matter into the soil.



In the Mediterranean basin, some field studies on metals and heavy metals have been conducted [15,17,18,19,20], but mid- to long-term experiments are needed for better predictions of future metal accumulation and soil environment interactions that are independent of new approaches, such as sensing techniques through aerial monitoring [21]. In this paper, we assess a range of concentrations of selected elements and discuss their critical load risk value in four typical Mediterranean soils—Cambisols, Luvisols, Calcisols, and Fluvisols—with heavy anthropogenic input (HAI) through agricultural intensification, comparing them to a minimal anthropogenic input (MAI) and considering the distinct bioavailability of each RSG in the Mediterranean Campo Maior and Elvas District, Portugal.




2. Materials and Methods


2.1. Study Area and Sampling


The study area is located in the NUTS II Alentejo region between the townships of Campo Maior and Elvas, Portugal, in the Mediterranean basin region, as described in Telo da Gama et al. [22]. The study area includes the 7240 ha of the Caia irrigation perimeter and surrounding areas. This Mediterranean region is characterized by hot dry summers and cool wet winters, where the average annual rainfall in the area (climate normals 1991–2020) is approximately 457.4 mm, most of which coincides with the coolest temperatures from October to March. The maximum average monthly temperature occurs in August (34.9 °C) and the minimum occurs in January (4.5 °C). The current climatic classification systems state that the climate is Csa according to Koppen and DB2db4—mesothermal semiarid climate with little or no excess water in the winter and very low thermal efficiency in the summer—according to Thornthwaite.



The geology is heterogeneous but mainly consists of quaternary conglomerates, Palaeogene sandstones, Neoproterozoic phyllites, Devonian gabbros, Carboniferous granites, and Cambrian limestones (Figure 1a). The soils were classified according to the World Reference Base (WRB) of the FAO Soil Resource [23], and there are four main first-level reference soil groups (RSG) in the study area: Fluvisols, Luvisols, Calcisols, and Cambisols. The most important crops are olive (Olea europaea L.) (35%), maize (Zea mays L.) (20%), tomato (Lycopersicon esculentum Mill.) (15%), and garlic (Allium sativum L.) (15%). The irrigation water available in the perimeter is classified by FAO as C1S1 [22], meaning that it is of very good quality with low salinity and sodicity. This classification has remained over the years.



A total area of 15,030 ha was studied, where 1428 topsoil samples were collected in 2002 and another 1451 were collected in 2012, both sampled universes were georeferenced. For each sampling unit, ten soil subsamples were collected with a stainless-steel auger probe at a depth of 20 cm. The sampling points were selected to cover some of the existing variability in the sample area. The ten soil samples were carefully mixed into a single composite sample that, once properly cataloged and labeled, was sent to the laboratory. Subsequently, in the laboratory, the sample was air-dried and then sieved through a 2 mm stainless steel rectangular mesh sieve. After this phase, the corresponding analyses were carried out. Figure 1b reveals the sampling map for both periods. Please refer to Loures et al. [24] and Telo da Gama et al. [22] for more details on the study area.




2.2. Analytical Methods


The chemical soil analyses were determined by the method described by Lindsay and Norvell [25]: extraction with DTPA + CaCl2 + triethanolamine and quantification by atomic absorption spectrophotometry via flame atomization with a Perkin Elmer Analyzer A300 apparatus, (PerkinElmer, Waltham, MA, USA) [26,27,28].




2.3. Statistical Analysis


Statistical analyses were performed using the software package SPSS (v25), with which tests of normality (Shapiro–Wilk) [29,30]; inspection of kurtosis, skewness, and standard errors [31,32,33]; and visual inspection of the histograms, normal Q-Q plots, and box plots were performed in the 2002 and 2012 sample data in order to assess if they were normally distributed. Tests for homogeneity of variance (Levene’s) [34,35] were also performed in this subset in order to assess the homoscedasticity/heteroscedasticity. In the 2002 and 2012 sample data, for all normally distributed data with homogeneity of variance, we performed independent sample t-tests, and we applied the Central Limit Theorem when we had more than 30 samples per subgroup in our non-normally distributed data with homogeneity of variances. Data that showed a non-normal distribution and with no homogeneity of variance were directly analyzed by mean rank (MR) through the Mann–Whitney U Test (U) or the Kruskal–Wallis H test (H). Given the nature of the studied heavy metals, it is pertinent to define the background values of the element (i.e., the median in the minimal anthropogenic input (MAI) or rainfed soils) so that they can be compared with the reference values (i.e., the 95th percentile, which represents the heavy anthropogenic input (HAI) or the maximum concentration of the element). This procedure coincides with that used by most of the authors who have studied the concentration of heavy metals in soils, such as Ferreira [36], Harmens et al. [37], Afifi et al. [16], Alloway [6], Tóth et al. [3], and Kumpiene et al. [2]. The mean values of the elements were also analyzed in order to obtain their trends and the respective predictive maps. All null hypotheses were rejected for p < 0.05. Geographic information system analyses were performed using the ArcGIS v10.5 software package and the predictive maps created with an ordinary kriging interpolation, which was adjusted for a logarithmic factor equation and, when available, aided by ancillary variables [19,38,39,40,41,42,43,44,45]. Non-predictive maps were created with the software package QGIS 2.18.27 ‘Las Palmas’ [46].





3. Results


3.1. Heavy Metals


The average available Cd content remained constant in the study area (p > 0.05), but we registered a significant decrease of 69% (p < 0.01) in the available Cd background values (MAI) in the same period and maintenance of the reference values (HAI) circa 0.500 mg kg−1 (Table 1a). The analysis of Table 1b reveals that the available Cd MAIs for Fluvisols, Luvisols, and Cambisols were not significantly different (p > 0.05; results obtained through pairwise comparisons), with very low edaphic concentrations of the parameter even though the HAI for Cambisols appeared very high. Calcisols were the RSG presenting the highest concentration of MAI available Cd, and its values were significantly different (p < 0.01) from the other RSGs. The HAI for all RSGs except for the aforementioned Cambisols were all very low (Table 1b, Figure 2a). From the observation of Table 1c, we can deduce that there were no significant differences (p > 0.05) between the average concentrations of this metal in the soils subjected to a rainfed or an irrigated agricultural system. An analysis of the mean concentrations by RSG (Table 1d) also revealed that there were no significant differences (p > 0.05) in any of the RSGs when rainfed and irrigated systems were compared and that the element concentration was higher in Calcisols and lower in Fluvisols (p < 0.01; test performed by pairwise comparisons). Referring to Figure 3a,b, we confirmed that in rainfed areas, the available Cd accumulated in the range of 0.000–0.750 mg kg−1, while in irrigated areas, it was relatively stable at concentrations lower than 0.500 mg kg−1, although it was observed that two locations were present with values greater than 1.00 mg kg−1.



From the beginning of this study in 2002 to 2012, we registered an overall edaphic decrease of 49% (p < 0.01) in the average concentrations of available Cr (Table 1a). This overall decrease was registered in both the background values (MAI; p < 0.01) and reference values (HAI), for which the maximum concentrations decreased by 16% (Table 1a). The analysis of Table 1b reveals that there were no significant differences between the MAI values of Fluvisols, Luvisols, or Cambisols (p > 0.05), with only Calcisols presenting a statistically significantly greater concentration of the element (p < 0.01; test performed by pairwise comparisons). The HAI values were very similar between RSGs, for which the Calcisols also presented the higher concentrations (Figure 2b). From the observation of Table 1c, we can deduce that there are no statistically significant differences between the concentrations of this metal in the soils subjected to a rainfed or an irrigated agricultural system (p > 0.05). An analysis of the mean concentrations by reference soil groups (Table 1d; Figure 2b) also revealed that, when rainfed and irrigated systems were compared, there were no significant differences in any of the RSGs (p > 0.05) and that the element concentration was higher in Calcisols and lower in Fluvisols and Cambisols (p < 0.01; test performed by pairwise comparisons). From the predictive maps (Figure 3c,d), it was confirmed that it is in the west of the study area where the available Cr content is higher. From Figure 3c,d, it was confirmed that in the rainfed and irrigated areas to the west of the study area, the available Cr content is increasing with time, and the concentrations are higher than those of the irrigated land in the east.



From the observation of Table 1a, it can be deduced that, from the beginning of this study to 2012 in the entire study area, the average concentrations of available Pb increased significantly by 14% (p < 0.05). This overall increase was registered in both the background values (MAI; p < 0.01) and reference values (HAI), where they increased by 6% and 20%, respectively. A more detailed analysis revealed that there were significant differences (p < 0.01) in the HAI concentrations between RSG pairs, except between Cambisols and Fluvisols and between Cambisols and Luvisols, (test performed by pairwise comparisons; Table 1b; Figure 2c), with Calcisols presenting the highest concentrations. The HAI concentrations were 258%, 186%, 117%, and 253% higher than the MAIs for Fluvisols, Luvisols, Calcisols, and Cambisols, respectively. A comparison of the mean Pb contents between the rainfed and irrigated cropping systems for the entire study area (Table 1c) revealed that the concentrations were similar for both cropping systems (p > 0.05), and analysis of Table 1d indicates that this was true for all studied RSGs. However, a study on the evolution of the element from 2002 to 2012 by the cultivation system revealed that in the irrigation system, the average values increased by 26.8% (i.e., the average Pb content increased from 2.415 (N = 675) to 3.063 (N = 784, U test: 219,261,000, p value = 0.000) mg.kg−1 from 2002 to 2012), while in the rainfed system, they remained stable (i.e., 3.03 (N = 620), to 3.11 (N = 513, T-test (1131): −0.976, p value = 0.329) mg.kg−1 from 2002 to 2012). Similar to Cr, the element concentration was higher in Calcisols and lower in Fluvisols and Cambisols (p < 0.01; test performed by pairwise comparisons). Figure 3e,f confirms that the increase in available Pb levels in the study area was more pronounced in the areas with an edaphic pH of >8.0, with this effect occurring in rainfed and irrigated areas alike.




3.2. Cation Micronutrients


During the study timespan, the average available Cu content increased significantly by 123% (Table 2a; p < 0.01). This overall increase was registered in both the background values (MAI; p < 0.01) and reference values (HAI), for which they increased by 62% and 179%, respectively. A more detailed analysis revealed that there were significant statistical differences between the background values of Fluvisols and Calcisols and between those of Calcisols and Cambisols (Table 2b; p <0.05; test performed by pairwise comparisons), with no differences between the remaining pairs of soils (p > 0.05). It can also be deduced that the available Cu reference values by RSG were well below the concentrations allowed in Portuguese soils (50.0–200 mg kg−1), which can be confirmed in Figure 4a. A comparison of the mean Cu contents between the rainfed and irrigated cropping systems for the entire study area (Table 2c) revealed that the concentrations were similar for both cropping systems (p > 0.05), but when the analysis was carried out by RSG (Table 2d), there are significant differences between the contents of the element in rainfed and irrigated areas, with the concentrations of available Cu 82.7%, 76.9%, and 133% higher in irrigated than in rainfed Fluvisols, Calcisols, and Cambisols, respectively, all with p < 0.01. In Luvisols, the concentrations for both cultivation systems remained constant (p > 0.05). A study on the evolution of the element from 2002 to 2012 by cultivation system revealed that in the irrigation system, the average values increased by 184% (i.e., the average Cu content increased from 1.04 (N = 675) to 2.95 (N = 783, U test: 98,542,000, p = 0.000) mg.kg−1 from 2002 to 2012), while in the rainfed system, they remained stable (i.e., 1.09 (N = 620) to 1.68 (N = 513, T-test (1131): −6.872, p = 0.197) mg.kg−1 from 2002 to 2012). Figure 5a,b confirms that the increase in available Cu concentrations in the study area was generalized.



Identically to what we registered for Cu, the overall average concentrations of available Zn (Table 2a) increased by 64% (p < 0.01) from the beginning of this study. This overall increase was registered in both the MAI (p < 0.01) and HAI values, for which the concentrations increased by 42% and 86%, respectively. The analysis of Table 1b reveals that there were no significant differences between the MAI Zn concentrations in all RSGs (p > 0.05; test performed by pairwise comparisons) and that the HAI values were low and very similar, which can be confirmed in the Figure 4b and the observation of Table 2c, from which we may deduce that there were no significant differences between the concentrations of this metal in the soils subjected to a rainfed or an irrigated agricultural system (p > 0.05). An analysis of the mean concentrations by reference soil groups (Table 1d; Figure 2b) also revealed that, when rainfed and irrigated systems are compared, there are no significant differences in any of the RSG (p > 0.05). From the predictive maps (Figure 5c,d), it was confirmed that the increase in the average zinc content of the soils in the study area is generalized, being slightly higher in the older irrigated areas.



From the beginning of this study to 2012, the average edaphic available Mn content increased significantly by 40% (p < 0.01) throughout the study area (Table 2a), which was corroborated by the 33% increase in MAI concentrations (p < 0.01) in the same period and maintenance of the HAI concentrations around 157 mg kg−1. The analysis of Table 2b reveals that there were no statistical differences (p > 0.05) in the background values between Luvisols and Fluvisols, Luvisols and Cambisols, and Fluvisols and Cambisols, while for the rest of the relationships between RSGs, there were significant differences (p < 0.05; test performed by pairwise comparisons), with the Calcisols RSG presenting the lowest MAI concentrations for this parameter. The HAI concentrations for all RSGs were all very similar. Contrary to what we registered for the other cation micronutrients, the overall available Mn concentrations were 15% higher in the irrigation agricultural system when compared with the rainfed ones (Table 2c; p < 0.01). An analysis of the mean concentrations by RSG (Table 2d; Figure 4c) revealed that the higher concentrations were significant in the Fluvisols (p < 0.01) and Luvisols (p < 0.01) RSGs. The irrigated Fluvisols and Luvisols presented, respectively, concentrations 17% and 25% higher than those of the rainfed agricultural system, while all the other RSGs maintained their concentrations between agricultural systems (p > 0.05). The Calcisols presented the lowest concentration (p < 0.05) of available Mn of all RSGs, while the concentrations of Fluvisols, Luvisols, and Cambisols did not differ (p > 0.05; test performed by pairwise comparisons). Referring to Figure 5e,f, we confirmed that the increase in Mn content in time was generalized but related to the edaphic pH, presenting the lowest values in Calcisols, in which the pH was higher than 8.0.



From the beginning of this study to 2012, the overall average concentrations of available Ni remained constant (Table 2a; p > 0.05), while the MAI values decreased significantly by 25% (Table 2a; p < 0.01), and the HAI remained very similar between the sampled years. A more detailed analysis by RSG (Table 2b) revealed that there were significant differences (p < 0.01) between the RSG HAI values, except for Cambisols and Fluvisols (p > 0.05; test performed by pairwise comparisons). A comparison of the average Ni contents in the overall study area between the rainfed and irrigated agricultural systems (Table 2c) revealed that there were no significant differences (p > 0.05) between the concentrations of both cultivation systems. An analysis by RSG (Table 2d) indicated that there were no significant differences between the average Ni contents in both cultivation systems for all RSGs except for Cambisols, in which the average contents in irrigated soils were 68% higher than those in the rainfed ones (p < 0.05). Figure 4d shows that the values in the different RSGs were very close, except for the peak observed in Fluvisols under irrigation. The observation of Figure 5g,h confirms the heterogeneity of the distribution of available Ni with time, regardless of the cultivation system.




3.3. Bioavailability


From the analysis of Table 3, we can conclude that the metal bioavailability varies between high and medium (according to the Fairbrother et al. [47] classification system), depending on the RSG. Thus, 51% of the study area soils have a high bioavailability (Fluvisols and Cambisols), and 49% have a medium bioavailability (Luvisols and Calcisols). From Figure 6a,b, we can verify that the metal bioavailability is increasing in the western soils of the study area, where most of the rainfed cultivation systems are practiced.





4. Discussion


The overall low levels of available Cd coincided with the studies carried out in Portugal by authors such as Dias et al. [18]. The fact that the Cambisol RSG showed excessively high concentrations of available Cd could, in our opinion, be related to the intensification to which this type of soil has been subjected in recent years, as demonstrated by Telo da Gama et al. [22]. As for background concentrations, the higher MAI in Calcisols in relation to the other RSGs may be attributed to the soil’s naturally rich cadmium content [5], where Cd is released in more soluble forms because of carbonate-rich soil weathering, as presented by Robson et al. [48]. In addition, the high amounts of carbonates in these soils may further promote the formation of insoluble compounds with this ion, hindering its possible leaching, which agrees with the study carried out in Iranian in soils with a pH of 7–8 by Khodaverdiloo and Samadi [49], in which soils with relatively high concentrations of free and active carbonates provided that the available Cd precipitated in solid phase as otavite (CdCO3). The fact that the average concentrations of available Cd remained constant between the rainfed and irrigation agricultural system contradicts the observations by Afifi et al. [16], who obtained a significant accumulation of edaphic available Cd after only two years of irrigation. In our study, available Cd concentrations in irrigated soils were lower than rainfed ones. This result in rainfed soils may be related to the Calcisol RSG (pH > 8) since this metal may become immobile in alkaline soils where low solubility compounds predominate (e.g., higher OH- concentrations allow for FeOOH precipitation that may adsorb Cd), thus facilitating the cadmium to remain in the soil, inaccessible to plants and safe from potential leaching. Even though this metal tends to precipitate with FeOOH to a lesser degree than with Cr, Cu, Ni, Pb, or Zn, it precipitates more than Mn, and when low solubility compounds are formed, they are of extremely low solubility according to Alloway [6].



Contrary to what we registered for the available Cd, the concentrations of available Cr diminished with time. This decrease in the concentration of the element in the soil solution over time may occur due to the element being leached, to a lesser utilization of agrochemicals with Cr in its constitution, or even to the ability of Cr to form phosphates or hydroxides of very low solubility, as this is a very immobile element and tends to promptly bind to edaphic solid phases. These results seem to contradict those obtained by Afifi et al. [16], who, along with an increase in available Cd, also observed an edaphic accumulation of available Cr after irrigation for only 2 years. Jebreen et al. [4] concluded in their study that Cr is a common constituent of carbonate rocks and, according to the study by Alcântara and Camargo [50], it would not be the edaphic pH that would influence the available Cr contents; thus, the higher content of available Cr in the Calcisol RSG may indicate that industrial residues rich in Cr (e.g., slurry or ash) are being applied for corrective purposes to the soils of the study area [51], that micronutrient-rich fertilizers are being used [52], or that the application of agrochemicals with Cr in their composition is being highly used [53]. When analyzing the average content of the available Cr, we could conclude that the soils’ reduced values could be related to the registered decrease in the SOM [22] that, by retaining lower amounts of Cr, would allow the greater leaching of the element from the soil solution. Similar to what has already been explained for cadmium, the variation in Cr content between the different RSGs could be attributed to the intrinsic characteristics of these soils, that is, the constituents in the parent material, the content and the type of clays, and the content of carbonates and salinity factors that, in their entirety, condition the concentration of the element in the soil, which is in accordance with the studies by Micó et al. [17], Rodríguez-Martín et al. [54], and Kelepertzis [20]. Thus, these results are related, above all, with the carbonate nature of these soils (pH 8.0) in which Cr can be present. This metal forms compounds of low solubility in alkaline soils, thus making it inaccessible to plants and preventing its leaching.



The available Pb was the only heavy metal whose average concentrations increased in time in the study area, coinciding with the studies carried out in the Mediterranean basin by Inácio et al. [19], Acosta et al. [15], and Kelepertzis [20], who related the increase in edaphic concentrations of available Pb with anthropogenic activities. The higher MAI and HAI concentrations in the Calcisol RSG could be explained by their naturally high pH since the hydroxide content promotes the formation of lead complexes of low solubility, which prevents its loss by leaching and, therefore, could induce the higher content of this element in the soil [6]. In addition, as explained for Cd and Cr, these soils have high concentrations of carbonates that, in addition to promoting higher pH values, tend to precipitate most of the heavy metals, retaining these elements and, consequently, preventing them from being lost by leaching. Therefore, these results may also be attributable to this element being strongly adsorbed by FeOOH, and thus the highest Pb concentrations appear where the pH is highest. The distinct characteristics of the soils with different crops and agricultural practices carried out in them also contribute to these results. We may conclude that, indeed, the irrigation factor influences the content of this element in the soil, coinciding with the results of Inácio et al. [19]. However, the concentrations presented in the results section are still far below the maximum limits allowed for soils in Portugal (i.e., the D.L. nº 276/2009 that states limits between 50 mg kg−1 and 450 mg kg−1, depending on the edaphic pH), and, therefore, they do not present toxicity problems.



The average increase in available Cu concentrations over time can be explained because this element is frequently part of phytosanitary products (e.g., fungicides), which are applied in large quantities and almost exclusively in irrigation, leading to a higher content of this element in this agricultural system [18]. Another reasonable justification could be the fact that irrigated crops often receive more complete fertilizers, such as ones composed with micronutrients, applied to the soil or directly to the above-ground vegetative part of the crop with the purpose that no nutrient can be the limiting factor, thus promoting rapid growth as well as better flowering and grain formation of the crop, as demonstrated by Obrador et al. [55]. Yet another reason may be the lower SOM concentrations in the irrigated soils of the study area, as this micronutrient forms stable complexes with the organic matter so that only a small fraction is available for crops, as demonstrated in a study by Telo da Gama et al. [22]. These fertilizers contain copper, among many other elements, which inevitably leads to a higher content of the nutrient in the crops and the soil. These results agree with the studies by Acosta et al. [15], Micó et al. [17], Kelepertzis [20], and Romic et al. [56], who also recorded increases in the available Cu in agricultural soils due to anthropogenic activities related to agricultural practices. Our results indicate that the irrigation cultivation system is a great promoter of the increase in levels of available Cu in the soils of the study area, which aligns with the aforementioned studies [15,17,20,56]. The difference in the average MAI and HAI concentrations between RSGs is attributable to the characteristics of the soil (e.g., its capacity to retain cations), as well as to the different crops and agricultural practices carried out. As we already stated, it is the number of treatments with copper-based fungicides, along with the addition of certain fertilizers, that leads to an increase of this element in the soils of the study area. We may conclude that, indeed, the irrigation factor influences the content of this element in the soil, which coincides with the results of Inácio et al. [19]. However, the concentrations presented in the results section are still far below the maximum limits allowed for soils in Portugal (i.e., the D.L. nº 276/2009 that states limits between 50 mg kg−1 and 450 mg kg−1, depending on the edaphic pH), and, therefore, they do not present toxicity problems.



Identically to what was registered for Cu, the concentrations of available Zn increased with time. This increase in the concentration of the element in the soil solution over time indicates that the element is accumulating in the studied soils, coinciding with the results obtained by Alloway [6]. According to Watts et al. [57], this increase is linked to the application of Zn-containing fertilizers. It can also be attributed to the application of pesticides, especially insecticides, that contain this element (both applications of fertilizers and insecticides occur more often, or almost exclusively, in irrigation, according to Jameel et al. [1]). Finally, the increase in this element could be related to the increase in available phosphorus in these soils, which, because of the ionic antagonism effect, could prevent the Zn+ ion from being absorbed by the crops and remaining in the soil, as demonstrated in a study by Safaya [58] that observed that an excess in edaphic available phosphorus inhibited Zn uptake (by lowering its rate of uptake in the outer cell membrane of the radicula). Our results point to an overall and generalized (i.e., non RSG or agricultural system-related) increase in available Zn.



Our results seem to indicate that Mn, in most soils, is accumulating. This increase, contrary to what happened with the micronutrients discussed above, cannot be attributed to the application of agrochemicals since Mn is not an element that, in general, appears in the composition of these agrochemicals. Since the availability of Mn essentially depends on the edaphic pH and the redox potential, as demonstrated by Alloway [6], and considering that most of the soils in the study area have a pH greater than 5.5, as long as the soil has adequate aeration, which occurs mainly in the rainfed soils, the available Mn would transit to higher oxidation states, losing solubility. On the contrary, in irrigated soils, the most oxidized forms decrease their concentration, thus increasing the solubility of the element and, consequently, its content in the available form [59]. These results are also related to the distinct edaphic characteristics, especially the different ability of each RSG to adsorb and leach nutrients and to the degree to which the different crops are present in the different soils and the agricultural practices carried out in them. Additionally, the lower Mn background value in Calcisols is attributable to the high carbonate content in this RSG [15,17], which may contribute to reducing its solubility through the formation of MnCO3 or precipitation as MnOOH.



The available Ni is the only micronutrient whose average concentrations remained constant in the study area, with even the MAI values decreasing. The highest concentrations in Fluvisols and Cambisols could be attributed to the intensification produced in this RSG, as demonstrated in Telo da Gama et al. [22], as well as the presence in the parent material, as demonstrated by the studies of Acosta et al. [15] and Micó et al. [17], who related the available Ni concentrations with a lithogenic control. As stated before, these results are linked to the intrinsic differences between the RSG and are contrary to the study of Brooks [60], who found the highest concentrations of available Ni in Fluvisols and Cambisols, particularly if the Cambisols were developed on gabbro. However, the concentrations in these soils are way below the maximum allowed in Portuguese soils (i.e., between 30.0 mg kg−1 and 110 mg kg−1); therefore, agricultural toxicity problems are not expected in relation to Ni, which agrees with another study carried out in Portugal by Dias et al. [18].



Most of the edaphic concentrations of the analyzed metals in this study were relatively low and below the risk values for soils, but because their bioavailability is medium/high, the risk of food chain contamination and reaching the critical load is also medium/high. Given that the SOM is very similar between the different RSGs, whether in a rainfed or an irrigated agricultural system, the differences in bioavailability are clearly related to the edaphic pH, with the lower bioavailability coinciding with the highest pH. However, these results must be approached carefully, as the bioavailability of trace elements in soils cannot be attributed to a single value, nor can it be measured with a chemical or even biological method, according to Alloway [6]. This is a process that, like any other in nature, is dynamic and varies in space and time. Bioavailability is affected by many factors, including pH, soil texture, redox potential, SOM, CEC, macronutrient levels, available water content, temperature, etc. [7]. A study by Fairbrother et al. [47] pointed out the qualitative bioavailability of metal ions in soils by relating their availability to pH and SOM. The adsorption capacity of the soil has a profound effect on the bioavailability of metals, as shown by Adriano [7], Abollino et al. [8], and Vig et al. [9], but a complete understanding of the intrinsic edaphic mechanisms that influence the metal’s solubility has not yet been achieved, although generally, the main adsorption sites for vestigial metals are found in humus and Fe oxides.



According to Alloway [6], there are many factors affecting metal bioavailability (e.g., copper has a higher affinity for humic and fulvic acids, while lead is retained almost exclusively by Mn oxides at low a pH and by Fe oxides at a pH of >7; cadmium is the metal with the weakest bond, so for a pH of <5, there is still a substantial, non-specific binding to the aluminosilicate-clayey fraction. However, the adsorption of cadmium in soils with a pH of >7 is dominated by the iron oxide fraction).




5. Conclusions


As a conclusion of this multi-year study, the overall available cadmium and chromium concentrations decreased over time, but an overall increase in the available lead was registered, even though it could not be related to any particular RSG or agricultural system. Regardless, all heavy metals revealed 2× to 25× higher concentrations when comparing the MAI with the HAI agricultural system. Not surprisingly, the soils nearer to the rivers and irrigation points that are under irrigation most of the time, or the ones that were recently intensified (e.g., converted from a rainfed to an irrigated agricultural system), present the greatest increases in available cation micronutrient concentrations. As for the heavy metals, we registered 2× to 9× higher concentrations in the HAI than the MAI agricultural system for micronutrients. Even though most of the edaphic concentrations of the analyzed metals were relatively low, and for the most part below the critical load risk values for soils, there is clear evidence pointing to very high concentrations in intensified agricultural systems when compared to the non-intensified ones. In addition, because the edaphic bioavailability is relatively high, the risk of food chain contamination may also be high. These results are but one more account of the anthropological impact on ecosystem services that jeopardizes their sustainability and proper conservation.
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Figure 1. Study area (a) lithology and (b) sampled universes. 
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Figure 2. Error bars for the sample year 2012 by RSG for the available (a) Cd, (b) Cr, and (c) Pb. 
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Figure 3. Predictive maps for available (a) Cd in 2002, (b) Cd in 2012, (c) Cr in 2002, (d) Cr in 2012, (e) Pb in 2002, and (f) Pb in 2012. 
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Figure 4. Error bars for the sample year 2012 by RSG for the available (a) Cu, (b) Zn, (c) Mn, and (d) Ni. 
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Figure 5. Predictive maps for available (a) Cu in 2002, (b) Cu in 2012, (c) Zn in 2002, (d) Zn in 2012, (e) Mn in 2002, (f) Mn in 2012, (g) Ni in 2002, and (h) Ni in 2012. 
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Figure 6. Predictive map for the metal bioavailability in the study area in (a) 2002 and (b) 2012. 
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Table 1. Available Cd, Cr, and Pb concentrations (a) in 2002 and 2012 for MAI, HAI, and average; (b) MAI and HAI by RSG in 2012; (c) average by cultivation system in 2012; and (d) average by cultivation system and RSG in 2012.






Table 1. Available Cd, Cr, and Pb concentrations (a) in 2002 and 2012 for MAI, HAI, and average; (b) MAI and HAI by RSG in 2012; (c) average by cultivation system in 2012; and (d) average by cultivation system and RSG in 2012.





	

	
Parameter

	
Year

	
RSG

	
CS

	
N

	
MAI

	
Test

	
p

	
N

	
HAI

	
N

	
Average

	
Test

	
p






	
(a)

	
Cd

(mg kg−1)

	
2002

	
n.a.

	
n.a.

	
620

	
0.065

	
X: 9857

	
0.002

	
675

	
0.510

	
1295

	
0.101

	
T (2588): −0.649

	
0.517




	
2012

	
512

	
0.020

	
783

	
0.495

	
1295

	
0.089




	
Cr

(mg kg−1)

	
2002

	
n.a.

	
n.a.

	
620

	
0.380

	
X: 59,136

	
0.000

	
675

	
1.60

	
1295

	
0.440

	
U: 599,533,000

	
0.000




	
2012

	
512

	
0.000

	
784

	
1.35

	
1296

	
0.223




	
Pb

(mg kg−1)

	
2002

	
n.a.

	
n.a.

	
620

	
2.55

	
X: 1.201

	
0.026

	
675

	
6.70

	
1295

	
2.71

	
U: 763,037,000

	
0.000




	
2012

	
513

	
2.70

	
784

	
8.02

	
1297

	
3.08




	
(b)

	
Cd

(mg kg−1)

	
2012

	
Fluvisols

	
n.a.

	
198

	
0.000 b

	
X2(3): 59,760

	
0.000

	
430

	
0.245

	
n.a.




	
Luvisols

	
151

	
0.015 b

	
188

	
0.475




	
Calcisols

	
98

	
0.315 a

	
130

	
0.612




	
Cambisols

	
64

	
0.000 b

	
36

	
12.5




	
Cr

(mg kg−1)

	
2012

	
Fluvisols

	
n.a.

	
198

	
0.000 b

	
X2(3): 36,140

	
0.000

	
430

	
0.845

	
n.a.




	
Luvisols

	
152

	
0.000 b

	
188

	
1.21




	
Calcisols

	
98

	
0.675 a

	
130

	
1.93




	
Cambisols

	
64

	
0.000 b

	
36

	
0.687




	
Pb

(mg kg−1)

	
2012

	
Fluvisols

	
n.a.

	
198

	
1.89 c

	
X2(3): 63,747

	
0.000

	
430

	
6.64

	
n.a.




	
Luvisols

	
152

	
2.86 b

	
188

	
7.86




	
Calcisols

	
99

	
5.51 a

	
130

	
12.4




	
Cambisols

	
64

	
2.34 bc

	
36

	
6.87




	
(c)

	
Cd

(mg kg−1)

	
2012

	
n.a.

	
Rainfed

	
n.a.

	
n.a.

	
512

	
0.106

	
T (1293): 0.566

	
0.572




	
Irrigation

	
783

	
0.078




	
Cr

(mg kg−1)

	
2012

	
n.a.

	
Rainfed

	
n.a.

	
n.a.

	
512

	
0.259

	
T (1294): −0.386

	
0.700




	
Irrigation

	
784

	
0.199




	
Pb

(mg kg−1)

	
2012

	
n.a.

	
Rainfed

	
n.a.

	
n.a.

	
513

	
3.11

	
U: 199,147,500

	
0.768




	
Irrigation

	
784

	
3.06




	
(d)

	
Cd

(mg kg−1)

	
2012

	
Fluvisols c

	
Rainfed

	
n.a.

	
n.a.

	
198

	
0.049

	
U: 39,772,000

	
0.147




	
Irrigation

	
429

	
0.032




	
Luvisols b

	
Rainfed

	
n.a.

	
n.a.

	
151

	
0.100

	
U: 13,687,000

	
0.552




	
Irrigation

	
188

	
0.076




	
Calcisols a

	
Rainfed

	
n.a.

	
n.a.

	
99

	
0.295

	
T (227): −0.647

	
0.518




	
Irrigation

	
130

	
0.276




	
Cambisols bc

	
Rainfed

	
n.a.

	
n.a.

	
64

	
0.032

	
U: 1,055,500

	
0.461




	
Irrigation

	
36

	
0.049




	
Cr

(mg kg−1)

	
2012

	
Fluvisols c

	
Rainfed

	
n.a.

	
n.a.

	
198

	
0.129

	
T (626): 0.246

	
0.805




	
Irrigation

	
430

	
0.094




	
Luvisols b

	
Rainfed

	
n.a.

	
n.a.

	
152

	
0.228

	
T (338): −0.938

	
0.349




	
Irrigation

	
188

	
0.209




	
Calcisols a

	
Rainfed

	
n.a.

	
n.a.

	
98

	
0.678

	
T (226): −0.043

	
0.966




	
Irrigation

	
130

	
0.660




	
Cambisols c

	
Rainfed

	
n.a.

	
n.a.

	
64

	
0.129

	
T (98): −0.627

	
0.532




	
Irrigation

	
36

	
0.137




	
Pb

(mg kg−1)

	
2012

	
Fluvisols c

	
Rainfed

	
n.a.

	
n.a.

	
198

	
0.129

	
T (626): 0.073

	
0.942




	
Irrigation

	
430

	
0.094




	
Luvisols b

	
Rainfed

	
n.a.

	
n.a.

	
152

	
0.228

	
T (338): 0.739

	
0.460




	
Irrigation

	
188

	
0.209




	
Calcisols a

	
Rainfed

	
n.a.

	
n.a.

	
99

	
0.678

	
T (227): 0.836

	
0.404




	
Irrigation

	
130

	
0.660




	
Cambisols c

	
Rainfed

	
n.a.

	
n.a.

	
64

	
0.129

	
T (98): −0.878

	
0.382




	
Irrigation

	
36

	
0.137








RSG: reference soil group; CS: cultivation system; N: number of the samples; MAI: minimal anthropogenic input; HAI: heavy anthropogenic input; X: Pearson’s Chi-square test; T: two-sample T-test; U: Mann–Whitney U test; X2: Kruskal–Wallis test; p: p value. Different columnar letters indicate significant differences (p < 0.05).
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Table 2. Available Cu, Zn, Mn, and Ni concentrations (a) in 2002 and 2012 for MAI, HAI, and average; (b) MAI and HAI by RSG in 2012; (c) average by cultivation system in 2012; and (d) average by cultivation system and RSG in 2012.
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Parameter

	
Year

	
RSG

	
CS

	
N

	
MAI

	
Test

	
p

	
N

	
HAI

	
N

	
Aver.

	
Test

	
p






	
(a)

	
Cu

(mg kg−1)

	
2002

	
n.a.

	
n.a.

	
620

	
0.995

	
X: 78,782

	
0.000

	
675

	
3.62

	
1295

	
1.07

	
U: 411,473,500

	
0.000




	
2012

	
513

	
1.61

	
783

	
10.1

	
1295

	
2.39




	
Zn

(mg kg−1)

	
2002

	
n.a.

	
n.a.

	
620

	
0.505

	
X: 64,306

	
0.000

	
675

	
2.92

	
1295

	
0.646

	
U: 581,192,500

	
0.000




	
2012

	
513

	
0.715

	
784

	
5.43

	
1297

	
1.06




	
Mn

(mg kg−1)

	
2002

	
n.a.

	
n.a.

	
620

	
41.5

	
X: 17,090

	
0.000

	
675

	
150

	
1295

	
48.3

	
U: 639,113,500

	
0.000




	
2012

	
513

	
55.1

	
783

	
164

	
1296

	
67.5




	
Ni

(mg kg−1)

	
2002

	
n.a.

	
n.a.

	
620

	
1.80

	
X: 7350

	
0.007

	
675

	
4.10

	
1295

	
1.62

	
T (2581): −0.942

	
0.346




	
2012

	
507

	
1.35

	
781

	
5.42

	
1288

	
1.57




	
(b)

	
Cu

(mg kg−1)

	
2012

	
Fluvisols

	
n.a.

	
198

	
1.398 b

	
X2(3): 20,762

	
0.000

	
430

	
9.22

	
n.a.




	
Luvisols

	
152

	
1.645 ab

	
188

	
12.5




	
Calcisols

	
99

	
1.870 a

	
130

	
13.3




	
Cambisols

	
64

	
1.070 b

	
36

	
9.00




	
Zn

(mg kg−1)

	
2012

	
Fluvisols

	
n.a.

	
198

	
0.743 a

	
X2(3): 6365

	
0.095

	
430

	
6.77

	
n.a.




	
Luvisols

	
152

	
0.728 a

	
188

	
4.73




	
Calcisols

	
99

	
0.650 a

	
130

	
2.00




	
Cambisols

	
64

	
0.778 a

	
36

	
2.27




	
Mn

(mg kg−1)

	
2012

	
Fluvisols

	
n.a.

	
198

	
60.5 a

	
X2(3): 9326

	
0.025

	
430

	
157

	
n.a.




	
Luvisols

	
152

	
56.9 a

	
188

	
182




	
Calcisols

	
99

	
31.4 b

	
130

	
166




	
Cambisols

	
64

	
63.3 a

	
36

	
166




	
Ni (mg kg−1)

	
2012

	
Fluvisols

	
n.a.

	
198

	
1.89 c

	
X2(3): 104,579

	
0.000

	
430

	
4.16

	
n.a.




	
Luvisols

	
152

	
2.86 b

	
188

	
6.11




	
Calcisols

	
99

	
5.51 a

	
130

	
6.63




	
Cambisols

	
64

	
2.34 bc

	
36

	
5.72




	
(c)

	
Cu

(mg kg−1)

	
2012

	
n.a.

	
Rainfed

	
n.a.

	
n.a.

	
513

	
1.68

	
T (1294): −0.362

	
0.717




	
Irrigation

	
783

	
2.95




	
Zn

(mg kg−1)

	
2012

	
n.a.

	
Rainfed

	
n.a.

	
n.a.

	
513

	
1.40

	
T (1295): 0.852

	
0.394




	
Irrigation

	
784

	
2.74




	
Mn (mg kg−1)

	
2012

	
n.a.

	
Rainfed

	
n.a.

	
n.a.

	
513

	
62.0

	
T (1294): 3.218

	
0.007




	
Irrigation

	
783

	
71.1




	
Ni

(mg kg−1)

	
2012

	
n.a.

	
Rainfed

	
n.a.

	
n.a.

	
507

	
1.51

	
T (1286): 0.833

	
0.405




	
Irrigation

	
781

	
1.61




	
(d)

	
Cu

(mg kg−1)

	
2012

	
Fluvisols c

	
Rainfed

	
n.a.

	
n.a.

	
198

	
1.56

	
U: 26,567,000

	
0.000




	
Irrigation

	
429

	
2.86




	
Luvisols ac

	
Rainfed

	
152

	
1.82

	
T (338): −0.754

	
0.451




	
Irrigation

	
188

	
2.86




	
Calcisols a

	
Rainfed

	
99

	
1.91

	
U: 3,438,000

	
0.000




	
Irrigation

	
130

	
3.38




	
Cambisols b

	
Rainfed

	
64

	
1.32

	
U: 1,055,500

	
0.000




	
Irrigation

	
36

	
3.08




	
Zn

(mg kg−1)

	
2012

	
Fluvisols b

	
Rainfed

	
n.a.

	
n.a.

	
198

	
1.79

	
T (626): 0.028

	
0.978




	
Irrigation

	
430

	
1.80




	
Luvisols a

	
Rainfed

	
152

	
1.19

	
T (338): 0.324

	
0.746




	
Irrigation

	
188

	
1.26




	
Calcisols a

	
Rainfed

	
99

	
1.06

	
T (227): 0.852

	
0.395




	
Irrigation

	
130

	
8.50




	
Cambisols ab

	
Rainfed

	
64

	
0.964

	
U: 1,106,000

	
0.741




	
Irrigation

	
36

	
0.823




	
Mn

(mg kg−1)

	
2012

	
Fluvisols a

	
Rainfed

	
n.a.

	
n.a.

	
198

	
66.8

	
T (626): 2.691

	
0.007




	
Irrigation

	
430

	
78.0




	
Luvisols a

	
Rainfed

	
152

	
61.2

	
U: 11,837,000

	
0.008




	
Irrigation

	
187

	
76.6




	
Calcisols b

	
Rainfed

	
99

	
48.3

	
T (227): −1.286

	
0.200




	
Irrigation

	
130

	
38.6




	
Cambisols a

	
Rainfed

	
64

	
70.1

	
T (98): 0.468

	
0.641




	
Irrigation

	
36

	
76.3




	
Ni

(mg kg−1)

	
2012

	
Fluvisols c

	
Rainfed

	
n.a.

	
n.a.

	
196

	
0.840

	
T (626): 0.073

	
0.942




	
Irrigation

	
429

	
1.079




	
Luvisols b

	
Rainfed

	
150

	
1.944

	
T (338): 0.739

	
0.460




	
Irrigation

	
187

	
2.337




	
Calcisols a

	
Rainfed

	
98

	
2.650

	
T (227): 0.836

	
0.404




	
Irrigation

	
129

	
2.421




	
Cambisols c

	
Rainfed

	
63

	
0.958

	
U: 784,500

	
0.011




	
Irrigation

	
36

	
1.608








RSG: reference soil group; CS: cultivation system; N: number of the samples; MAI: minimal anthropogenic input; HAI: heavy anthropogenic input; X: Pearson’s Chi-square test; T: two-sample T-test; U: Mann–Whitney U test; X2: Kruskal–Wallis test; p: p value. Different columnar letters indicate significant differences (p < 0.05).
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Table 3. Bioavailability of metal cations in uncontaminated soils for plants and soil invertebrates, depending on soil pH and SOM.
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RSG

	
CS

	
N

	
pH

	
SOM

(%)

	
Bioavailability *

	
Study Area




	
(ha)

	
(%)






	
Fluvisols

	
Rainfed

	
196

	
6.50

	
1.48

	
High

	
6761

	
45.5




	
Irrigation

	
430

	
6.63

	
1.11

	
High




	
Luvisols

	
Rainfed

	
145

	
7.10

	
1.52

	
Medium

	
4465

	
30.1




	
Irrigation

	
189

	
7.29

	
1.22

	
Medium




	
Calcisols

	
Rainfed

	
99

	
7.97

	
1.65

	
Medium

	
2808

	
18.9




	
Irrigation

	
132

	
8.06

	
1.46

	
Medium




	
Cambisols

	
Rainfed

	
59

	
6.36

	
1.42

	
High

	
818

	
5.50




	
Irrigation

	
36

	
6.39

	
1.35

	
High








* Adapted from Fairbrother et al. [47]. Bioavailability ranges from very low, low, medium, high, and very high; CS: cultivation system; N: number of the samples.
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