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Abstract

:

Research highlights: this article refers to the deep storage of trace elements as a result of the podzolization process under different types of vegetation cover. This is also an attempt to trace differentiation in the distribution of trace elements in mountain soils under the podzolization process. Background and objectives: we focused on estimating whether the podzolization process of soils under various vegetation covers led to the deep storage of trace elements in the subsoil. Furthermore, the potential contamination of studied soils with trace elements using pollution indices was assessed. Materials and methods: in thirteen soil profiles under three different vegetation types, chosen chemical–physical properties, e.g., organically bonded and active forms of Al and Fe, podzolization indices, and trace element content (Cd, Pb, Zn, Cu, Cr, and Ni) were analyzed. Additionally, pollution indices, such as Geoaccumulation Index, Potential Ecological Risk, Pollution Load Index, and Contamination Security Index, were calculated. Results: the distribution of Al and Fe varied among the soil profiles, suggesting different rates of podzolization processes that were partially dependent on the type of vegetation. Exceptionally high values of Alo and Feo were noted in profiles P1 and P2 (1.53% and 2.52% for Alo, and 2.13% and 1.46% for Feo, respectively) in horizons Bs and BsC under Plagiothecio-Piceetum taricum. Some of the soils showed the expected distribution of trace elements as the result of the podzolization process revealed their accumulation in the spodic horizon. Moreover, four different patterns of trace element distribution were recognized. Often, the accumulation of trace elements occurred in Bs/BsC horizons, e.g., in case of Zn soils P8, P9, and P10, which reached 65.8, 68.0, and 72.30 mg∙kg−1, respectively. However, there were no large differences in trace element content in soils independent of the vegetation type. The pollution indices in most samples confirmed lack of contamination with trace elements. Only several soil horizons were moderately polluted and showed deterioration of soil quality or very low severity. Conclusions: in the majority of studied soils, the podzolization process resulted in the deep storage of trace elements, i.e., the accumulation of spodic horizon; however, in certain cases, it might have been related only to the different lithology, and appeared as anomalies not related to the dominant soil-forming process. Anomalies were characterized by a much higher content of trace elements in the BsC horizon compared to the upper O horizons. Obtained data of trace elements, as well as values of pollution indices, did not indicate pollution. This lack of pollution was related to localization of soils within a topographic barrier that protected them from the deposition of potential trace element–rich pollution.
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1. Introduction


Podzols are the direct effect of a podzolization process, which assumes the release of iron and aluminum oxides, as well as complexes of organic acids from the eluvial horizon (albic material) downward the soil profile, into the illuvial (spodic) horizon [1,2,3,4]. The podzolization process reveals different intensity, especially in mountain areas, where many factors may influence its rates [2,5].



Formation of Podzols in the mountain areas is mainly driven by cool and humid climate conditions, topography, as well as specific vegetation [1,3,6,7,8,9,10,11,12,13,14,15]. It is widely accepted that coniferous forests promote the formation of proper Podzols [6]. According to Zwanzig et al. [15], Ericaceae and some oak species may increase the podzolization rates. Furthermore, Musielok et al. [10] stated that the combination of berry (Vaccinium sp.) and mosses (Polytrichum strictum and Sphagnum sp.) might facilitate the podzolization process even on calcareous materials.



Together with the leaching of organic and inorganic substances, except Fe and Al, other trace elements are involved in the transport within the profiles of Podzols and accumulate in the illuvial horizons [16]. Different rates of the podzolization process under various vegetation covers may be expected, thus intensity of trace elements mobilization in spodic horizons can vary among Podzols [4]. Nonetheless, deep storage of trace elements, originating from natural sources in the subsoil of Podzols, is a fact, and may involve storage of pollutants.



Mountain soils, in general, are very vulnerable to accumulation of contaminations as they form “orographic barrier” that limit and stop air masses, which might lead to increase retention of pollutants, such as trace elements [17,18,19]. Many studies point out that the southern mountainous part of Poland is extremely exposed to contamination, although it is not situated in the center of pollutant emissions. The main reason of anthropogenic pollutions is long-distance transport, including transboundary sources [19,20]. The example of such area, highly exposed on the trace elements pollution, are Tatra Mts.—the highest mountain range in the Carpathians. Some studies, based on various types of soils in Tatra Mts. and surrounding areas, confirmed the pollution with trace elements, e.g., [18,21,22]. These authors reported that high, unnatural values of trace elements could be caused by various anthropogenic activity from industrial plants, mine, and areas of intensified transport that might be located in the Upper Silesia region (to the west from Polish Carpathian), but also related with many industrial facilities on the Slovak side of Tatra Mts., mostly mining activities [23]. Similar findings and proof of long-distance pollutants transport was noted by the authors dealing with the soils in the surrounding regions of Tatra Mts., but also in other Carpathians ranges, e.g., Little Beskids [24], and in the Sudety Mts., e.g., Karkonosze Mts. [19].



In view of the above, it seems that soils in Tatra Mts. are exposed to the accumulation of trace elements. The assessment of pollution in mountain areas is very important. Up until now, there have been few, detailed analyses based on pollution indices on soils from Polish Carpathians Mts., e.g., [25]. According to many authors, it seems reasonable to track not only the total content of trace elements, but also use favorable pollution indices [26,27,28] to comprehensively evaluate the degree of contamination, or its lack, in the various ecosystems [28,29]. They may reflect the dynamics of pollution changes that seem important in the context of the functioning of sensitive environments [20,30].



The influence of the podzolization process on the deep storage of trace elements in the soil profile, as well as the influence of external factors, such as human activity, have never been comprehensively combined in one research studyso far. Therefore, we decided to (i) estimate if the podzolization process of soils under various vegetation covers leads to the deep storage of trace elements in the subsoil, and (ii) assess the potential contamination of studied soils with trace elements using pollution indices.




2. Materials and Methods


2.1. Study Area


The Tatra National Park (TPN) was founded in 1954 in the area of the Tatra Mts., which are the highest and only alpine-type mountain massif within in the Polish Carpathians (Figure 1). TPN, together with TANAP (Tatranský Národný Park, Slovakia) are on the list of the World Network of Biosphere Reserves [31]. The geology of the Tatra Mts. is dominated by crystalline, mostly igneous (granites, granodiorites) and metamorphic (gneisses, metamorphic shales) rocks. Among them, the carbonate and crystalline rocks and other less resistant Mesozoic rocks are distinguished. These are covered by Eocene sediments and Palaeogene Podhale flysch, which was denuded during the Neogene period [32].



The spatial diversity of the soils in the Tatra Mts. is the result of a close connection with the mountain topography, parent material, and specific hydrological and climatic conditions. According to Komornicki and Skiba [33], 30% of the TPN area is covered by weakly developed soils. Further, nearly 30% is occupied by rendzinas and pararendzinas, about 20% by Podzols, and 10% by brown soil, and about 10% by other types. Podzols occupy large areas in the Eastern and Western Tatra Mts., formed from weathered granitoids, metamorphic slates, acid gneisses, and glacial tills. The podzolization process is favored by cool montane climates with high rainfall, weathered acidic, parent materials, as well as the acidophilic vegetation of alpine and coniferous mountainous forests. Podzols are strongly acidified, the lowest pH values are found in eluvial horizons (pH 3.0–4.0). The illuvial horizons are slightly less acidic (pH 4.0–5.0) [33].



The Tatra Mts. are generally considered to have a high mountainous, temperate-zone climate. Five climatic zones are distinguished: moderately cool (up to 1150 m a.s.l.), cool (1150–1550 m a.s.l.), very cool (1550–1850 m a.s.l., the upper boundary of the forest), moderately cold (1850–2200 m a.s.l.), cold (above 2200 m a.s.l.—the climatic limit of eternal snow). However, the average temperature of the year varies from +6 ℃ to −4 ℃, which gives an average gradient of 0.5 ℃ per 100 m. Precipitation in the Tatra Mts. range from 1100 to 1900 mm [34].



The vegetation of the Tatra Mts. is typical for mountain areas, with a zonal layout associated with the changes of climate associated with increasing altitude above sea level [35]. In the lower slopes, up to 1250 m a.s.l., Dentario glandulosae-Fagetum, and Acer pseudoplatanus L. predominate. Higher, up to a height of about 1550 m a.s.l., Plagiothecio-Piceetum (tatricum) and Polysticho-Piceetumare are the most common. In terms of the undergrowth, Vaccinium myrtillus, Vaccinium vitis-idaea, Huperzia selago, and Lycopodium annotinum are commonly present. From 1550 m to about 1800 m a.s.l. (subalpine floor), the mountain pine Pinus mugo dominated within which, e.g., Salix silesiaca, Sorbus aucuparia var. glabrata Vaccinium myrtillus, and Vaccinium vitis-idaea are distinguished [35]. Above, the story of the mountain pine (alpine floor), from 1800 m to about 2300 m a.s.l. Festuco versicoloris-Seslerietum tatrae and Oreochloo distichae-Juncetum trifidi occur in the undergrowth. Moreover, Hieracio (alpini)-Nardetum is quite common. The alpine plant stage in the Tatra Mountains can reach up to 2300 m a.s.l. The vegetation of this stage is dominated by lichens and mosses [35].




2.2. Field Study


For this study, thirteen research sites were selected based on the TPN soil map 1:20,000 and arranged under different types, vegetation being a key factor triggering intensity of podzolization and deep storage of the trace elements. The location of studied soil profiles follows the occurrence of Podzols in TPN soil map 1:20,000 [36], frequently present in the eastern and western parts of the mountains, at an altitude from 930 m to 1890 m a.s.l. (Table 1, Figure 1). At each site, soil profile was performed, precisely described, and sampled. In total, 61 soil samples (about 1 kg of soil material per sample) were collected, of which 22 were organic and 39 mineral samples. In all soils, a clear podzolization process was recognized. The northern and northwestern exposures predominated. The slope rating reached from 13° to 50° (Table 1). Soil profiles were divided into three groups (for further data interpretation and statistical analyses) based on type of plant communities: Plagiothecio-Piceetum tatricum (soils P1–4), Vaccinium myrtillus (soils P5–8), and Hieracio (vulgati)-Nardetum (soils P9–13) (Table 1, Figure 1). The chosen location always indicated the representative patch of vegetation cover. The soils were developed from various geological bedrocks, mostly Pleistocene moraine deposits, as well as slope deposits and mantles, representing different geologies: crystalline rocks, such as sandstone and bright quartzite, pegmatite granites, red quartzite sandstones, and white granite gneiss [37]. The field description of the soil profiles was performed using the guidelines for soil description [38]. The color of each horizon was determined using the Standard Soil Color Charts [39]. The soils were classified, according to the World Reference Base for Soil Resources [40], as Podzols with additional principal and supplementary qualifiers (Table 1).




2.3. Selected Physical and Chemical Properties


The soil samples were air-dried and sieved through a certified sieve (2 mm diameter). Particle size distribution was determined using the hydrometer-sieve method [41]. The measurements of potentiometric pH values were performed using a standard combination electrode and a CPI-551 Elmetron pH meter in H2O as well as in 1 M KCl solution at a ratio of 1 (soil):2.5 (solution) [41]. Total organic carbon (TOC) content was determined by using potassium dichromate and Mohr’s salt [42]. Total nitrogen (TN) content was obtained using the Kjeldahl method [43] on a FOSS KjeltecTM 8100 apparatus. The base saturation (BS) was calculated from the total exchangeable acidity (EA), and the sum of exchangeable bases such as Ca2+, Mg2+, Na+, and K+ (TEB), calculated according to van Reeuwijk [41] and analyzed with an ICP-OES Optima 7300 DV optical emission spectrometer. The “organically bound” Al and Fe were extracted with pyrophosphate solution (Alp, Fep, Cp), whereas the “active“, Al and Fe were extracted with acid oxalate solution (Alo, Feo), according to van Reeuwijk [41]. The organically bound and active forms of Al and Fe were indicated only for the mineral horizons. All of the analyses were performed at University of Agriculture in Krakow (Poland). The content of Alp, Fep, Cp, Alo, and Feo, were used for calculation of the selected diagnostic indicators for the spodic horizon as follows: (i) index of Alp, Fep, Cp complex content in the spodic horizon: Alp + Fep + Cp [2]; (ii) molar ratio of organic carbon to the sum of Alp and Fep: Cp/Alp + Fep [2]; and (iii) the displacement ratio of amorphous forms of Alo and Feo: Alo + 0.5 Feo [40].




2.4. Content of Trace Elements and Pollution Indices


Content of Cd, Pb, Zn, Cu, Cr, and Ni was determined after wet digestion of soil samples in a mixture of concentrated nitric and perchloric acids (2:1 v/v) [44]. In the solution thus obtained, the content trace elements were detected with the Perkin Elmer Optima 7300 DV spectrometer. Calibration was done using a certified multi-element ICPIV Merck standard solution. The detection limit was as follows: Cd–0.03; Cr–0.04; Cu–0.2; Ni–0.1; Pb–0.5; and Zn–0.2 (mg·kg−1).



Based on the trace element contents, four pollution indices were calculated: Geoaccumulation Index (Igeo), Potential Ecological Risk (RI), Pollution Load Index (PLI), and Contamination Security Index (CSI) [28]. For the calculation of RI and PLI, the Single Pollution Index (PI) was first necessary [28]. The pollution indices mentioned above allow recognition of the degree of trace element contamination and potential ecological risk, evaluation of the degree of soil degradation due to possible trace elements enrichment, as well as determination of the limit of toxicity, above which adverse impacts on the soil environment is observed [27,28,45,46]. Sometimes, the pollution indices may give more information than the raw data of trace elements and help to assess both the degree of contamination and potential ecological risks [28]. For the calculation of pollution indices, the total content of trace elements from each organic and mineral horizon, as well as geochemical background, were used. The Igeo allowed for pollution assessment with each, studied trace element [28]; whereas PLI, CSI, RI favored the identification of pollution based on total contamination, with all trace elements under study [28]. The geochemical background for Igeo, RI and PLI was calculated based on trace element content in the lowermost horizons of studied soils. The lowest horizons were used to assess the possible trace elements contamination—mainly the parent material horizons. BC/C horizons usually revealed natural trace elements content, with lack or non-signs of contamination. For this purpose, the mean content of a given trace element in the lowermost horizon ± 2 standard deviations was used [47].




2.5. Statistical Analysis


Principal component analysis (PCA) was used to reduce the dimensionality of the dataset and summarize the soil properties in large data during the evaluation. The main components were examined based on projection methods. Bartlett’s sphericity test was used for the inferential statistics to assess the equality of variance. Kaiser–Meyer–Olkin (KMO) was applied to measure sampling adequacy. PQ stat (version 1.8.0) was used for data analysis and to visualize results in a biplot (a score plot and a loading plot in a single graph). Moreover, the differences between the contents of trace element in the eluvial (E) and illuvial (B) horizons were assessed, based on a non-parametric Mann–Whitney U test using Statistica® software. Statistical analysis was performed at the University of Agriculture in Krakow (Poland).





3. Results


3.1. Morphological Characteristics of Studied Soils


All soils were characterized by the presence of albic and spodic horizons. The colors of the soil material showed the typical patterns for Podzols and fulfilled the criteria for spodic in illuvial horizons [40]. Generally, the eluvial horizons (AE or E) indicated hues from 7.5 YR to 10 YR values from 3 to 7 and chroma from 1 to 4. Whereas the illuvial horizons showed usually 7.5 YR, 10 YR and rarely 5 YR hue values from 2 to 5 and chroma from 3 to 8 (Appendix A, Table A1). Regardless of the type of parent material, the studied soils were characterized by a high content of rock fragments that generally increased downward the soil profiles, even reaching >80%, where they were dominant (Table A1). Among all studied soils, an abrupt and clear type of boundary predominated especially at the contact of the A/E and E/Bs horizons. Independent of the vegetation cover, the soils were quite similar in terms of soil structure. Most of the studied horizons represented a subangular or angular type of structure. Some of A horizons showed a crumby type of structure that was well visible in P5, P6, and P11 (Table A1). As is typical, the number of roots decreased with depth in all soils. The consistence changed down the soil profile, from friable in upper soil horizons to very firm in the lowest horizons sampled (Table A1).




3.2. Particle Size Distribution


The texture of studied soils did not differ between mineral soil horizons (Figure 2). In general, Podzols have sandy loam, loamy sand, as well as sand textures (Figure 2).



Coarse and medium sand content varied between E and Bs/BsC horizons even up to 22–23% (P1 and P4). Only subsoil of profile P9 was finer, where the silt and clay fractions reached 50–54% and 10–18%, respectively (Appendix B, Table A2).




3.3. Selected Chemical Properties


Irrespective of the vegetation cover, the reaction of the studied soils ranged from strongly acidic to acidic. The pH values slightly increased towards the down of the soil profile, both in H2O and KCl solution. The higher values of pH were noted in soil P10 in the E and BsC horizons (5.7 and 5.8, respectively), which may result from less acidic character of parent material (Table 2). Based on the values of individual ions (Ca2+, Mg2+, Na+, K+) as well as TEB, it can be noted that their values undoubtedly decreased down the soil profile, with their highest values in the Ol/Olf and Oh horizons. The values of TEB and the individual cations were comparable in all soil profiles (Table 2). Yet, clearly distinguishable high values of TEB in Ol/Olf horizons were marked in soils P3, P6, P8, and P13 due to a relatively high content of K+ compared to the other profiles (Table 2). The EA showed quite high values typical for Podzols and acidic soils, generally. The highest values were characterized for the O horizons, which were additionally acidified by the availability of organic remains with varying degrees of decomposition. The values of EA decreased down the soil profile. Usually, the values of EA in BsC or BC horizons were almost two times lower than the values noted in O horizons (Table 2). In some of the soils, the eluvial horizons showed values close to those determined in the O horizons, e.g., P4, or even exceeded those values, e.g., P5 (Table 2).



Regardless of the vegetation cover, the values of cation exchange capacity (CEC) were varied, and included the ranges from 146.6 to 342.3 cmol∙kg−1 and from 20.0 to 267.5 cmol∙kg−1, in the organic and mineral horizons, respectively. In the case of CEC, the values were quite similar under different plant habitats. There was a downward trend, however, with much lower (more than two times) values of CEC in BsC and BC horizons. The soils were generally characterized by low BS. Organic horizons showed BS values from 3% to 35%, whereas in mineral horizons, values from 1% to 6% dominated. The exception was in soil P10, where especially horizon E indicated relative very high values for BS – 47% (Table 2). The highest values of TOC and TN were in the Ol/Olf and Oh horizons (61.5 to 379.9 g∙kg−1) and rapidly decreased with the depth. The values of TOC and TN were comparable in all of studied soils, nonetheless in soil P13, showed quite high values, even in mineral horizons (up to 60.9–81.6 g∙kg−1). Neither TOC nor NT showed a depletion of content of these elements in the eluvial horizon and enrichment in the illuvial horizons (Table 2).




3.4. Podzolization Indices


Regardless of the type of the vegetation cover, the contents of Alp, Fep, Cp, Alo, and Feo were very diverse within the soil profile; this suggested that the rate of the translocation of those elements along the solum was varied too. Nonetheless, some obvious trends for Podzols were noted. In case of each element (Alp, Fep, Cp, Alo Feo), a slight decrease was observed in the eluvial horizons, while in the BsC horizons clear enrichment was noted compared to the uppermost horizons (AE or E, Table 3). The content of Cp in soil P3 was higher in AE horizon than in BsC horizon. Both organically bound and active forms of Al and Fe showed approximate values (Alp and Fep ranged from 0.02% to 1.06% and 0.02% to 1.51%, respectively, whereas the Alo and Feo ranged from 0.03% to 2.52% and 0.03% to 2.13%, respectively). Exceptionally high values of Alo and Feo were noted in profiles P1 and P2 (1.53% and 2.52% for Alo, and 2.13% and 1.46% for Feo, respectively) in horizons Bs and BsC under Plagiothecio-Piceetum tatricum, as well as in horizon BsC of soils P10 and P13 (1.01% and 2.07% for Alo, and 1.33% and 1.31% for Feo, respectively) located under the Hieracio (vulgati)-Nardetum (Table 3) plant community.



Based on the Alp and Fep, as well as Alo and Feo content, pedogenic (podzolization) indices were calculated. The values of podzolization indices varied, depending on the depth and type of vegetation cover. Index of Alp, Fep, Cp complex content in the spodic horizon ranged from 0.13% to 5.55%. The highest values were calculated in some soils under Plagiothecio-Piceetum tatricum (from 3.75% to 5.55% in spodic horizons). Relatively high values were also seen for soils P7 and P9, 2.24% and 3.99%, respectively (Table 3). The molar ratio of organic carbon to the sum of Alp and Fep ranged from 2.84 to 26.2. It was clearly seen in the albic horizons that the values were higher compering to the spodic horizon, which may indicate that more elements, including trace elements, were complexed by organic matter [48]. Analyzing the individual soil profiles, the values of this indicator were very diverse, depending on the vegetation cover. It was found that the highest values of the molar ratio of organic carbon to the sum of Alp and Fep were noted partially in soils under Vaccinium myrtillus, e.g., soils P5 and P8 (26.28 and 23.67 mol, respectively).



The ratio of amorphous forms of Al and Fe ranged from 0.05% to 3.25%. The values were the highest in the spodic horizon and exceeded values higher than 0.5%, which is considered as one of the diagnostics for the spodic horizon [40] (Table 3). The highest values of podzolization index were characterized for soils P1 and P2 under Plagiothecio-Piceetum tatricum (2.31% and 3.25%, respectively) and soil P13 under Hieracio (vulgati)-Nardetum, 2.73%. In other soils, the values of this indicator in spodic horizons ranged from 0.54% (P9) to 1.82% (P8) (Table 3). In a view to above, each indicator showed the occurrence of the podzolization process in studied soils with different intensities.




3.5. Trace Element Content and Values of Pollution Indices


In some of the soil profiles, clear differences in accumulation with trace elements between the organic and mineral horizon were found (Table 4). Often, the highest values of trace elements were distinguished for organic horizons. Pb, Zn, and Cu had their highest contents especially in soils P2, P3, P4, P7, P10, and P11 (Table 4). The ranges of these elements in the O horizons differed, depending on the vegetation cover. The highest content of Zn, Cd, Cr, and Ni in organic horizons were determined in soils under Hieracio (vulgati)–Nardetum plant community, whereas the highest Pb and Cu contents were characteristic for organic horizons of soils under Plagiothecio-Piceetum (tatricum) and Vaccinium myrtillus vegetation cover, respectively. The occurrence of the highest values in the organic horizons was not a rule, since the highest values of trace elements were determined in lower horizons at times. In some soils, a decrease in the content of trace elements was observed in the E/AE horizon and then enrichment in the Bs/BsC horizon, which can be undoubtedly related to the podzolization process. Examples of soils where the visible depletion in the eluvial (E/AE) horizons and enrichment in the illuvial (Bs/BsC) horizons occurred as a result of the podzolization process were as follow: for Pb, Zn, Cu, Cr, and Ni—soils P2 and P12; for Zn, Cu, Cr, and Ni—soils P4 and P13; for Cd, Pb, and Zn—soil P3; for Cd and Pb—soils P1, P6, and P8; and finally, for Zn and Ni—soil P7 (Table 4, Figure 3a). The enrichment of illuvial horizon in trace element as the result of podzolization process on a smaller or larger scale have been observed in all studied soils (Table 5). The non-parametric Mann–Whitney U showed that there are differences in the content of trace elements between eluvial and illuvial horizons; however, it is statistically insignificant.



In few cases, deviation from the expected distribution of trace elements as the result of the podzolization process occurred, which refer to depletion of eluvial horizon with trace elements and their accumulation in illuvial horizon. In some of the soil profiles, the content of trace elements simply decreased downward, e.g., soil P3 in the case of Pb, Zn, Cu, and Ni, and P13 in the case of Cd and Pb (Table 4, Figure 3b). Rarely, the content of trace elements was rather homogenous along the soil profile, e.g., soils P9 and P12 in the cases of Zn and Cd, respectively (Table 4, Figure 3c). It was often seen that the content of some trace elements was the highest in the eluvial horizon (E or AE). In soil P5, it was visible practically in case of all of the trace elements (Table 4, Figure 3d). Additionally, such a trend was found in, e.g., P6 (for Zn and Cr), P7 (for Cd, Pb, Cr, Cu), P9 (Cd), and P10 (Cd, Pb) (Table 4). Interestingly, strong enrichment with trace elements in the BsC/BC horizon occurred in soils P1 (for Zn, Cr, Cu, and Ni), P3 (Cd), P8 (Zn, Cr, Cu, and Ni), P10 (Zn, Cr, and Ni) and P11 (Cr); however, this was a result of the other factor than podzolization (Table 4, Figure 3e).



A very high content of Cd in the Olf horizon (4.28 mg∙kg−1) occurred in soil P10, which could not be only the result of natural processes (Table 4). The highest value of Pb was characteristic for the Oh horizon of soil P3, 49.5 mg∙kg−1. The highest contents of Zn were found in soils P8, P9, and P10 in BsC/BS horizons, 65.8, 68.0, and 72.30 mg∙kg−1, respectively (Table 4). Moreover, the A horizon of soil P9 showed a quite high content of Zn (88.8 mg∙kg−1). Surprisingly, high values of Cr (22.4 mg∙kg−1) were found in the Bs horizon of P1 and E horizon of P9 (42.7 mg∙kg−1), suggesting not only the influence of the podzolization process for this element. The values of Cu in soil P8 in horizons BsC1 and BsC2 (35.0 and 35.5 mg∙kg−1, respectively) showed much higher concentrations than the other soils. The highest content of Ni (27.0 mg∙kg−1) was determined in the BC horizon in soil P9, exceeding the content of Ni in the other studied soils (Table 4). The different origin of studied trace elements has been well visible on PCA diagram, where Cd evidently distinguish from other trace elements. Such components distribution on the diagram may suggested that Cd is the result of anthropogenic activity, whereas Pb, Zn, Cu, Ni, and Cr may come from natural sources, e.g., weathering of local parent substrates (Figure 4).



There were no particularly high differences in trace elements content in soils independent of the vegetation type. Considering the trace element values, in soils located under Plagiothecio-Piceetum (tatricum) (soils P1–4), only the content of Pb was the highest. In case of soils covered with Vaccinium myrtillus (soils P5–8), the highest content was detected in case of Cd, Cu, and Ni. Finally, the highest content of Zn and Cr was noted under Hieracio (vulgati)–Nardetum plant community (soils P9–13) (Table 1, Table 4).



The calculated pollution indices showed the potential degree of contamination of studied soils differed irrespective of the vegetation cover. According to Igeo, calculated for Cd, the soils were unpolluted to moderately polluted (Figure 5a). Some of the horizons showed moderate pollution, which applied only to certain horizons of soils P2–P6, P8, and P9. Additionally, the Olf horizon of soil P10 was highly polluted (Figure 5a). Furthermore, the Igeo calculated for Pb, Cr, Zr, and Ni showed a predominance of unpolluted to moderately polluted soil samples (Figure 5a), whereas, in case of Cu, soils were unpolluted to moderately polluted. Moderate to high pollution was noted in soil P8 in case of Cu content (Figure 5a).



RI values confirm low potential ecological risk. Only in soil, P10 has a moderate stage of this index in the organic horizon (Figure 5b). According to the PLI values, most of the studied soils were categorized as high quality, while some of the soils showed some deterioration of soil quality (partially soils P1, P5, P6, and P8, and completely soil P9; Figure 5b). CSI values indicated that soils were characterized by a low pollution severity. However, some of the soils were uncontaminated, e.g., soil P12 (Figure 5b).





4. Discussion


In the studied soils, the evident translocation of various forms of Fe and Al, which is typical for podzolization process [49,50,51], was confirmed by three indicators. First, the podzolization index (Alo + 0.5 Feo) exceed values higher than 0.5% (Table 3), indicating the clear development of a spodic horizon [40]. These features correspond with requirements of World Reference Base for Soil Resources [40], allowing these soils to be classified as Podzols (Table 1). Furthermore, the molar ratio of organic carbon to the sum of Alp and Fep (Cp/Alp + Fep), met the requirements for spodic horizon given by Mokma and Buurman [2], which have to be with a range of 5.8 to 30 (Table 3). Statistically, the podzolization indices did not indicated significant difference in terms of rates of this process itself (Figure 4); however, all of them confirmed the occurrence of this process in studied soils.



The podzolization process in studied soils is supposed to be strongly connected with vegetation cover [1,9,10,14,52]. However, the pedogenic indices did not point unequivocally under which plant habitats the podzolization process was more advanced. Highest values of podzolization index as well as Al and Fe extracted with pyrophosphate solution (Table 3) were found in the soils under Plagiothecio-Piceetum (tatricum). This finding is in good agreement with data of Nikodem et al. [9] who stated that podzolization intensity is higher under coniferous forest. Similarly, Zwanzig et al. [15] reported that the podzolization process is more intensive under coniferous forest or coniferous-mixed than under grass-herb cover or deciduous vegetation. Moreover, Lundström et al. [1] noted that Podzols development may be favored by coniferous and ericaceous shrubs; thus, also other advantageous vegetation conditions might lead to increased podzolization. Of course, we should keep in mind that the vegetation cover in the Tatra Mts. change over the decades and hundreds of years. For instance, vast areas where Hieracio (vulgati)–Nardetum and Vaccinium myrtillus are common nowadays, have been overgrown by coniferous forest in the past, and there were (at least partially) either spruce or ecotone communities present, which favored podzolization [9,53].



The trace element distribution in studied soils should indicate the pattern typical for Podzols, clear peak of trace elements accumulation in B horizons. Nonetheless, the studied shallow mountain Podzols did not always show this trend so clearly, mostly because these horizons represent the deepest (BsC horizon) (Table A1). Thus, in such situations, it is difficult to estimate the exact point (horizon) where the enrichment of trace elements occurred as a direct result of podzolization. However, considering the site-specificity of mountain soils, high abundances of rock fragments and dense soil horizons cause limitations to percolation [1,4]; these may be a possible factors that hamper maximum depth of podzolization [54]. Consequently, trace elements in the BsC horizons of the studied soils should indicate the maxima related to the podzolization process itself [48].



Analyzing the trace element arrangements in studied soils, it can be noted that, in most profiles, podzolization influenced the accumulation of Pb, Zn, Ni, and less Cr (Table 5) in the Bs and/or BsC horizons that met the criteria for a spodic horizon. In those profiles, the effect of the trace elements distribution is rather undisturbed, and their deep storage occurs as a result of podzolization (Table 4) [1,55]. Although, the difference between the content of trace elements in eluvial and illuvial horizons according the Mann–Whitney was statistically insignificant (p > 0.05), it was the tendency, especially the case of Pb, Zn, Ni, and less Cr, their higher content in the illuvial horizon (Table 5). This may suggest the deep storage of these elements. However, we should keep in mind that their high contents in the subsoil might also be an effect of local lithology (e.g., Figure 3e). This is especially a case issue in soils developed from slope deposits where we expect multiple sources of trace elements, e.g., in the lowermost horizons, not related to podzolization.



Nonetheless, the studied Podzols also showed other patterns of the trace elements distribution, which for the purposes of this work were called “anomalies”, and represent deviations from the general trend triggered by podzolization process. Anomalies in studied soils were distinguished with regard to the distribution of trace elements that should be present in the podzolization process. In the traditional arrangement within Podzols profiles, two maximum values of trace elements concentration should be observed—in the O horizon, where natural bioaccumulation occurs, and in Bs horizon, where the enrichment with trace elements may be expected due to translocation [4,16]. Where the content of trace elements in the Bs horizon exceeds the maximum content of trace elements in the O horizons, this means that the effect of podzolization itself cannot be longer considered.



However, because the content of trace elements is much higher in the BsC horizon compared to the upper O horizons, it is rather doubtful that the entire pool of trace elements was leached and accumulated in the illuvial horizon. The trace elements probably have not been washed out entirely, and their displacement from Olf/ Oh into Bs horizons was not related with podzolization only. It thus seems right to conclude that it is not the pedogenic factors, but the lithological factors that have a greater effect on soil enrichment with trace elements [56,57]. It is reasonable to state that at least partially the source of trace elements in BsC horizon consists of the parent rock with varying degrees of weathering or representing sudden changes of lithology [58,59].



The parent material of the studied Podzols, e.g., Pleistocene moraine deposits, granite gneisses and sandstone slope deposits, could be reworked by a glacier [60]. Such mixed deposits, with different degree of weathering, could be the main cause for the presence of geochemical anomalies reflected in specific trace elements distribution, not connected with podzolization. However, the input of trace elements coming from weathering of the lowermost soil horizons and those being translocated due to podzolization is hard to measure [57], especially in case of low concentration of trace elements in topsoil compared with the subsoil (BC horizons). Such anomalies were present in soils under each of vegetation types, e.g., Zn content in soil P1 (Plagiothecio-Piceetum (tatricum), and soil P8 (Vaccinium myrtillus), Cr content in case of soil P11(Hieracio (vulgati)–Nardetum, Figure 3e, Table 4)



The studied soil represents also other unusual trends of trace elements. Besides the two main trends, such as (i) traditional distribution resulting from the podzolization process (Figure 3a), and the (ii) enrichment of Bs/BsC horizons due to parent material weathering (Figure 3e), three additional cases could be considered in this study. Some of the soils reveal (iii) decrease of the content of trace elements with soil depth (Figure 3b), (iv) quite homogenous distribution of trace elements (Figure 3c), and (v) enrichment in E horizon (Figure 3d). As far as (iii) is concerned, the decrease of trace elements down the soil profile (Figure 3b) is quite common, especially due to bioaccumulation or when the high accumulation of trace elements in the surface horizons is considered as the result of the anthropogenic activity [27,29].



The other above-mentioned cases—homogenous distribution and enrichment of trace elements in the E horizon—could be related mostly with the erosion and translocation processes of soil material, since this could disturb their natural accumulation in Bs/BsC horizon. These results are consistent with the data in Zhu et al. [61], where the relationship between topography and the distribution of some trace elements in the soil profile was noted. Similarly, according to Henkner et al. [62], slope erosion triggered redistribution of trace elements what is well visible in those two cases of anomalies as mentioned above (Figure 3c,d).



It was reported that the effect of podzolization on trace elements distribution may be additionally controlled by plant communities [63,64]. Generally, the greater potential for the transfer of Fe/Al-organic complexes and more decomposed organic matter in the soil, the easier translocation of trace elements down the soil profile [64,65]. Simultaneously, sites with coniferous forests should be less enriched by trace elements than grass and blueberry habitats, because one, they decompose more slowly and two, with a cover made by upper branches of a coniferous tree they can constitute a natural protective barrier.



Thus, in view of the above, the studied soils developed under Hieracio (vulgati)–Nardetum and Vaccinium myrtillus ecosystems should reveal a higher accumulation potential of trace elements in the spodic horizon, since the organic debris from these plant communities can degrade faster than, for example, coniferous forests [63]. However, in this study, no direct relationship was found between the vegetation type and trace elements translocation. Similar results were obtained by MacDonald and Hendershot [57] in a study over Podzols in northern forest ecosystems (Rouyn-Noranda, Canada). The accumulation of trace elements in all of the studied soils has more or less the same intensity in the Bs/BsC horizons, which was also well visible on “whisker plot” (Figure 6) diagrams for Zn, Pb, Cd, showing large spreads between the minimum and maximum values and the median (Figure 6). However, the “whisker plot” for Pb of Bs horizons of soils under Vaccinium myrtillus (Figure 6) showed a different relationship—the spread was lower compared to other habitats—but this could be influenced rather by very local conditions, e.g., microrelief or the deposition of Pb from the atmosphere [19].



On the other hand, Zn unexpectedly showed the greatest accumulation in the spodic horizon in soils under the coniferous forest (Table 4). This can be related to the possible change in the vegetation cover resulting from the gradual disappearance of coniferous forests over the years [52]. Because of this, the inflow of substances acidifying the soil as well as leaching within the solum could have stopped [66]. The remained litter can be overgrown, by, e.g., grass and shrubs, and often favors an increase in trophic index through that returning more calcium, magnesium, nitrogen into the soil that further is subjected to accelerated mineralization [66]. As a result, the trace elements can be theoretically activated and able to percolate into the lowermost soil horizons [48,57].



Moreover, the highest content of trace elements was observed in the organic horizon (Table 4) regardless of the plant habitat [63,64,67]. This is not unexpected, since trace elements are prone to strong accumulation in litter [67]. In this study, in the case of Vaccinium myrtillus, it can be seen that with increasing altitude, the content of trace elements in O horizons was also higher, see, e.g., Zn, which may be influenced by the deposition from external factors and have at least traces of some anthropogenic activity [30,67]. Similarly, the content of Cd in Olf horizon of P10 also might suggest anthropogenic input, since very high values were noted (4.28 mg∙kg−1, Table 4). The anthropogenic origin of Cd was also visible on PCA diagram (Figure 4). It was noticeable that Cd arranged in a completely different part of the chart, what is in good agreement with the assumption that it has a different origin than another studied trace elements (Figure 4). Considering such high values, the wet deposition of trace elements from long-distance transport seems reasonable [20,68].



Many authors have noted that mountain areas are susceptible to retaining pollution, often containing trace elements [16,19,69,70]. The Tatra Mts. are exposed to airborne pollution from the local and the distant sources, thus it was assumed that the studied soils could hold higher contamination levels [17,18,71]. For example, studies of Miechówka et al. [18] showed an excessive concentration of Cd, Pb, and also Cr and Zn in non-forest soils from TPN. Similarly, Grodzińska et al. [72] also reported that the TPN had one of the highest levels of pollution with Cd, Cr, Ni, Pb, Cu, and Zn among the Polish National Parks.



However, when analyzing the content of trace elements, pollution cannot be clearly demonstrated. The values of trace elements were rather low when considering potential contamination and only showed differences between individual soil horizons (Table 4). Based on that, it seems that Tatra Mts. is unaffected by pollutants compared to other selected areas of mountainous and upland National Parks in Poland, e.g., Ojców National Park, Babia Góra National Park, Pieniny National Park, Karkonosze National Park, Roztocze National Park [20,30,72,73]. Furthermore, also analyzing other data concerning the mountainous areas, from, e.g., Ghazaryan et al. [74], the studied soils indicated very natural ranges of values.



To analyze the potential pollution of studied soils more comprehensively, a set of pollution indices was calculated, which could indicate even the smallest potential ecological risk and allow the determination of the cause of possible enrichment with trace elements [27,28]. The indicators, except a few horizons marked as yellow, orange, and/or red (Figure 5a,b), confirmed that the studied soils were not contaminated (Figure 5a,b).



Based on Igeo and PLI, only soils P8 and P9 showed pollution, however locally (Figure 5a), especially with Cu (P8 and P9) and Zn (P9), but it is the result of inheritance of trace elements from parent material and cannot be strictly connected to anthropogenic activity [28]. The RI did not indicate any potential ecological risk, whereas only the CSI values suggested low severity (Figure 5b) [28]. Quite similar results were shown by Stobiński and Kubica [71], who noted that the soils of five major valleys of the Polish part of the Tatra Mts. (Chochołowska, Kościeliska, Suchej Wody, Rybiego Potoku, and Bystra Valleys) indicated the incidental occurrence of high concentrations of trace elements and stated mainly a natural origin for any enrichment. However, the obtained data are in contradiction with Mazurek et al. [20,30], Pacyna and Pacyna [75], and Steinnes et al. [76], who reported that even soils located far from direct emission sources can be strongly contaminated as the result of anthropogenic activity. Nonetheless, such low values of trace elements in the studied soils may be an effect of research site localizations. Perhaps the soil profiles were located within an topographic (mountainous) barrier, below the main ridge in an isolated position on the slope, that protects the studied area, and trace elements–rich pollution could not reach and accumulate on the surface of the studied soils [19,30].



Contrariwise, the pollution indices themselves may not be suitable for Podzols, where the translocation of trace elements via podzolization into deeper soil horizons additionally raises trace element content. This could be an impediment both for geochemical background calculation but also for pollution indexes estimation. Therefore, the calculated pollution indices could not always give the appropriate values. By the fact that the expected deep storage in the studied soils occurs very locally (Figure 3a,e), a significant role in the heterogeneous distribution of trace elements is played rather by the differentiation of the parent substrate and the anomalies discussed above—abrupt decreases and increases of trace elements contents, not related to the prevailing soil process (Figure 3e). It should be noted that Podzols require a specific approach and, above all, specific diagnosis on potential trace elements contamination. However, there are no other reports in the literature indicating that in case of soils under podzolization, the application of pollution indices may misinterpret the degree of pollution. Moreover, based on the obtained total content of trace elements, as their values are rather low and did not suggest pollution, the values of the calculated pollution indices (Figure 5a,b) seemed to be reasonable.



Yet, pollution indices did not show variation in trace elements content in soil under different vegetation cover. No trend was visible, suggesting that the contamination degree could be potentially higher under a specific vegetation cover (Figure 5a,b). The obtained pollution indices data mostly suggested a similar degree of pollution. Only soil P1 under Plagiothecio-Piceetum (tatricum) and P9 under Hieracio (vulgati)–Nardetum were distinguished from the rest of the studied Podzols (Figure 5a,b); nonetheless, this did not uniquely determine any relationship between indices of pollution and different type of vegetation cover.




5. Conclusions


The podzolization process was mostly connected with vegetation cover. Based on this, coniferous forests had the greatest influence on the formation of Podzols in the study area. The podzolization process in studied soils determined the translocation of trace elements from uppermost horizons into the illuvial horizon, but yet, only locally. It was quite visible through the distribution of Pb, Zn, Ni, and Cr in some soils by the accumulation in the Bs and/or BsC horizons that met the criteria for the spodic horizon. The accumulation of trace elements in the Bs and/or BsC horizons as an effect of undisturbed podzolization may lead to their deep storage in the spodic horizon. Yet, the pattern of trace element distribution typical for podzolization may be disturbed by different lithologies, and then anomalies in trace element distribution might appear. Anomalies were characterized by a much higher content of trace elements in the BsC horizon compared to the upper O horizons. The occurrence of such anomalies in some of the studied soils resulted not only from the podzolization process, but also mainly from the enrichment of Bs and/or BsC horizon through heterogeneous parent material and its weathering. Such anomalies were visible in soils under all studied vegetation types. Only the Zn content showed its highest accumulation in the spodic horizon in soils under coniferous forests. Nonetheless, regardless of the plant habitat, most of the trace elements accumulated in the O horizon, may be as the result of deposition of trace elements from long-distance transport.



The content of trace elements in the studied soils was rather low; thus, the presence of pollution cannot be clearly stated. The pollution indices also suggested the lack of contamination in the majority of soils, which could result from locations outside the main deposition air patterns for trace elements–rich pollutants. On the other hand, pollution indices might not give an appropriate value in the case of soils under podzolization process. However, the results of pollution indices seem to be correct, since the raw data of trace element concentrations and profile locations did not indicate the presence of contamination either.
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Table A1. Morphological characteristics of the studied soils.






Table A1. Morphological characteristics of the studied soils.





	
Profile Number

	
Soil Horizon

	
Depth (cm)

	
Colour *

	
Boundary

	
Structure

	
Consistence (Moist)

	
Coarse Fragments (%)

	
Moisture

	
Abundance of Roots






	
1

	
Ol

	
0–10

	
n.d.

	
A

	
n.d.

	
n.d.

	
n.d.

	
M

	
M




	
Oh

	
10–14

	
10 YR 1.7/1

	
A

	
n.d.

	
FR

	
n.d.

	
M

	
F




	
AE

	
14–27

	
7.5 YR 3/3

	
A

	
ME SB MO

	
FI

	
C

	
M

	
F




	
Bs

	
27–44

	
7.5 YR 3/4

	
C

	
FI SB MO

	
VFI

	
M

	
M

	
V




	
BC

	
44–56

	
7.5 YR 4/6

	
-

	
FI SB MO

	
VFI

	
A

	
M

	
V




	
2

	
Ol

	
0–4

	
n.d.

	
A

	
n.d.

	
n.d.

	
n.d.

	
M

	
M




	
Oh

	
4–8

	
10 YR 1.7/1

	
C

	
n.d.

	
FR

	
n.d.

	
M

	
C




	
A

	
8–18

	
7.5 YR 3/1

	
C

	
FI SB WE

	
FR

	
M

	
M

	
F




	
E

	
18–40

	
10 YR 5/2

	
C

	
VF SB WE

	
FI

	
A

	
M

	
V




	
BsC

	
40–70

	
7.5 YR 5/8

	
-

	
SG

	
VFI

	
A

	
M

	
N




	
3

	
Ol

	
0–4

	
n.d.

	
A

	
n.d.

	
n.d.

	
n.d.

	
M

	
M




	
Oh

	
4–8

	
10 YR 2/2

	
A

	
n.d.

	
FR

	
n.d.

	
M

	
M




	
AE

	
8–12

	
10 YR 3/1

	
A

	
FI GR MO

	
FI

	
A

	
M

	
C




	
BsC

	
12–28

	
7.5 YR 3/4

	
-

	
FI GR WE

	
VFI

	
D

	
M

	
V




	
4

	
Ol

	
0–2

	
n.d.

	
A

	
n.d.

	
n.d.

	
n.d.

	
M

	
M




	
Oh

	
2–6

	
10 YR 1.7/1

	
A

	
n.d.

	
FR

	
n.d.

	
M

	
M




	
A

	
6–14

	
10 YR 1.7/1

	
C

	
FI SB WE

	
FR

	
n.d.

	
M

	
C




	
E

	
14–20

	
10 YR 6/2

	
A

	
FI SB MO

	
FI

	
A

	
M

	
F




	
BsC

	
20–39

	
7.5 YR 2/3

	
-

	
FI SB MO

	
VFI

	
A

	
M

	
F




	
5

	
Olf

	
0–3

	
n.d.

	
A

	
n.d.

	
n.d.

	
n.d.

	
M

	
M




	
A

	
3–7

	
7.5 YR 2/1

	
C

	
VF CR WE

	
FR

	
C

	
M

	
M




	
AE

	
7–19

	
7.5 YR 6/2

	
G

	
FI GR WE

	
FI

	
M

	
M

	
F




	
E

	
19–37

	
7.5 YR 7/1

	
C

	
FI GR MO

	
FI

	
A

	
M

	
V




	
BsC

	
37–50

	
7.5 YR 4/3

	

	
FI GR MO

	
VFI

	
D

	
M

	
N




	
6

	
Olf

	
0–6

	
n.d.

	
A

	
n.d.

	
n.d.

	
n.d.

	
M

	
M




	
A

	
6–11

	
10 YR 3/1

	
A

	
VF CR WE

	
FR

	
n.d.

	
M

	
F




	
E

	
11–16

	
10 YR 6/1–2

	
A

	
VF CR MO

	
FI

	
M

	
M

	
V




	
BsC

	
16–39

	
10 YR 4/6

	
-

	
SG

	
VFI

	
A

	
SM

	
N




	
7

	
Ol

	
0–3

	
n.d.

	
A

	
n.d.

	
n.d.

	
n.d.

	
M

	
M




	
Oh

	
3–8

	
10 YR 1.7/1

	
C

	
n.d.

	
FR

	
n.d.

	
M

	
F




	
A

	
8–23

	
10 YR 5/2

	
A

	
FI SB ST

	
FI

	
n.d.

	
M

	
F




	
E

	
23–38

	
10 YR 4/1

	
A

	
FI SB ST

	
FI

	
C

	
M

	
V




	
BsC

	
38–58

	
7.5 YR 3/4

	
-

	
FI SB MO

	
VFI

	
M

	
M

	
V




	
8

	
Olf

	
0–10

	
10 YR 2/2

	
A

	
n.d.

	
FR

	
n.d.

	
M

	
M




	
AE

	
10–33

	
10 YR 3/3

	
C

	
VF GR WE

	
FI

	
C

	
M

	
F




	
BsC1

	
33–40

	
10 YR 4/3

	
C

	
SG

	
VFI

	
M

	
M

	
F




	
BsC2

	
40–60

	
10 YR 4/6

	
-

	
SG

	
VFI

	
A

	
M

	
V




	
9

	
Olf

	
0–6

	
10 YR 2/1

	
A

	
n.d.

	
FR

	
n.d.

	
M

	
M




	
A

	
6–10

	
7.5 YR 3/2

	
A

	
FI AB MO

	
FR

	
M

	
M

	
F




	
E

	
10–18

	
10 YR 5/4

	
A

	
FI AB MO

	
FI

	
M

	
M

	
F




	
Bs

	
18–24

	
10 YR 5/3

	
A

	
FI AB MO

	
VFI

	
A

	
M

	
F




	
BC

	
24–60

	
10 YR 6/6

	
-

	
FI SB MO

	
VFI

	
A

	
M

	
V




	
10

	
Olf

	
0–2

	
10 YR 1.7/1

	
A

	
n.d.

	
n.d.

	
n.d.

	
M

	
M




	
A

	
2–6

	
10 YR 2/2

	
C

	
SG

	
FR

	
F

	
M

	
M




	
AE

	
6–23

	
10 YR 5/3

	
C

	
VF CR MO

	
FI

	
M

	
M

	
F




	
E

	
23–45

	
10 YR 6/3-4

	
C

	
VF CR WE

	
FI

	
A

	
M

	
F




	
BsC

	
45–70

	
7.5 YR 4/4

	
-

	
SG

	
VFI

	
A

	
M

	
V




	
11

	
Olf

	
0–3

	
n.d.

	
A

	
n.d.

	
n.d.

	
n.d.

	
M

	
M




	
A

	
3–8

	
10 YR 2/1

	
A

	
VF CR MO

	
FR

	
n.d.

	
M

	
C




	
AE

	
8–16

	
7.5 YR 4/2

	
C

	
FI SB MO

	
FI

	
n.d.

	
M

	
F




	
BsC1

	
16–40

	
5YR 4/3

	
G

	
FI SB MO

	
VFI

	
M

	
M

	
F




	
BsC2

	
40–65

	
5 YR 4-3/4

	
-

	
FI SB MO

	
VFI

	
A

	
M

	
F




	
12

	
Olf

	
0–3

	
7.5 YR 4/1

	
C

	
n.d.

	
FR

	
n.d.

	
M

	
M




	
A

	
3–26

	
7.5 YR 7/1

	
C

	
SG

	
FR

	
M

	
M

	
C




	
AE

	
26–43

	
7.5 YR 6/1

	
A

	
FI GR MO

	
FI

	
A

	
M

	
F




	
BsC

	
43–62

	
7.5 YR 4/4

	

	
FI AB WE

	
VFI

	
A

	
M

	
V




	
13

	
Ol

	
0–3

	
n.d.

	
A

	
n.d.

	
n.d.

	
n.d.

	
M

	
M




	
Oh1

	
3–6

	
10 YR 1.7/1

	
C

	
n.d.

	
FR

	
n.d.

	
M

	
M




	
Oh2

	
6–20

	
10 YR 1.7/1

	
C

	
n.d.

	
FR

	
M

	
M

	
C




	
AE

	
20–50

	
7.5 YR 2/1

	
A

	
FI AB MO

	
FI

	
A

	
M

	
F




	
BsC

	
50–70

	
5 YR 2/4

	
-

	
FI AB MO

	
VFI

	
D

	
M

	
V








Explanation: * according to Munsell Color Charts (1975); boundary (FAO, 2006): distinctness: A—abrupt; C—clear; G—gradual; structure (FAO, 2006): (1) size classes: VF—very fine; FI—fine; ME—medium. (2) Types of structure: CR—crumby; GR—granular; AB—angular blocky; SB—subangular blocky. (3) Classification of structure: WE—weak; MO—moderate; ST—strong. Consistence (FAO, 2006): FR—friable; FI—firm; VFI—very firm. Abundance of rock fragments by volume (FAO, 2006): C—common; M—many; A—abundant; D—dominant. Moisture (FAO, 2006): SM—slightly moist; M—moist. Abundance of roots (FAO, 2006): N—none; V—very few; F—few; C—common; M—many; n.d.—not determined.
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Table A2. Particle size distribution of studied soils.






Table A2. Particle size distribution of studied soils.





	
Profile Number

	
Soil Horizon

	
Depth (cm)

	
Particle Size Distribution (%)

	
Texture Group




	
2.0–1.0 mm

	
1.0–0.5 mm

	
0.5–0.250 mm

	
0.25–0.1 mm

	
0.1–0.05 mm

	
0.05–0.02 mm

	
0.02–0.005 mm

	
<0.002 mm






	
1

	
Ol

	
0–10

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Oh

	
10–14

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
AE

	
14–27

	
18

	
4

	
13

	
5

	
12

	
19

	
20

	
9

	
SL




	
Bs

	
27–44

	
34

	
1

	
23

	
4

	
11

	
18

	
6

	
3

	
LS




	
BC

	
44–56

	
25

	
24

	
21

	
1

	
8

	
9

	
10

	
2

	
LS




	
2

	
Ol

	
0–4

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Oh

	
4–8

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
A

	
8–18

	
34

	
12

	
1

	
9

	
14

	
12

	
10

	
8

	
SL




	
E

	
18–40

	
23

	
10

	
10

	
12

	
8

	
12

	
17

	
8

	
SL




	
BsC

	
40–70

	
33

	
27

	
3

	
14

	
12

	
7

	
4

	
0

	
S




	
3

	
Ol

	
0–4

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Oh

	
4–8

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
AE

	
8–12

	
45

	
12

	
3

	
5

	
16

	
7

	
5

	
7

	
LS




	
BsC

	
12–28

	
39

	
13

	
3

	
4

	
12

	
12

	
11

	
6

	
SL




	
4

	
Ol

	
0–2

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Oh

	
2–6

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
A

	
6–14

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
E

	
14–20

	
35

	
13

	
1

	
2

	
12

	
23

	
11

	
3

	
SL




	
BsC

	
20–39

	
46

	
1

	
23

	
1

	
9

	
10

	
9

	
1

	
LS




	
5

	
Olf

	
0–3

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
A

	
3–7

	
43

	
17

	
5

	
6

	
10

	
10

	
4

	
5

	
LS




	
AE

	
7–19

	
38

	
18

	
1

	
1

	
17

	
10

	
10

	
5

	
LS




	
E

	
19–37

	
47

	
9

	
1

	
2

	
8

	
7

	
18

	
8

	
SL




	
BsC

	
37–50

	
42

	
13

	
2

	
8

	
11

	
7

	
11

	
6

	
SL




	
6

	
Olf

	
0–6

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.o.

	
n.o.

	
n.d.

	
n.d.

	
n.d.




	
A

	
6–11

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.o.

	
n.o.

	
n.d.

	
n.d.

	
n.d.




	
E

	
11–16

	
48

	
2

	
17

	
7

	
13

	
7

	
6

	
0

	
LS




	
BsC

	
16–39

	
56

	
15

	
13

	
0

	
9

	
4

	
3

	
0

	
S




	
7

	
Ol

	
0–3

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Oh

	
3–8

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
A

	
8–23

	
34

	
12

	
6

	
8

	
17

	
18

	
4

	
1

	
LS




	
E

	
23–38

	
23

	
4

	
28

	
3

	
20

	
15

	
6

	
1

	
LS




	
BsC

	
38–58

	
37

	
15

	
12

	
6

	
13

	
12

	
5

	
0

	
LS




	
8

	
Olf

	
0–10

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
AE

	
10–33

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
BsC1

	
33–40

	
48

	
13

	
12

	
12

	
10

	
3

	
2

	
0

	
S




	
BsC2

	
40–60

	
38

	
17

	
17

	
6

	
8

	
9

	
4

	
1

	
S




	
9

	
Olf

	
0–6

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
A

	
6–10

	
47

	
2

	
3

	
0

	
17

	
14

	
13

	
4

	
SL




	
E

	
10–18

	
24

	
2

	
4

	
4

	
18

	
14

	
27

	
7

	
SL




	
Bs

	
18–24

	
20

	
0

	
0

	
6

	
10

	
25

	
29

	
10

	
SiL




	
BC

	
24–60

	
19

	
2

	
3

	
1

	
7

	
13

	
37

	
18

	
SiL




	
10

	
Olf

	
0–2

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
A

	
2–6

	
40

	
24

	
14

	
4

	
11

	
5

	
1

	
1

	
S




	
AE

	
6–23

	
53

	
21

	
2

	
2

	
7

	
7

	
8

	
0

	
LS




	
E

	
23–45

	
37

	
25

	
10

	
10

	
1

	
7

	
6

	
4

	
LS




	
BsC

	
45–70

	
39

	
28

	
5

	
12

	
8

	
5

	
3

	
0

	
S




	
11

	
Olf

	
0–3

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
A

	
3–8

	
36

	
27

	
2

	
2

	
22

	
6

	
3

	
2

	
S




	
AE

	
8–16

	
43

	
1

	
1

	
4

	
28

	
11

	
9

	
3

	
LS




	
BsC1

	
16–40

	
32

	
10

	
1

	
5

	
15

	
17

	
18

	
2

	
SL




	
BsC2

	
40–65

	
39

	
28

	
3

	
0

	
10

	
10

	
10

	
0

	
LS




	
12

	
Olf

	
0–3

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
A

	
3–26

	
32

	
17

	
18

	
14

	
7

	
8

	
4

	
0

	
S




	
AE

	
26–43

	
14

	
27

	
5

	
6

	
10

	
11

	
19

	
8

	
SL




	
BsC

	
43–62

	
17

	
19

	
25

	
1

	
8

	
11

	
13

	
6

	
SL




	
13

	
Ol

	
0–3

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Oh1

	
3–6

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Oh2

	
6–20

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
AE

	
20–50

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
BsC

	
50–70

	
38

	
16

	
2

	
3

	
15

	
8

	
14

	
4

	
LS








Explanation: LS—loamy, SL—sandy loam, S—sand, SiL—silty loam.
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Figure 1. Location of studied soil profiles. 
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Figure 2. Particle sized distribution of studied soils under different vegetation. 






Figure 2. Particle sized distribution of studied soils under different vegetation.



[image: Forests 12 00291 g002]







[image: Forests 12 00291 g003 550] 





Figure 3. The examples of the various distribution of trace elements in soils under study. Explanation: (a) trace elements distribution as resulting from the podzolization process; (b) trace elements decreased with depth in the soil profile; (c) partially homogenous distribution of trace elements; (d) increasing of trace elements content in eluvial horizons, (e) enrichment with trace elements in BsC/BC horizon. 
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Figure 4. Principal components analysis (PCA) of trace elements contents, pedogenic indices, and various forms of Al and Fe. Explanation: Alp, Fep, Cp—“organically bond” forms of Al and Fe extracted with pyrophosphate solution; Alo, Feo—“active" forms of Al and Fe extracted with acid oxalate solution; I—index of Alp, Fep, Cp complex content in spodic horizon; II—molar ratio of organic carbon to the sum of Alp and Fep:Cp/Alp + Fep, III—the displacement ratio of amorphous forms of Alo and Feo. 
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Figure 5. The interpretation of pollution indices values: (a) Matrix of Geoaccumulation Index (Igeo) values in studied soils. The interpretation of pollution indices values: (b) Potential Ecological Risk (RI), Pollution Load Index (PLI) and Contamination Security Index (CSI) values calculated on the basis of studied trace elements. 
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Figure 6. Whisker plots diagram on Zn, Pb, and Cd content in Bs or BsC horizon in soils under various vegetation types. 
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Table 1. Location sites, general information and classification of soil profiles.






Table 1. Location sites, general information and classification of soil profiles.





	
Profile Number

	
Altitude a.s.l. (Slope Rating/Exposure)

	
Landform and Topography *

	
Parent Material

	
Vegetation

	
WRB Classification

(WRS, IUSS Working Group 2015)






	
1

	
1080 (15°/NNW)

	
MS

	
Pleistocene moraine deposits

	
Plagiothecio-Piceetum (tatricum)

	
Endoskeletic Albic Podzol (Loamic)




	
2

	
1130 (13°/NNW)

	
MS

	
Pleistocene moraine deposits

	
Endoskeletic Albic Podzol (Arenic)




	
3

	
1200 (15°/NNW)

	
MS

	
sandstone and bright quartzite slope deposits

	
Episkeletic Albic Podzol (Arenic)




	
4

	
1890 (45°/NW)

	
MS

	
Pegmatite granite slope deposits

	
Episkeletic Albic Podzol (Arenic)




	
5

	
1360 (15°/N)

	
MS

	
Pleistocene moraine deposits

	
Vaccinium myrtillus

	
Episkeletic Albic Stagnic Podzol (Arenic)




	
6

	
1380 (15°/N)

	
MS

	
Pleistocene moraine deposits

	
Episkeletic Albic Podzol (Arenic)




	
7

	
1720 (/50°/NW)

	
US

	
red quartzite sandstone slope deposits

	
Endoskeletic Albic Podzol (Loamic)




	
8

	
1770 (45°/NW)

	
US

	
white granite gneiss slope deposits

	
Episkeletic Umbric Podzol (Arenic)




	
9

	
930 (15°/N)

	
MS

	
Pleistocene moraine deposits

	
Hieracio (vulgati)—Nardetum

	
Episkeletic Albic Podzol (Siltic)




	
10

	
1210 (15°/SE)

	
MS

	
Pleistocene moraine deposits

	
Endoskeletic Albic Podzol (Loamic)




	
11

	
1385 (15°/N)

	
MS

	
Pleistocene moraine deposits

	
Endoskeletic Albic Podzol (Loamic)




	
12

	
1590 (45°/NE)

	
MS

	
white granite gneiss slope deposits

	
Episkeletic Albic Podzol (Arenic)




	
13

	
1890 (45°/N)

	
US

	
Pleistocene moraine deposits

	
Endoskeletic Albic Podzol (Loamic)








Explanation: MS–middle slope, US–upper slope, * according to Mokma and Buurman [2].
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Table 2. Selected chemical properties.






Table 2. Selected chemical properties.





	

	

	

	

	
Exchangeable Cations

	

	

	

	

	




	
Profile Number

	
Soil Horizon

	
Depth (cm)

	
pH

	
Ca2+

	
Mg2+

	
Na+

	
K+

	
TEB

	
EA

	
CEC

	
BS

	
TOC

	
NT

	
C/N




	
H2O

	
KCl

	
cmol(+) · kg−1

	
%

	
g·kg−1






	
1

	
Ol

	
0–10

	
3.5

	
2.4

	
12.4

	
13.3

	
1.52

	
17.54

	
44.8

	
203

	
248

	
18

	
379

	
17.2

	
22.1




	
Oh

	
10–14

	
3.7

	
2.8

	
1.67

	
4.42

	
0.93

	
4.03

	
11.0

	
331

	
342

	
3

	
125

	
10.5

	
11.9




	
AE

	
14–27

	
4.3

	
3.5

	
0.28

	
0.52

	
0.41

	
0.82

	
2.03

	
265

	
267

	
1

	
27.9

	
2.20

	
12.7




	
Bs

	
27–44

	
4.7

	
4.1

	
0.10

	
0.25

	
0.26

	
0.70

	
1.31

	
123

	
124

	
1

	
36.0

	
1.90

	
18.9




	
BC

	
44–56

	
4.8

	
4.3

	
0.11

	
0.23

	
0.21

	
0.80

	
1.35

	
74.3

	
75.6

	
2

	
26.6

	
1.40

	
19.0




	
2

	
Ol

	
0–4

	
3.4

	
2.3

	
16.1

	
9.20

	
1.07

	
9.62

	
36.0

	
271

	
307

	
12

	
379

	
18.0

	
21.1




	
Oh

	
4–8

	
3.5

	
2.4

	
6.65

	
1.24

	
0.91

	
6.60

	
15.4

	
314

	
329

	
5

	
181

	
11.9

	
15.3




	
A

	
8–18

	
4.0

	
3.1

	
0.48

	
1.33

	
0.27

	
1.13

	
3.21

	
231

	
234

	
1

	
45.9

	
2.60

	
17.7




	
E

	
18–40

	
4.9

	
3.7

	
0.98

	
4.82

	
0.26

	
0.45

	
6.51

	
220

	
227

	
3

	
19.8

	
0.70

	
28.3




	
BsC

	
40–70

	
4.6

	
4.1

	
0.04

	
0.29

	
0.24

	
0.64

	
1.22

	
78.5

	
79.8

	
2

	
43.8

	
2.10

	
20.9




	
3

	
Ol

	
0–4

	
3.6

	
2.5

	
19.4

	
16.1

	
1.82

	
30.4

	
67.9

	
203

	
271

	
25

	
373

	
16.7

	
22.4




	
Oh

	
4–8

	
3.4

	
2.4

	
3.02

	
7.25

	
2.03

	
6.41

	
18.7

	
280

	
299

	
6

	
199

	
11.9

	
16.8




	
AE

	
8–12

	
3.6

	
2.8

	
1.07

	
2.40

	
0.54

	
1.79

	
5.80

	
212

	
218

	
3

	
61.4

	
4.10

	
15.0




	
BsC

	
12–28

	
4.4

	
3.8

	
0.11

	
0.52

	
0.26

	
0.78

	
1.67

	
140

	
141

	
1

	
34.1

	
2.0

	
17.1




	
4

	
Ol

	
0–2

	
3.5

	
2.5

	
8.45

	
15.1

	
0.76

	
13.5

	
37.9

	
263

	
301

	
13

	
328

	
16.0

	
20.5




	
Oh

	
2–6

	
3.5

	
2.5

	
8.32

	
9.66

	
1.01

	
8.66

	
27.6

	
118

	
146

	
19

	
210

	
12.2

	
17.2




	
A

	
6–14

	
3.8

	
2.7

	
2.56

	
4.49

	
0.44

	
3.68

	
11.1

	
180

	
191

	
6

	
80.3

	
5.90

	
13.6




	
E

	
14–20

	
4.0

	
3.0

	
1.27

	
1.77

	
0.42

	
1.86

	
5.32

	
256

	
262

	
2

	
66.7

	
3.70

	
18.0




	
BsC

	
20–39

	
4.5

	
3.8

	
0.37

	
0.60

	
0.27

	
1.20

	
2.44

	
176

	
178

	
1

	
33.8

	
2.10

	
16.1




	
5

	
Olf

	
0–3

	
3.3

	
2.8

	
7.90

	
10.41

	
1.05

	
22.3

	
41.6

	
144

	
186

	
22

	
356

	
7.70

	
46.3




	
A

	
3–7

	
3.6

	
2.6

	
1.51

	
2.03

	
0.37

	
2.43

	
6.35

	
114

	
121

	
5

	
63.4

	
6.20

	
10.2




	
AE

	
7–19

	
3.9

	
2.9

	
2.78

	
1.31

	
0.28

	
1.44

	
5.81

	
116

	
122

	
5

	
24.7

	
2.40

	
10.3




	
E

	
19–37

	
4.0

	
2.7

	
1.40

	
1.15

	
0.21

	
0.92

	
3.67

	
159

	
162

	
2

	
9.8

	
1.00

	
9.80




	
BsC

	
37–50

	
4.3

	
3.5

	
0.98

	
0.77

	
0.21

	
1.10

	
3.07

	
172

	
175

	
2

	
23.5

	
2.00

	
11.8




	
6

	
Olf

	
0–6

	
4.1

	
2.8

	
7.35

	
26.5

	
0.98

	
45.9

	
80.7

	
152

	
233

	
35

	
378

	
17.9

	
21.1




	
A

	
6–11

	
4.0

	
3.0

	
1.25

	
5.36

	
0.59

	
5.69

	
12.8

	
152

	
165

	
8

	
84.1

	
8.10

	
10.4




	
E

	
11–16

	
4.2

	
3.2

	
1.16

	
1.56

	
0.26

	
2.35

	
5.33

	
138

	
143

	
4

	
33.3

	
3.70

	
9.00




	
BsC

	
16–39

	
4.8

	
4.1

	
0.28

	
0.40

	
0.26

	
1.25

	
2.19

	
67.9

	
70.1

	
3

	
21.3

	
1.70

	
12.5




	
7

	
Ol

	
0–3

	
3.6

	
2.7

	
13.1

	
7.57

	
0.60

	
7.46

	
28.8

	
229

	
258

	
11

	
341

	
18.7

	
18.2




	
Oh

	
3–8

	
3.7

	
2.9

	
6.66

	
7.50

	
1.03

	
7.01

	
22.2

	
229

	
251

	
9

	
177

	
12.1

	
14.7




	
A

	
8–23

	
4.4

	
3.6

	
1.53

	
0.80

	
0.33

	
1.32

	
3.98

	
133

	
137

	
3

	
25.5

	
2.20

	
11.6




	
E

	
23–38

	
4.5

	
3.5

	
1.21

	
1.08

	
0.48

	
1.70

	
4.47

	
150

	
155

	
3

	
29.8

	
2.90

	
10.3




	
BsC

	
38–58

	
4.6

	
3.8

	
0.57

	
0.68

	
0.39

	
1.27

	
2.91

	
114

	
117

	
2

	
31.3

	
2.60

	
12.0




	
8

	
Olf

	
0–10

	
3.5

	
2.6

	
19.4

	
22.4

	
1.19

	
20.0

	
63.2

	
203

	
267

	
24

	
339

	
13.1

	
25.9




	
AE

	
10–33

	
3.7

	
2.8

	
2.62

	
3.47

	
0.55

	
3.26

	
9.89

	
186

	
196

	
5

	
73.3

	
4.40

	
16.7




	
BsC1

	
33–40

	
4.0

	
3.1

	
0.74

	
1.48

	
0.41

	
1.79

	
4.42

	
231

	
235

	
2

	
45.4

	
2.70

	
16.8




	
BsC2

	
40–60

	
4.7

	
4.0

	
0.75

	
0.68

	
0.35

	
1.12

	
2.90

	
110

	
113

	
3

	
30.1

	
2.20

	
13.7




	
9

	
Olf

	
0–6

	
3.8

	
3.0

	
2.73

	
8.23

	
1.27

	
9.17

	
21.4

	
237

	
259

	
8

	
172

	
12.6

	
13.7




	
A

	
6–10

	
4.6

	
3.6

	
1.88

	
2.40

	
0.35

	
2.33

	
6.96

	
108

	
115

	
6

	
37.2

	
4.20

	
8.90




	
E

	
10–18

	
4.6

	
3.7

	
1.98

	
0.67

	
0.23

	
1.08

	
3.95

	
104

	
108

	
4

	
21.9

	
2.70

	
8.10




	
Bs

	
18–24

	
4.7

	
3.9

	
1.42

	
0.63

	
0.30

	
0.97

	
3.32

	
84.9

	
88.2

	
4

	
31.9

	
3.70

	
8.60




	
BC

	
24–60

	
4.8

	
3.9

	
3.20

	
0.85

	
0.27

	
1.18

	
5.49

	
93.4

	
98.9

	
6

	
9.50

	
1.20

	
7.90




	
10

	
Olf

	
0–2

	
3.9

	
3.0

	
12.2

	
14.7

	
0.89

	
13.3

	
41.2

	
135.

	
177

	
23

	
213

	
9.80

	
21.8




	
A

	
2–6

	
4.0

	
3.1

	
3.21

	
4.25

	
0.34

	
2.93

	
10.7

	
118

	
129

	
8

	
49.4

	
4.50

	
11.0




	
AE

	
6–23

	
4.0

	
3.5

	
2.13

	
0.70

	
0.26

	
0.86

	
3.95

	
40.3

	
44.3

	
9

	
9.80

	
1.10

	
8.90




	
E

	
23–45

	
5.7

	
4.4

	
8.67

	
0.14

	
0.22

	
0.35

	
9.38

	
10.6

	
19.9

	
47

	
1.30

	
0.30

	
4.30




	
BsC

	
45–70

	
5.8

	
4.4

	
2.79

	
1.58

	
0.25

	
0.82

	
5.44

	
25.4

	
30.9

	
18

	
14.1

	
1.30

	
10.8




	
11

	
Olf

	
0–3

	
4.0

	
3.0

	
7.90

	
17.1

	
1.17

	
21.0

	
47.2

	
161

	
208

	
23

	
355

	
18.8

	
18.9




	
A

	
3–8

	
3.5

	
3.2

	
0.92

	
3.70

	
0.72

	
3.91

	
9.24

	
148

	
157

	
6

	
59.5

	
6.10

	
9.80




	
AE

	
8–16

	
4.4

	
3.7

	
1.28

	
1.17

	
0.42

	
1.68

	
4.56

	
121

	
125

	
4

	
29.2

	
3.80

	
7.70




	
BsC1

	
16–40

	
4.7

	
4.0

	
1.17

	
0.39

	
0.29

	
0.99

	
2.84

	
121

	
123

	
2

	
14.4

	
2.00

	
7.20




	
BsC2

	
40–65

	
4.9

	
4.2

	
0.89

	
0.34

	
0.26

	
0.88

	
2.37

	
42.4

	
44.8

	
5

	
16.4

	
1.50

	
10.9




	
12

	
Olf

	
0–3

	
3.8

	
3.0

	
9.63

	
5.14

	
0.43

	
4.96

	
20.1

	
144

	
164

	
12

	
61.5

	
4.5

	
13.7




	
A

	
3–26

	
4.2

	
3.2

	
2.38

	
1.17

	
0.22

	
1.73

	
5.50

	
146

	
152

	
4

	
22.4

	
2.4

	
9.30




	
AE

	
26–43

	
4.4

	
3.3

	
1.68

	
0.80

	
0.18

	
1.46

	
4.12

	
172

	
176

	
2

	
14.6

	
1.5

	
9.70




	
BsC

	
43–62

	
4.4

	
3.6

	
1.31

	
0.49

	
0.24

	
1.24

	
3.28

	
157

	
160

	
2

	
25.2

	
1.6

	
15.8




	
13

	
Ol

	
0–3

	
4.3

	
3.4

	
16.5

	
15.4

	
1.18

	
28.5

	
61.5

	
170

	
232

	
27

	
356.9

	
21.7

	
16.4




	
Oh1

	
3–6

	
4.0

	
3.3

	
4.17

	
7.44

	
0.77

	
11.4

	
23.8

	
229

	
253

	
9

	
198.4

	
17.6

	
11.3




	
Oh2

	
6–20

	
4.7

	
4.0

	
0.25

	
1.91

	
0.43

	
3.39

	
5.98

	
195

	
201

	
3

	
114.2

	
10.3

	
11.1




	
AE

	
20–50

	
4.6

	
3.7

	
0.43

	
1.51

	
0.52

	
2.39

	
4.85

	
125

	
130

	
3.73

	
81.6

	
8.0

	
10.2




	
BsC

	
50–70

	
4.9

	
4.2

	
0.08

	
0.48

	
0.27

	
1.17

	
2.01

	
61.5

	
63.6

	
3.15

	
60.9

	
5.2

	
11.7








Explanation: TEB—total exchangeable bases (=exchangeable Ca + Mg + Na + K); EA—exchangeable acidity; CEC—cation exchange capacity; BS—base saturation percentage; TOC—total organic carbon; NT—total nitrogen.
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Table 3. Content of different forms of iron and aluminum and the values of indicators for spodic horizon in eluvial and illuvial soil horizon.
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Profile Number

	
Soil Horizon

	
Alo

	
Feo

	
Alp

	
Fep

	
Cp

	
Index of Alp, Fep, Cp Complex Content in Spodic Horizon

	
Molar Ratio of Organic Carbon to the Sum of Alp and Fep

	
The Displacement Ratio of Amorphous Forms of Alo and Feo




	
Alp + Fep + Cp *

	
Cp/Alp + Fep *

	
Alo + 0.5 Feo **




	
%

	
%

	
mol

	
%

	
mol

	
%

	
mol

	
mol






	
1

	
AE

	
0.37

	
0.93

	
0.29

	
0.01

	
0.71

	
0.01

	
1.69

	
0.14

	
2.70

	
6.00

	
0.83




	
Bs

	
1.24

	
2.13

	
0.77

	
0.03

	
1.51

	
0.03

	
3.28

	
0.27

	
5.55

	
4.93

	
2.31




	
BC

	
1.53

	
0.92

	
0.83

	
0.03

	
0.84

	
0.02

	
2.58

	
0.21

	
4.26

	
4.67

	
2.00




	
2

	
A

	
0.30

	
0.43

	
0.21

	
0.01

	
0.25

	
0.00

	
1.85

	
0.15

	
2.31

	
12.53

	
0.51




	
E

	
0.29

	
0.42

	
0.20

	
0.01

	
0.19

	
0.00

	
0.65

	
0.05

	
1.04

	
5.05

	
0.50




	
BsC

	
2.52

	
1.46

	
1.06

	
0.04

	
0.96

	
0.02

	
1.98

	
0.17

	
4.01

	
2.92

	
3.25




	
3

	
AE

	
0.35

	
0.69

	
0.23

	
0.01

	
0.50

	
0.01

	
2.74

	
0.23

	
3.48

	
13.03

	
0.70




	
BsC

	
0.75

	
1.03

	
0.56

	
0.02

	
0.65

	
0.01

	
2.54

	
0.21

	
3.75

	
6.55

	
1.27




	
4

	
E

	
0.31

	
0.38

	
0.35

	
0.01

	
0.11

	
0.00

	
1.73

	
0.14

	
2.19

	
9.53

	
0.50




	
BsC

	
0.68

	
1.33

	
0.58

	
0.02

	
0.96

	
0.02

	
2.90

	
0.24

	
4.44

	
6.25

	
1.34




	
5

	
AE

	
0.11

	
0.40

	
0.08

	
0.00

	
0.24

	
0.00

	
1.78

	
0.15

	
2.09

	
21.20

	
0.31




	
E

	
0.41

	
0.08

	
0.04

	
0.00

	
0.07

	
0.00

	
0.84

	
0.07

	
0.94

	
26.28

	
0.45




	
BsC

	
0.54

	
0.89

	
0.38

	
0.01

	
0.66

	
0.01

	
2.02

	
0.17

	
3.06

	
6.50

	
0.98




	
6

	
E

	
0.20

	
0.41

	
0.27

	
0.01

	
0.16

	
0.00

	
1.09

	
0.09

	
1.52

	
7.08

	
0.40




	
BsC

	
0.90

	
1.28

	
0.37

	
0.01

	
0.86

	
0.02

	
2.08

	
0.17

	
3.31

	
5.93

	
1.54




	
7

	
E

	
0.23

	
0.17

	
0.17

	
0.01

	
0.13

	
0.00

	
1.12

	
0.09

	
1.42

	
10.74

	
0.31




	
BsC

	
0.66

	
0.76

	
0.61

	
0.02

	
0.73

	
0.01

	
2.66

	
0.22

	
3.99

	
6.22

	
1.04




	
8

	
AE

	
0.20

	
0.18

	
0.11

	
0.00

	
0.16

	
0.00

	
2.04

	
0.17

	
2.31

	
23.67

	
0.29




	
BsC1

	
0.29

	
0.42

	
0.10

	
0.00

	
0.17

	
0.00

	
1.65

	
0.14

	
1.92

	
20.13

	
0.50




	
BsC2

	
0.93

	
1.77

	
0.40

	
0.01

	
1.03

	
0.02

	
2.37

	
0.20

	
3.80

	
5.91

	
1.82




	
9

	
E

	
0.43

	
0.83

	
0.28

	
0.01

	
0.42

	
0.01

	
0.93

	
0.08

	
1.63

	
4.30

	
0.85




	
Bs

	
0.64

	
0.95

	
0.42

	
0.02

	
0.43

	
0.01

	
1.39

	
0.12

	
2.24

	
4.93

	
1.11




	
BC

	
0.44

	
0.19

	
0.21

	
0.01

	
0.19

	
0.00

	
0.49

	
0.04

	
0.89

	
3.63

	
0.54




	
10

	
AE

	
0.03

	
0.18

	
0.03

	
0.00

	
0.07

	
0.00

	
0.38

	
0.03

	
0.48

	
13.14

	
0.11




	
E

	
0.04

	
0.03

	
0.02

	
0.00

	
0.02

	
0.00

	
0.08

	
0.01

	
0.13

	
5.81

	
0.05




	
BsC

	
1.01

	
1.33

	
0.65

	
0.02

	
0.92

	
0.02

	
1.39

	
0.12

	
2.96

	
2.84

	
1.68




	
11

	
AE

	
0.36

	
0.36

	
0.30

	
0.01

	
0.27

	
0.00

	
1.69

	
0.14

	
2.25

	
8.91

	
0.55




	
BsC1

	
0.51

	
0.33

	
0.36

	
0.01

	
0.33

	
0.01

	
0.93

	
0.08

	
1.62

	
4.04

	
0.68




	
BsC2

	
0.79

	
0.83

	
0.57

	
0.02

	
0.81

	
0.01

	
1.45

	
0.12

	
2.84

	
3.39

	
1.20




	
12

	
A

	
0.21

	
0.54

	
0.11

	
0.00

	
0.30

	
0.01

	
1.04

	
0.09

	
1.46

	
9.17

	
0.48




	
AE

	
0.19

	
0.24

	
0.11

	
0.00

	
0.19

	
0.00

	
0.50

	
0.04

	
0.80

	
5.53

	
0.31




	
13

	
BsC

	
0.60

	
1.36

	
0.42

	
0.02

	
0.87

	
0.02

	
2.02

	
0.17

	
3.31

	
5.39

	
1.28




	
AE

	
0.91

	
0.82

	
0.64

	
0.02

	
0.38

	
0.01

	
1.97

	
0.16

	
3.00

	
5.36

	
1.32




	
BsC

	
2.07

	
1.31

	
1.00

	
0.04

	
0.94

	
0.02

	
1.99

	
0.17

	
3.92

	
3.07

	
2.73








Explanation: * according to Mokma and Buurman [2]; ** according to WRB [40]; Alp, Fep, Cp—organically bound iron and aluminum extracted by a pyrophosphate solution; Alo, Feo—“Active” iron and aluminum compounds extracted by an acid oxalate solution.
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Table 4. Trace elements content in studied soils.






Table 4. Trace elements content in studied soils.





	
Profile

	
Horizon Symbol

	
Depth (cm)

	
Cd

	
Pb

	
Zn

	
Cr

	
Cu

	
Ni




	
mg·kg−1






	
1

	
Ol

	
0–10

	
1.38

	
24.8

	
26.8

	
9.55

	
9.73

	
3.33




	
Oh

	
10–14

	
1.28

	
32.8

	
23.6

	
12.1

	
10.7

	
4.03




	
AE

	
14–27

	
1.00

	
16.7

	
19.3

	
14.9

	
8.60

	
4.85




	
Bs

	
27–44

	
1.03

	
19.7

	
33.5

	
22.4

	
11.5

	
8.95




	
BC

	
44–56

	
0.75

	
17.5

	
49.3

	
26.2

	
13.6

	
17.0




	
2

	
Ol

	
0–4

	
1.33

	
49.3

	
45.3

	
15.2

	
14.4

	
4.25




	
Oh

	
4–8

	
0.03

	
9.50

	
19.4

	
5.78

	
5.05

	
1.68




	
A

	
8–18

	
2.03

	
16.5

	
19.0

	
5.10

	
5.83

	
1.63




	
E

	
18–40

	
1.53

	
12.5

	
12.7

	
4.70

	
3.65

	
1.55




	
BsC

	
40–70

	
0.38

	
19.4

	
34.8

	
14.1

	
6.03

	
5.13




	
3

	
Ol

	
0–4

	
0.23

	
11.5

	
21.2

	
5.93

	
5.63

	
2.00




	
Oh

	
4–8

	
0.10

	
49.5

	
35.3

	
10.3

	
7.55

	
3.23




	
AE

	
8–12

	
0.05

	
14.1

	
26.3

	
8.45

	
2.95

	
2.35




	
BsC

	
12–28

	
1.53

	
20.8

	
11.8

	
3.28

	
1.13

	
0.95




	
4

	
Ol

	
0–2

	
1.15

	
34.3

	
38.3

	
6.85

	
8.00

	
2.53




	
Oh

	
2–6

	
0.13

	
18.7

	
24.7

	
6.78

	
5.20

	
1.80




	
A

	
6–14

	
0.20

	
11.2

	
13.3

	
3.80

	
2.15

	
0.75




	
E

	
14–20

	
1.18

	
17.1

	
11.3

	
4.83

	
3.00

	
1.08




	
BsC

	
20–39

	
1.33

	
18.0

	
24.2

	
9.00

	
3.38

	
2.00




	
5

	
Olf

	
0–3

	
0.00

	
8.6

	
15.8

	
6.95

	
8.95

	
3.98




	
A

	
3–7

	
0.20

	
11.7

	
15.6

	
9.10

	
9.73

	
4.68




	
AE

	
7–19

	
1.50

	
17.7

	
11.1

	
11.2

	
5.70

	
3.53




	
E

	
19–37

	
1.20

	
9.00

	
17.3

	
11.1

	
11.9

	
6.50




	
BsC

	
37–50

	
1.43

	
16.6

	
16.5

	
13.1

	
12.0

	
8.00




	
6

	
Olf

	
0–6

	
0.60

	
13.8

	
44.3

	
4.33

	
8.20

	
2.83




	
A

	
6–11

	
1.13

	
31.0

	
24.9

	
9.25

	
6.15

	
2.80




	
E

	
11–16

	
0.93

	
10.7

	
44.8

	
12.4

	
5.08

	
2.58




	
BsC

	
16–39

	
1.70

	
26.8

	
39.8

	
12.6

	
17.1

	
13.3




	
7

	
Ol

	
0–3

	
0.73

	
34.3

	
41.3

	
13.2

	
13.3

	
3.65




	
Oh

	
3–8

	
1.23

	
14.3

	
20.2

	
6.50

	
6.00

	
1.73




	
A

	
8–23

	
0.28

	
4.90

	
13.7

	
3.15

	
1.83

	
0.85




	
E

	
23–38

	
1.10

	
13.7

	
16.3

	
4.13

	
3.18

	
1.10




	
BsC

	
38–58

	
0.90

	
11.7

	
25.5

	
3.65

	
1.70

	
1.58




	
8

	
Olf

	
0–10

	
1.05

	
44.8

	
49.3

	
9.63

	
13.9

	
4.55




	
AE

	
10–33

	
0.40

	
13.4

	
34.5

	
12.7

	
25.7

	
10.5




	
BsC1

	
33–40

	
1.28

	
20.1

	
44.8

	
18.3

	
35.0

	
13.2




	
BsC2

	
40–60

	
1.60

	
28.0

	
65.8

	
19.7

	
35.5

	
14.7




	
9

	
Olf

	
0–6

	
0.30

	
19.5

	
60.8

	
27.7

	
14.3

	
12.6




	
A

	
6–10

	
0.15

	
27.5

	
88.8

	
33.0

	
17.0

	
18.5




	
E

	
10–18

	
1.45

	
26.0

	
71.3

	
42.7

	
15.5

	
15.2




	
Bs

	
18–24

	
0.38

	
18.9

	
68.0

	
32.5

	
14.4

	
18.6




	
BC

	
24–60

	
1.30

	
22.6

	
61.0

	
30.7

	
16.5

	
27.0




	
10

	
Olf

	
0–2

	
4.28

	
16.4

	
30.8

	
10.9

	
6.13

	
2.25




	
A

	
2–6

	
0.08

	
10.0

	
24.6

	
14.3

	
5.95

	
2.53




	
AE

	
6–23

	
1.08

	
12.8

	
12.1

	
6.43

	
1.35

	
1.40




	
E

	
23–45

	
1.18

	
15.0

	
12.5

	
6.60

	
2.98

	
2.73




	
BsC

	
45–70

	
0.20

	
14.2

	
72.3

	
24.9

	
6.85

	
12.5




	
11

	
Olf

	
0–3

	
0.38

	
37.3

	
42.5

	
7.85

	
10.5

	
3.60




	
A

	
3–8

	
0.28

	
34.3

	
30.8

	
9.35

	
5.50

	
2.75




	
AE

	
8–16

	
0.10

	
15.1

	
34.0

	
15.8

	
2.83

	
5.18




	
BsC1

	
16–40

	
0.88

	
16.0

	
35.8

	
21.0

	
2.58

	
6.35




	
BsC2

	
40–65

	
0.93

	
15.8

	
38.5

	
15.2

	
3.38

	
6.53




	
12

	
Olf

	
0–3

	
0.08

	
14.4

	
19.4

	
6.48

	
6.88

	
2.78




	
A

	
3–26

	
0.08

	
9.80

	
14.7

	
4.13

	
3.78

	
2.00




	
AE

	
26–43

	
0.08

	
4.50

	
14.6

	
4.90

	
4.68

	
2.18




	
BsC

	
43–62

	
0.05

	
11.1

	
16.1

	
6.53

	
8.68

	
3.43




	
13

	
Ol

	
0–3

	
1.23

	
25.3

	
43.3

	
12.4

	
12.0

	
4.50




	
Oh1

	
3–6

	
0.18

	
33.3

	
43.8

	
14.0

	
10.6

	
5.08




	
Oh2

	
6–20

	
1.48

	
32.8

	
31.3

	
12.4

	
5.45

	
3.78




	
AE

	
20–50

	
0.20

	
19.1

	
30.0

	
12.0

	
6.25

	
4.48




	
BsC

	
50–70

	
0.00

	
5.40

	
58.0

	
18.2

	
10.6

	
10.4
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Table 5. The mean content of trace element in E and B horizons, standard error (the value in parentheses), and the U and p value estimated by the Mann–Whitney U test.






Table 5. The mean content of trace element in E and B horizons, standard error (the value in parentheses), and the U and p value estimated by the Mann–Whitney U test.












	
	E
	B
	U
	p





	Cd
	0.80 (0.15)
	0.85 (0.16)
	81.50
	0.898



	Pb
	14.38 (1.42)
	16.82 (1.48)
	54.00
	0.124



	Zn
	26.53 (4.72)
	37.01 (5.38)
	54.50
	0.130



	Cr
	11.96 (2.81)
	15.38 (2.40)
	58.00
	0.182



	Cu
	7.42 (1.88)
	10.09 (2.50)
	70.00
	0.473



	Ni
	4.64 (1.15)
	8.05 (1.51)
	55.00
	0.137
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