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Abstract

:

During opencast lignite mining, the natural landscape is damaged, along with soils, and new anthropogenic landforms are created which require reclamation. Usually, the evaluation of the effects of reclamation (mostly forestry) is concerned with changes in chemical properties in the first years, mainly in the surface horizon. This study analyzed the effect of long-term agricultural reclamation (43 years) on the physical and water retention properties of Technosols. The experiment involved cultivation of winter wheat and winter oilseed rape under 3 fertilization variants. After 43 years, an Ap horizon (Ap1 and Ap2) developed in fertilized Technosols, but was not clearly formed in unfertilized minesoil. In Ap1, there was improvement in the physical quality (S), bulk density (BD), particle density (PD), structural stability index (SI), soil porosity (SP), air-filled porosity (AFP), field capacity (FC) and plant available water capacity (PAWC). In Ap2, properties were comparable to those in the surface horizon of unfertilized Technosols and to those observed before reclamation. Regardless of fertilization, there was deterioration in physical quality in parent materials. In general, the properties of fertilized Technosols have improved in the surface horizons, but increasing fertilization above plant requirements does not lead to their further enhancement.
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1. Introduction


Fossil fuel use since the 19th century has been a milestone for humanity. The global population, which was 6.1 billion in 2000, is expected to be 9.8 billion in 2050 [1] and, in 2100, as high as 10.9 billion [2]. As the human population grows, so does the demand for abiotic and biotic resources. Unfortunately, the consequence of this “human population growth” is a decline in natural resources, including soils. Among the main threats to Europe’s soil resources are soil sealing and land take [2]. This soil take is also connected with opencast mining activities during lignite extraction, as this type of fossil fuel is still an important source of global energy worldwide [3,4]. Poland continues to produce about 28% of its electricity from opencast lignite [5], widely used in many countries around the world [6]. During opencast operations, the natural landscape is damaged along with soils developed over thousands of years and new anthropogenic landforms (e.g., external or internal dumps) with mixed lignite overburden materials are created. These excavated rocks on the surface are the parent material for soils, named minesoils [7] or Technosols [8]. These materials are often characterized by a lack of soil organic carbon (SOC), improper pH, nutrient deficiency, unfavorable air–water properties and low microbial activity [9,10,11].



Post-mining land reclamation is an intervention aimed at mitigating the negative consequences of open-pit mining operations and is designed to initiate ecosystem development, including in soils [4,12,13]. Materials redeposited on the dumps come from different rocks lying at various depths and can have completely different properties [14,15]. Therefore, for varying geo-climatic conditions, there is no universal reclamation method [11,16], but it is known that during the ecosystem restoration process, plants have a key role [13,14,17,18]. The most commonly-practiced postmining land use is forestry [19], followed by natural colonization via succession [12] and agriculture [13,16,20]. Considering the progressive degradation of natural soil resources [2] and the need to ensure food security [1,21], it can be expected that, in the near future, agricultural reclamation on post-mining lands, focused on food production, will gain importance. Unfortunately, due to N deficiency in mine parent materials, during agricultural reclamation, mainly leguminous plants (mainly alfalfa and clover) or their mixtures with grasses are used [11], while there are no findings on using typically productive plants, such as cereals or oilseed rape. Moreover, assessment of reclamation effectiveness is usually based on changes in Technosols’ properties, most commonly chemical attributes, and, less often, physical and biological features [4]. Among the physical parameters, soil texture, bulk density (BD) and soil porosity (SP) are the most widely determined [22], while there are few investigations involving changes in minesoil water retention capacity, particle density (PD) or the widely-used soil physical indicator (S) introduced by Dexter [15,23]. Moreover, most of the studies on the impact of the reclamation method on changing the properties of minesoils’ development on post-mining sites are concerned with the first 10 years [4] and there are few results covering a long treatment period that are compared with initial data (before reclamation) [15]. Furthermore, most of the studies are concerned with evaluating properties in the topsoil rather than in the entire soil profile [20,24]. Here, we present the long-term (43 years) findings of research conducted on an internal heap where agricultural reclamation was carried out using a cereal–rape rotation, a typically productive pair of crops.



The effectiveness of reclamation in soils’ development on land degraded by open-pit mining can be assessed not only by changes in chemical or biological characteristics, but also physical and water retention properties, which, apart from bulk density, are rarely used. The general aim of this research was to examine the temporal changes of physical and water retention properties in Technosols after a long period (43 years) of agricultural restoration, in which different mineral fertilization variants were applied in rotational cultivation of winter wheat and winter oilseed rape. The specific objectives were to assess the long-term impact of initial soil-forming processes on the morphological changes of Technosols, to evaluate the indirect effect of mineral fertilization on changes in the physical and hydrophysical properties of minesoils and to assess the profile variation of these properties over the 43 years of reclamation treatments. The following hypotheses were evaluated in this study: (i) Agricultural reclamation with rotational cultivation of winter wheat and rapeseed without fertilizer stimulation leads to small temporal modifications in physical and water retention properties of minesoils, (ii) Long-term agricultural reclamation supported by mineral fertilization improves properties only in surface horizons, whereas in deeper ones, they remain unchanged, (iii) By stimulating plant biomass production and higher sequestration of organic carbon, mineral fertilization has an indirect favorable impact on temporary shifts of minesoils properties. To evaluate these hypotheses, changes in the physical and retention properties of minesoil were quantitatively analyzed after 43 years of winter wheat and winter oilseed rape cultivation.




2. Materials and Methods


2.1. Study Area


The study was carried out within the experimental field created in 1978 on the internal heap, created after open-pit lignite mining (Figure 1). According to Köppen’s classification, climate in the study area is a humid continental with a warm summer subtype (hemiboreal climate). For the analyzed area, the average annual temperature and average annual rainfall are 9.2 °C and 542.4 mm, respectively. Prior to the commencement of mining operations, the rocks of the lignite overlay were dominated by till of the Central-Polish glaciation; hence, this parent material dominates the experimental field [13].




2.2. Field Experiment


Experimental field (20 hectares) was established on a post-lignite mine site (internal heap) where, since 1978, research has been conducted on the effectiveness of various agricultural reclamation treatments (different crop rotations with varying fertilization doses) on Technosols’ properties [25]. Prior to the designation of the experimental field, dozens of boreholes were drilled to choose an area with relatively homogeneous rocks, because the non-selective redeposition of lignite overburden rocks causes high heterogeneity of the excavated material [24].



In agricultural reclamation, mainly legumes (or their mixtures with grasses) are used [11,15], which causes a lack of research results on the use of typically productive (consumptive) plants. This study provides the findings on changes in the physical and water retention properties of minesoils over the period 1978–2021 as a result of conducting an agricultural rehabilitation experiment using a cereal–rape rotation (Figure 1). These results are part of an extensive study conducted since 1978 on the effects of different crops and fertilization on changes in the minesoils’ properties. A cereal–rape rotation system was based on alternating winter wheat (Triticum aestivum L.) and winter oilseed rape (Brasica napus L.). This cropping system was conducted in 3 test plots varying in NPK mineral fertilizer rates: 0-NPK (control), I-NPK and II-NPK. No mineral fertilization (control) was used in the 0-NPK plot. In plot I-NPK, fertilizer doses for winter wheat were 160 kg N ha−1, 17.5 kg P·ha−1 and 66.5 kg K·ha−1, while for winter oilseed rape they were 200 kg N ha−1, 30.5 kg P·ha−1 and 74.7 kg K·ha−1. For the II-NPK fertilizer combination, nutrient doses were doubled. Details of the agronomic treatments applied to the crop and the doses of basic plant nutrients (NPK) supplied with fertilizer are summarized in Table 1. Straw and crop residues were plowed annually, which was the only form of organic fertilizer in this cropping system. The dimensions of the experimental plots were 50 × 16 m.




2.3. Soil Sampling


In 1978, soil pits (10 pits) were made in a 20 ha study area to collect samples and determine preliminary properties of minesoils (Figure 1). The properties of the three soil profiles that were closest to the experimental plots with the cereal–rape rotation were used in this study. Since no profile diversity in morphological properties of these initial Technosols was observed, minesoil samples were collected from the following depths: 0–25 cm, 25–50 cm and 50–75 cm. For each depth, undisturbed-structure samples were collected into metal cylinders: 3 to assess the SWRC (soil water retention curve) and 3 to assess BD (minesoil bulk density). In addition, for each depth, disturbed-structure minesoil samples were collected from 3 walls of a given soil pit.



After 43 years of agricultural rehabilitation (in 2021), 3 soil pits were tested in each treatment variant to collect samples and characterize basic minesoil morphological characteristics. For each identified soil horizon or subhorizon, undisturbed-structure samples were collected into metal cylinders: 4 to assess SWRC and 4 to assess BD. Also, for each horizon or subhorizon, disturbed-structure minesoil samples were collected from 3 walls of each soil pit. A total of 12 undisturbed-structure minesoil samples were collected for every horizon/subhorizon of a given fertilizer combination to determine the SWRC, along with 12 undisturbed minesoil samples to determine BD and 9 disturbed-structure samples to assess other properties.




2.4. Soil Analyses


The soil texture (sand, silt and clay fractions’ content) in air-dry samples sieved through a 2-mm mesh sieve was determined using a combination of the hydrometer and wet sieve methods [26]. Following removal of carbonates, soil organic carbon (SOC) was measured in the Multi N/C 3100 Analytik Jena apparatus. For soil samples collected in 1978, SOC was measured by the Walkley–Black method [27]. Calcium carbonate (CaCO3) was measured by the Scheibler methods. Based on the content of silt and clay fractions and the concentration of SOC, the SI index of structural stability was calculated [28], indicating the potential for minesoil structure evolution, where SI below 5% indicates a structurally degraded soil; SI in the range 5–7% indicates a high risk of soil structure degradation; SI in the range 7–9% indicates a low risk of soil structure degradation and SI above 9% indicates sufficient SOC to maintain the structure stability.



Soil bulk density (BD) was determined by the thermogravimetric method, based on the ratio of soil mass at 105 °C to the soil volume [29]. Using a pycnometer, the minesoil particle density (PD) was assessed [30] and the minesoil porosity (SP) was calculated based on bulk density and particle density. Minesoil water retention properties (SWRC) were obtained using Richards’ apparatus and the method of water vapor pressure over H2SO4 solution [31,32]. For the measured soil water retention data, parameters of the Van Genuchten function [33] were fitted using RETC software. Based on the parameters of the Van Genuchten equation, water contents at 0 cm (saturated water content, SWC), −100 cm (field capacity, FC) and −15,000 cm (wilting point, WP) were calculated. Then, the air-filled porosity, AFP (AFP = SWC-FC), the plant available water capacity, PAWC (PAWC = FC-WP) and the relative field capacity, RFC (RFC = FC/SWC), were computed [34,35]. The PAWC was categorized into 4 classes: PAWC ≥ 0.20 ideal, 0.15 ≤ PAWC < 0.20 good, 0.10 ≤ PAWC < 0.15 limited, PAWC < 0.10 poor (droughty), and the values of RFC were categorized into 3 classes: RFC < 0.6 water-limited soil, 0.6 ≤ RFC ≤ 0.7 optimal, RFC > 0.7 aeration-limited soil [35]. From the parameters of the van Genuchten equation, the ‘Dexter soil index S’, referred to here as ‘S’, which characterizes the physical quality of the soil, was calculated [23]. The S index values were categorized according to Dexter and Czyż [36] into 4 classes: S ≥ 0.050 very good, 0.050 > S ≥ 0.035 good, 0.035 > S ≥ 0.020 poor and 0.020 > S very poor.




2.5. Statistical Analysis


All statistical calculations were conducted using Statistica 13.0 (TIBCO Software Inc., Palo Alto, CA, USA). To determine the differences between soil physical and water retention properties observed, both within soil horizon and subhorizons of each fertilizer combination and between different fertilized plots in relation to the values observed in 1978, an ANOVA (analysis of variance) was used. To show the existence of uniform groups, the multiple comparison post-hoc test (Tukey’s test, α = 0.05) was applied. Before applying the analysis of variance, the data distribution was checked by the K–S test. After data standardization, cluster analysis (CA) using Ward’s method and Euclidean distance was applied to identify subhorizons (or horizons) of differently-fertilized Technosols that had similar properties. The associations among the properties of Technosols after 43 years of agricultural reclamation were evaluated by principal component analysis (PCA).





3. Results


In 1978, soils in the experimental area were classified as Spolic Technosols (Pantocalcaric, Hypereutric, Pantoloamic) [8] and no profile variation in morphological features was observed (Table 2). They only had a grayish brown (2.5Y5/2) C horizon with a firm consistency and massive structure. The Ap horizons that were developed over 43 years in fertilized minesoils had granular and subangular structure, with granular structure predominating in the Ap1 subhorizon and subangular structure in the Ap2 subhorizon. The apparent development of surface horizon Ap met the criteria for the Ochric supplementary qualifier [8]. In the control (0-NPK) soils, subangular structure was dominant in the AC horizon, partially breaking down into granular structure, while subangular and angular structure were dominant in the CA horizon. In the parent materials (C), the structure had not changed and was still massive, sometimes breaking down into angular and subangular. A characteristic feature of the parent materials after 43 years was their very firm consistency. This very firm consistency, together with high bulk density, fulfills the criteria of the supplementary qualifier “densic”. This section may be divided by subheadings, which should provide a concise and precise description of the experimental results and their interpretation, as well as the experimental conclusions that can be drawn.



3.1. Soil Texture, SOC and CaCO3


In 1978, the fractions of sand, silt and clay were mainly 52.8–54.7%, 26.3–28.7% and 16.8–19.2%, respectively (Table 3). Hence, they were mainly characterized by sandy loam (SL) texture. In one sample collected in 1978 from a depth of 0–25 cm, the contents of the individual fractions differed from those reported in Table 2, where clay loam (CL) texture was observed. Also in 2021, the studied Technosols were mainly characterized by SL texture, where the fraction contents in the distinguished horizons and subhorizons were in the range of 53.7–68.5%, 16.5–27.0% and 12.5–19.3%, respectively, for sand, silt and clay. The two samples collected in 2021 from the parent materials of the 0-NPK and II-NPK fertilizer combination were characterized by a sandy clay loam (SCL) texture.



In 1978, the SOC concentration (4.68–5.20 g kg−1) in the analyzed minesoils was similar to that recorded in 2021 Cd horizons (3.84–5.31 g kg−1) (Table 3). This was residual geogenic carbon and its content in the parent material (Cd) after long-term restoration was similar in all Technosols. After long-term agricultural rehabilitation, significant vertical variation in SOC content was found, especially in fertilized soils (I-NPK and II-NPK). This was associated with the accumulation of SOC in Ap. In this horizon of fertilized minesoils, SOC contents were 7.94–8.67 g kg−1 and 9.31–9.84 g kg−1 for I-NPK and II-NPK, respectively, with higher SOC contents in the Ap1 subhorizon than in Ap2. In the plot where no mineral fertilization was applied, SOC contents in the Ap horizon were slightly higher than those observed in 1978. In all fertilizer combinations of analyzed Technosols, lower CaCO3 contents were observed in subhorizons Ap1 and Ap2 (AC and CA for 0-NPK) than in parent material (Cd), except for the 0-NPK plot. The effect of 43-year agricultural reclamation on the change in SOC and Technosols’ structure was validated by the results of the SI. With the exception of the 0-NPK combination, SI values were significantly higher in Ap horizons (4.0–5.1%) than in Cd (1.7–2.2%). In spite of a clear increase of SI values in Ap horizons of soils fertilized after 43 years of reclamation, it seems that they did not reach a sufficient amount of SOC to produce a stable structure. Only in the Ap1 II-NPK subhorizon was the mean SI value above 5%, indicating that there was a change of soil conditions for structure development from degraded to a high risk of degradation.




3.2. Soils’ Density and Porosity


Prior to agricultural reclamation (in 1978), mean BD values of young minesoils showed little diversity (1.730–0.784 Mg m−3) in profile, whereas 2021 showed marked vertical variation in BD in all fertilizer combinations (Figure 2a). In fertilized Technosols (I-NPK and II-NPK), the Ap1 and Ap2 were characterized by lower BD values (1.558–1.756 Mg m−3) in relation to the Cd horizon (1.913–1.966 Mg m−3), while in the control (0-NPK), only the AC horizon had significantly lower BD values (1.709 Mg m−3) than the subhorizons lying below. In surface horizons (AC) of the 0-NPK plot, BD was higher than in the Ap1 subhorizon (1.558–1.603 Mg m−3) and similar to those in the Ap2 (1.716–1.756 Mg m−3) of plots with fertilization and also similar to BD observed in 1978. After long-term agricultural rehabilitation, BD values decreased in the Ap1 sub-horizon of fertilized Technosols, but in the Ap2 subhorizon, the values of this density were similar to those in 1978. A characteristic feature of all Technosols analyzed was that there was a marked compaction (1.916–1.966 Mg m−3) of parent materials over a period of 43 years. At the beginning of the field experiment (1978), PD values were similar at all depths (2.641–2.645 Mg m−3) and close to those observed in Cd after 43 years of rehabilitation (Figure 2b). Overall, after long-term reclamation, a considerable change (decrease) of PD in the surface horizons (Ap) of fertilized Technosols (I-NPK and II-NPK) compared to 1978 occurred, whereas on the variant without fertilization (0-NPK), this temporal change was not statistically significant. These changes in fertilized soils resulted in profile PD variations between Ap (2.615–2.629 Mg m−3) and Cd (2.642–2.657 Mg m−3) horizons.



The opposite trend to BD was observed for SP and AFP. In 1978, mean SP and AFP values were in the range 0.322–0.342 m3 m−3 and 0.106–0.116 m3 m−3, respectively, and did not vary in profile (Figure 3). In 2021, considerably higher porosity (SP, AFP) values were found in the Ap of fertilized minesoil and in the AC horizon of the control plot than in the parent material. In fertilized soils (I-NPK and II-NPK), mean SP and AFP values were in the range 0.329–0.389 m3 m−3 and 0.097–0.132 m3 m−3 in Ap horizons, while in parent materials (Cd), they were in the range 0.257–0.279 m3 m−3 and 0.032–0.069 m3 m−3, respectively, for SP and AFP. The AC horizon of 0-NPK minesoils had significantly lower porosity values in relation to Ap1, but were close to Ap2 and to values observed in 1978. In Technosols where fertilization was applied, SP and AFP values statistically increased in the Ap1 subhorizons, were unchanged in Ap2 and significantly decreased in the Cd horizon.




3.3. Technosols’ Water Retention and Physical State (S Indicator)


In 1978, FC values were similar at all depths (0.209–0.217 m3 m–3) (Figure 4a). After 43 years of alternating winter wheat and oilseed rape, a marked profile diversity of FC values occurred in the fertilized Technosols that was not observed in the plot without fertilization (0-NPK). In the fertilized minesoil, Ap1 was characterized by higher FC values (0.241–0.252 m3 m–3) than Cd (0.2010–0.2021 m3 m–3). Overall, after long-term agricultural rehabilitation, a marked increase occurred in FC values in the uppermost subhorizon (Ap1) of fertilized soils, while in the Cd horizon and the entire profile of control soils (0-NPK), water retention at FC was the same as that observed in 1978. No significant difference was detected in the Ap1 and Ap2 subhorizons of the soils that were fertilized. Storage of water and air related to the soils’ total pore volume (RFC) in 1978 was similar at all depths, with values ranging from 0.654 to 0.664, indicating optimal conditions (Figure 5a). Following long-term reclamation, the RFC values in the parent material increased in all analyzed Technosols, indicating conditions of insufficient aeration (aeration-limited soil). This caused profile variation of the RFC because, in the surface horizons, its values were close to those recorded in 1978.



At the beginning of the field experiment, the soils analyzed had PAWC values (0.122 to 0.133 m3 m–3) indicating limited water retention properties that were not significantly differentiated in profile. A clear profile difference in PAWC values occurred after long-term cultivation (Figure 4b). In control soils, the AC horizon had higher PAWC (0.150 m3 m–3) than the underlying horizons (0.110–0121 m3 m–3). There was also considerable profile variation of PAWC values in fertilized minesoils. The Ap1 subhorizons were characterized by higher PAWC (0.172–0.180 m3 m–3) than Ap2 (0.140–0.149 m3 m–3), which also had higher retention capacities than the parent material horizon (0.110–0.116 m3 m–3). Soils of fertilized variants (I-NPK, II-NPK) were characterized by comparable PAWC values in distinguished subhorizons. The Ap1 subhorizons of these soils were characterized by higher PAWC values than the surface AC horizon of the control and the Technosols from 1978. In contrast, PAWC in Ap2 was similar to the AC horizon of the control and the retention capacity observed 43 years ago. In general, in parent material (Cd) horizons, the temporal change of PAWC was not statistically significant, although slightly lower values were observed in 2021 compared to 1978.



Soil physical state is very often expressed by the S index introduced by Dexter (2004a) [23]. At the beginning (1978) of the agricultural reclamation, S values in young Technosols did not demonstrate depth variation and varied from 0.032 to 0.034. Regardless of fertilization, after 43 years of minesoils’ rehabilitation, significantly higher S values were recorded in the surface horizon compared to those lying below. In the Ap1 subhorizon of I-NPK and II-NPK soils, S values were in the range 0.039–0.042 and were higher than in the AC horizon of the control (0.030) and those in Ap2 (Figure 5b). The S values for the Cd horizon were similar in all plots, but there was a marked deterioration in the physical quality of the parent materials relative to 1978. After long-term agricultural reclamation, significant improvement in physical quality was found only in the Ap1 subhorizon of fertilized soils (I-NPK and II-NPK), whereas in minesoils without fertilization (0-NPK), physical quality in the surface AC horizon was similar to that in 1978.




3.4. Multivariate Approach


The diversity of physical and water retention properties in minesoils after long-term agricultural rehabilitation is well concluded by the Principal Component Analysis (PCA) and the Cluster Analysis (CA) results (Table 4, Figure 6). In the PCA, two components (PCs) were extracted that cumulatively explained 86.5% of the total variability of the analyzed properties. The first principal component (PC1) explained 65.8% of the variance and was negatively correlated with BD, PD and CaCO3 and positively correlated with SOC, SI, SP, AFP, FC, PAWC and S. This component characterized the main changes of properties that happened in the analyzed Technosols over 43 years of reclamation. These changes were indirectly related to the accumulation of SOC, soil structure and root development in surface horizons and soil compaction in deeper parts. Also, the current variation in CaCO3 appears to be dependent on the intensity of soil-forming processes. The second PC2 explained 20.7% of the variance and was positively correlated with silt fraction and negatively with sand fraction, indicating that this component characterizes properties inherited from the parent material. Physical and water retention properties after 43 years of reclamation in the parent material horizons were similar regardless of fertilization (cluster 2) (Figure 6). However, they changed from those observed in 1978 as a consequence of compaction. The surface horizons with the properties observed in 1978 formed group 1, which, in relation to group 2, had lower DB, PD and RFC, but higher SI, SP, AFP, FC, PAWC and S. Within cluster 1, the Ap1 subhorizons of I-NPK and II-NPK soils (subcluster 1.2) had the closest properties. The properties of the Ap2 subhorizons of fertilized soil and the surface horizon of the control (0-NPK) were similar and also were close to those observed in 1978 (subcluster 1.1).





4. Discussion


4.1. Development of Pedogenic Processes


The properties of mine soils observed 43 years ago (in 1978) allowed their classification as Spolic Technosols (Pantocalcaric, Hypereutric, Pantoloamic) in which there was no profile variation in morphological features. They only had a C horizon of parent materials. Soil-forming processes under long-term agricultural cultivation of the analyzed minesoils in the post-mining area caused significant changes in their properties. The main process indirectly influencing the physical and hydrophysical properties of minesoil was the soil organic carbon (SOC) accumulation, being significantly higher in NPK-fertilized soils compared to unfertilized Technosols. Sequestration of soil organic carbon is a fundamental and characteristic process for Technosols following vegetation management [18,38,39]. The consequence of this process was the development of the Ap horizon, the thickness of which, in turn, was determined mainly by the depth of agrotechnical operations. In forest or spontaneous reclamation, the thickness of the Ap horizon is usually less [11,18,40,41,42]. The apparent development of surface horizon Ap met the criteria for the Ochric supplementary qualifier [8]. In the fertilized minesoils, the Ap was characterized by subangular and granular peds, with the Ap1 subhorizon dominated by granular and the Ap2 by subangular peds. In the control (0-NPK) soils, the AC horizon was dominated by subangular structure partially breaking down into granular, while the CA horizon had both subangular and angular. This change in structure from massive (in 1978) to granular/subangular (in 2021) in the surface horizons indicates a major role of plants in the development of pedogenic structure, as also found in other studies [6,12,16,22,40,42,43]. Comparing the structure of Ap1 to the Ap2 subhorizon of fertilized and to the AC horizon of unfertilized soils, it can be concluded that in Ap1, the higher impact of biologic agents and processes on the soil structure transformation was marked, as highlighted by other studies [44,45]. Increased biomass supply in Technosols fertilized in the presence of CaCO3 promotes the formation of clay–humus complexes and the accumulation of SOC and, thus, further development of aggregate structure can be expected. This trend relates to the increase in the share of the granular structure over blocky. Unfortunately, in the parent materials (C), the structure remains massive, sometimes breaking down into angular and subangular, as confirmed by the SI results typical for degraded soil structure using Pieri [28] criteria. The massive structure, very firm consistency and high density present a serious barrier to root growth. These properties of parent materials fulfill the criteria of the supplementary qualifier “densic”, which was not observed in 1978. This indicates that, in Technosols having a similar texture of spoil material, strong compaction in subsurface horizons occurs, which is consistent with other reports [40,46], and even long-term legume cultivation does not cause them to loosen [15]. Also, in natural soils, the degradation of their structure due to compaction is difficult to recover [47]. In the analyzed minesoils, after 43 years of the field experiment, profile variation of CaCO3 content was observed, indicating the occurrence of chemical weathering processes. These, however, depend on many factors, including climatic conditions, minesoil use and parent material properties [16,48,49], and may already be evident after a few years of remediation [38,40,50]. Hence, the intensification of weathering processes sometimes leads to the appearance of characteristic features for the B-horizon after only 40 years [38,51]. However, for most Technosols, the time of B horizon formation is much longer [17]; hence, minesoils, depending on age, have mainly C, AC–C or A–C horizons in the profile [11]. Also, the 43-year-old Technosols we analyzed had A–C horizons, in which, in addition to calcite weathering, the initial oxidation processes in the form of mottles were also observed (Table 2). However, these features of initial weathering in the subsurface horizons do not allow the B horizon to be distinguished. Nevertheless, it can be expected that the future development and intensification of weathering processes in the analyzed Technosols may involve their transformation to another Reference Soil Group, such as Cambisols, and then to Luvisols, especially as, in this region, the soils that have been formed from glacial till are dominated by Luvisols [52,53]. A similar future trajectory of Technosols was proposed by Leguédois et al. [17], Santini and Frey [54] and Spasić et al. [18].




4.2. Changes in Technosols’ Properties


Soil bulk density (BD) is one of the important indicators of soil state and productivity [35,55,56]. Its values in the Technosols of the internal dump in 1978 were not significantly profile-differentiated. However, after long-term agricultural restoration, material in the surface parts of fertilized minesoils was loosened with a simultaneous increase in compaction in deeper horizons, which is consistent with previous reports [12,15,16,20,57,58]. Our study indicates that cultivation of winter wheat and winter oilseed rape without fertilizer (0NPK) did not significantly reduce BD values in the surface horizon in comparison to 1978. The reduction of BD was found only in fertilized Ap1 subhorizons and occurred mainly due to the development of the root system of the cultivated plants—and the associated higher SOC content—and the formation of the aggregate soil structure (Table 2). In the Ap2 subhorizon, the BD values were similar to those in the AC horizon of the control plot (0-NPK) and to those in 1978. This indicates that, despite cultivation, this spoil material formed mainly from glacial material (till) is vulnerable to rapid compaction. Tillage operations such as disc harrowing and ploughing were carried out in August and aggregate sowing took place in September, while soil sampling was conducted in the third week of April. Spoil material such as glacial till is highly prone to compaction [59] and even deep soil loosening during cultivation is very quickly invisible [46]. A high BD (close to 2.0 Mg m−3) found in Cd horizons was limiting for plant root development [60,61,62], at the same time indicating the achievement of maximum values for till [63,64]. In the case of particle density (PD), the 43-year development of Technosols under agricultural reclamation resulted in marked profile variation that was not observed in 1978. Our study showed that fertilization significantly affected the PD values in Ap horizons, which was related to the SOC content. In general, PD in the parent material and in the surface AC horizon of unfertilized soil did not change after long-term agricultural rehabilitation, while PD values in the Ap1 of fertilized minesoils were comparable to those observed in cultivated natural soils with similar texture [53].



The consequence of BD and PD changes during long-term agricultural reclamation was reflected in changes of SP and AFP in soil profiles. In the upper-most horizons, SP and AFP values increased, but in parent materials decreased as a result of a BD increase. In unfertilized minesoils, there was no improvement of SP and AFP in the surface horizon after 43 years of cultivation, while in fertilized soils, porosity improved, especially in the Ap1 subhorizon. These relationships were associated with the accumulation of SOC, soil structure changes and root development, which was also highlighted by Čížková et al. [12] and Pihlap et al. [16]. Good root growth and development require adequate soil air capacity (AFP), which should be at least 0.10 m3 m−3 [35]. The analyzed minesoils met these minimum AFP requirements at all depths in 1978. After 43 years, a significant improvement in AFP was found only in Ap1, while a marked deterioration was observed in the parent materials of all plots. Such a trend of temporal changes of AFP in minesoil may already be evident after 3 years [46].



At the beginning of the rehabilitation process (1978), minesoils were characterized by similar water retention at FC and, after long-term agricultural reclamation, regardless of fertilization, resulted in profile differences. In general, FC values in the Ap1 subhorizon of fertilized soils increased, while the values of this property did not change in the parent materials. The trend was similar for PAWC, which describes a soil’s ability to retain and supply water to plants; hence, it is a basic indicator of soil physical quality [34,35,52,55]. At the initial time of reclamation (1978), the soils analyzed were characterized by “limited” PAWC values using the criteria given by Reynolds et al. [36]. However, 43 years of rehabilitation treatments have significantly improved PAWC in surface parts of soil, from “limited” to “good”, simultaneously leading to profile differentiation. Such profile variation of PAWC was not found following 3 years of agricultural reclamation [46] or 16 years of post-mining area afforestation [57], indicating that only after a long period of restoration is PAWC improvement visible.



The relationship between FC and SWC expressed by RFC is a key parameter for assessing the soil’s physical quality [65]. For agriculture, mineral soil is optimal when 0.6 ≤ RFC ≤ 0.7 In the Technosols we studied in 1978, RFC values had the optimal range for microbial activity. After 43 years, the parent materials of all minesoils had RFC values above 0.7, resulting in decreased microbial activity due to inadequate aeration (“aeration limited” soil). The observed deterioration of RFC in parent materials should be associated with a decrease in SP (also SWC) due to the compaction process leading to an increase in BD, with no clear temporal change of FC. Castellini et al. [65] also observed higher RFC values as an effect of increasing BD. In minesoils, even long-term cultivation of alfalfa did not inhibit the compaction and increase of RFC in the subsurface horizons [15]. In the surface horizons of all minesoils, RCF was optimal, despite an increase in FC during the 1978–2021 period, which was also associated with an increase in SP.



The ‘Dexter soil index S’ [23] is an indicator of soil physical state as a result of many other soil properties. In the Technosols we studied in 1978, S index values were similar at all depths and were just below 0.035, indicating “poor” physical quality. After 43 years, the physical condition of the Ap1 subhorizons improved to “good” state, in the AC surface horizon of unfertilized minesoils it had not changed over time, while in the Cd of all Technosols it had significantly deteriorated to “very poor” physical quality. These temporal changes of S in the surface horizons were indirectly related to biomass production and SOC changes. In plots where the highest yields were recorded (I-NPK and II-NPK) (Table 1), there was a significant improvement in physical quality in the surface part of soil. Soares et al. [66] also established an indirect relation between soil physical quality and biomass production, which depended on cover crops. Therefore, the S values obtained with the wheat/rape rotation were lower than those observed by Kozłowski et al. [15] with the alfalfa–grass mixture. This temporal change in the physical quality of the analyzed soils in the surface horizons was also indirectly related to fertilization, as has also been pointed out in other studies [15,67].




4.3. Technosols’ Treatment


Our research showed that fertilization during agricultural rehabilitation where winter wheat/oilseed rape was grown had an indirect beneficial impact on temporal changes in analyzed properties of Technosols. This indirect effect of fertilization was associated with the stimulation of plant development and thus with an increased input of organic matter (Table 1), resulting in higher SOC sequestration, clay–humus complexation and soil aggregation. These, in turn, had a beneficial effect on improving the physical and hydrophysical characteristics of the developing Technosols. A significant effect of improving the properties of Technosols is noticeable only after a dozen or so years [68,69]. In the case of the Technosols analyzed, this effect was only seen in the surface parts of minesoils. Our findings indicate that growing winter wheat/oilseed rape without fertilization does not lead to improvement of Technosols’ properties, as is the case with forestry restoration [19,57,58,70], spontaneous [12,20,40,50] or agriculture with legumes [43,46]. This was also confirmed by the results of average grain yields (Table 1), where, in minesoils without fertilization, they were on average four and nine times lower than in fertilized soils for wheat and oilseed rape, respectively. Also in natural soils, lack of NPK fertilization causes a significant decrease in yield of winter wheat [71,72] and oilseed rape [73]. During agricultural reclamation, biomass development is mainly limited by nitrogen and most post-mining land parent materials are characterized by severe deficiencies of this nutrient [11,16]. Hence, legumes are often used to ease nitrogen deficiency in Technosols of post-mining areas [13,43,74]. However, supporting legumes with fertilizer promotes biomass growth and improved Technosols [13,15]. Our results showed that the application of a winter wheat/winter oilseed rape rotation with fertilization resulted in improved physical properties of minesoil, similar to those observed with an alfalfa/grass mixture without fertilization [15]. Also, our findings showed that in a wheat–rape rotational crop, an increase in fertilization over I-NPK is unnecessary and does not substantially improve properties of minesoils. Taking into account the progressive degradation of natural soil resources [2] and the need to ensure food security [1,21], it can be expected that agricultural reclamation of post-mining land, focused on food production, will become more important in the near future. This, in turn, must be preceded by recognition of the characteristics of young Technosols on the basis of which suitable crop can be selected to achieve higher yield and increased SOC sequestration [10,75,76]. Therefore, it seems that further development of research on agricultural reclamation is necessary, which is also justified in terms of following the development of Technosols, because fertilizer-assisted vegetation, via the inflow of plant residues together with the rhizosphere, can significantly enhance weathering processes.





5. Conclusions


The long-term cultivation of winter wheat and oilseed rape in minesoils caused the development of soil horizons differing in physical, water retention and morphological properties. The soil-forming processes responsible for these transformations are mainly related to organic carbon sequestration, structure development and weathering, while strong compaction has occurred in the subsurface horizons.



After 43 years of agricultural rehabilitation, an Ap horizon (differentiated into Ap1 and Ap2) that was not clearly formed in minesoil without fertilization developed in fertilized Technosols. In the most surface subhorizon (Ap1), there was a significant improvement in the physical quality (S) of Technosols, indicated by decreasing density values (bulk density, BD, and particle density, PD) and increasing structural stability index (SI), soil porosity (SP), air-filled porosity (AFP, statistically insignificant) and water retention properties (field capacity, FC, and plant available water capacity, PAWC). Generally, in the Ap2 subhorizon, physical and water retention properties were similar to those in the surface horizon AC of unfertilized Technosols and to those observed in 1978 (except for PD). Regardless of fertilization, over a period of 43 years, the horizons of parent materials deteriorated in physical quality (S), increased in density (BD) and decreased in porosity (SP, AFP), while particle density (PD) and water retention capacities (FC and PAWC) remained unchanged over time.



The 43-year-old post-mining Technosols with NPK fertilization showed a decrease in BD and PD values in the surface horizon, but an increase in SP, DP, AFP, FC, PAWC and S values in comparison with unfertilized minesoils. In the subsurface horizons, the properties of minesoils were similar regardless of fertilization. Increasing fertilization above plant requirements did not lead to further improvement of Technosols’ properties in surface horizon.
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Figure 1. Location of the study site (source of orthophotomosaic: http://mapy.geoportal.gov.pl, accessed on 26 April 2022). 
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Figure 2. The ANOVA results for Technosols under different horizons and fertilized rate: (a) bulk density; (b) particle density. The same letters indicate statistically homogeneous groups. 
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Figure 3. The ANOVA results for Technosols under different horizons and fertilized rate: (a) soil porosity; (b) air-filled porosity. The same letters indicate statistically homogeneous groups. 
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Figure 4. The ANOVA results for Technosols under different horizons and fertilized rate: (a) field capacity; (b) relative field capacity. The same letters indicate statistically homogeneous groups. 






Figure 4. The ANOVA results for Technosols under different horizons and fertilized rate: (a) field capacity; (b) relative field capacity. The same letters indicate statistically homogeneous groups.



[image: Sustainability 15 07131 g004]







[image: Sustainability 15 07131 g005 550] 





Figure 5. The ANOVA results for Technosols under different horizons and fertilized rate: (a) plant available water capacity; (b) soil physical quality (S index). The same letters indicate statistically homogeneous groups. 
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Figure 6. Cluster analysis for sub-horizons and various fertilized plots by physical and water retention properties of Technosols. 
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Table 1. Fertilization and cultivation treatments used in the study.






Table 1. Fertilization and cultivation treatments used in the study.





	
Cultivated Plants

	
Fertilizer Combination

	
Soil Fertilization

kg ha−1

	
Tillage

	
Yield

dt ha−1




	
N

	
P

	
K






	
Winter wheat

	
0-NPK

	
0.0

	
0.0

	
0.0

	
Disc harrow

Pre-sow ploughing

Cultivating and sowing unit

	
9.5




	
I-NPK

	
53 (fall)

107 (spring)

	
17.5 (fall)

	
66.5 (fall)

	
34.8




	
II-NPK

	
106 (fall)

214 (spring)

	
35 (fall)

	
133 (fall)

	
39.8




	
Winter oilseed rape

	
0-NPK

	
0.0

	
0.0

	
0.0

	
Disc harrow

Pre-sow ploughing

Cultivating sowing unit

	
1.7




	
I-NPK

	
66 (fall)

134 (spring)

	
30.5 (fall)

	
74.7 (fall)

	
14.2




	
II-NPK

	
132 (fall)

268 (spring)

	
61.0 (fall)

	
149.4 (fall)

	
18.3
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Table 2. Basic morphological properties of minesoils.
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Year

	
Fertilizer Rate

	
Horizon *

	
Thickness

	
Matrix Color

	
Mottles *

	
Structure *

	
Consistency *




	
(cm)






	
1978

	
0-NPK

	
C1

	
0.0–25.0

	
2.5Y5/2

	
-

	
ma

	
fi




	
C2

	
25.0–50.0

	
2.5Y5/2

	
-

	
ma

	
fi




	
C3

	
50.0–75.0

	
2.5Y5/2

	
-

	
ma

	
fi




	
2021

	
0-NPK

control

	
AC

	
0.0–18.5

	
2.5Y4/2–3/3

	
-

	
we.fm.sb→mo.fm.gr

	
fr




	
CA(C1)

	
18.5–26.0

	
2.5Y4/2–4/3

	
-

	
wm.fm.sa+wm.fm.sa→mo.vm.sa

	
fi




	
Cd1

	
26.0–42.0

	
2.5Y5/2–4/3

	
5YR4/6–4/4 f.m.d

	
ma+ma→ms.fm.as

	
vfi




	
Cd2

	
42.0–85

	
2.5Y5/2–4/3

	
-

	
ma+ma→ms.fm.as

	
fvf




	
I-NPK

	
Ap1

	
0.0–17.5

	
2.5Y4/2–3/3

	
-

	
mo.fm.gr+we.fm.sb→mo.fm.gr

	
fr




	
Ap2

	
17.5–28.5

	
2.5Y4/2–3/3

	
-

	
wm.fm.sa→(mo.fm.gr+wm.fi.sa)

	
frf




	
Cd1

	
28.5–48.0

	
2.5Y5/2–4/4

	
7.5YR4/4 f.v–f.d

7.5YR5/8 v.m.d

	
ma+ma→mo.fm.as

	
vfi




	
Cd2

	
48.0–85.0

	
2.5Y5/2–4/3

	
5YR4/6 v.f–m.d

	
ma+ma→ms.fm.ab

	
fvf




	
II-NPK

	
Ap1

	
0.0–16.5

	
2.5Y4/2–3/3

	
-

	
mo.fm.gr+we.fi.sb→mo.fm.gr

	
fr




	
Ap2

	
16.5–28.5

	
2.5Y4/2–3/3

	
7.5YR5/8–7/8 v.v.d

5YR4/6 f.v-f.d

	
we.me.sa→(mo.fm.gr+we.fi.sa)

	
frf




	
Cd1

	
28.5–46.0

	
2.5Y5/2–4/3

	
5YR4/6–4/4 f.v-f.d

7.5YR5/8–7/8 v.m–a.d

	
ma+ma→ms.fm.as

	
vfi




	
Cd2

	
46.0–90

	
2.5Y5/2–4/3

	
7.5YR4/6 v.m.d

	
ma+ma→ms.fm.as

	
fvf








* According to guidelines for soil description [37].













[image: Table] 





Table 3. Technosols’ texture, CaCO3, SOC and SI.
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Year

	
Fertilizer Rate

	
Horizon

	
CaCO3

	
SOC

	
SI

	
Fraction (%, w/w)

	
Soil Textural Class




	
(g kg−1)

	
(g kg−1)

	
(%)

	
Sand/Silt/Clay






	
1978

	
0-NPK

	
C1

	
87.6

	
a.b.c

	
5.20

	
b.d

	
1.9

	
a.b

	
54.7/26.3/19.0

	
SL, CL *




	
C2

	
89.8

	
a.b.c

	
4.68

	
a.b.c

	
1.6

	
a.b

	
54.5/28.7/16.8

	
SL




	
C3

	
95.1

	
a.b.c

	
5.13

	
b.c.d

	
1.8

	
a.b

	
52.8/28.0/19.2

	
SL




	
2021

	
0-NPK

control

	
AC

	
75.5

	
a

	
6.68

	
d.e

	
3.2

	
d

	
64.0/22.5/13.5

	
SL




	
CA(C1)

	
79.7

	
a

	
5.96

	
e

	
2.9

	
c.d

	
64.0/20.5/15.5

	
SL




	
Cd1

	
98.8

	
b.c

	
5.31

	
b.d

	
2.4

	
b.c

	
61.5/23.0/15.5

	
SL, SCL *




	
Cd2

	
101.3

	
c

	
4.02

	
a.c

	
1.7

	
a

	
53.7/27.0/19.3

	
SL




	
I-NPK

	
Ap1

	
78.7

	
a

	
8.67

	
f.g

	
4.4

	
e.f

	
66.0/21.0/13.0

	
SL




	
Ap2

	
79.7

	
a

	
7.94

	
f

	
4.0

	
e

	
66.0/20.0/14.0

	
SL




	
Cd1

	
85.9

	
a.b.c

	
4.58

	
a.b.c

	
2.2

	
b

	
62.5/22.5/15.0

	
SL




	
Cd2

	
97.7

	
b.c

	
3.84

	
a

	
1.9

	
b

	
68.5/16.5/15.0

	
SL




	
II-NPK

	
Ap1

	
76.3

	
a

	
9.84

	
h

	
5.1

	
g

	
66.5/21.0/12.5

	
SL




	
Ap2

	
78.9

	
a

	
9.31

	
g.h

	
4.7

	
f.g

	
66.0/20.0/14.0

	
SL




	
Cd1

	
84.4

	
a.b

	
4.87

	
b

	
2.2

	
b

	
60.6/22.5/16.9

	
SL




	
Cd2

	
88.4

	
a.b.c

	
4.76

	
a.b.c

	
1.7

	
a.b

	
56.0/25.0/19.0

	
SL, SCL*








The same small letters within each column are not significantly different at p < 0.05. * In one soil, sample was recorded as another texture group.
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Table 4. Summary of PCA principal components of chemical, physical and water retention properties of Technosols.
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Principal Component

	
PC 1

	
PC 2






	
Eigenvalue

	
8.56

	
2.69




	
Variance explained (%)

	
65.8

	
20.7




	
Technosols’ property

	
correlation in the principal component




	
CaCO3

	
−0.76

	
0.28




	
SOC

	
0.92

	
−0.27




	
SI

	
0.88

	
−0.35




	
sand

	
0.48

	
−0.79




	
silt

	
−0.27

	
0.82




	
BD

	
−0.94

	
−0.32




	
PD

	
−0.93

	
0.13




	
SP

	
0.94

	
0.32




	
AFP

	
0.85

	
0.43




	
FC

	
0.65

	
−0.32




	
PAWC

	
0.98

	
−0.02




	
RFC

	
−0.76

	
−0.44




	
S

	
0.84

	
0.48
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