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Abstract

:

Soil is a natural capital which supplies valuable ecosystem services including carbon and nitrogen storage. Agroecosystems play an important role in soil organic carbon (SOC) and soil total nitrogen (NT) accumulation. The aim of this study was to analyse SOC stock (SOCS) and NT stock (NTS) in relation to land use (arable land-AL, permanent grasslands-PG), management, soil depth, and selected soil properties of six soil subtypes (Rendzic Leptosol—LPrz, Dystric Cambisol—CMdy, Stagnic Cambisol—CMst, Haplic Fluvisol—FLha, Gleyic Fluvisol—FLgl, Haplic Chernozem—CHha) which are the most widespread in Slovakia. SOCS for a 50 cm deep soil profile ranged from 161 t.ha−1 in CHha to 59 t.ha−1 in FLgl in grasslands, and in arable lands from 111 t.ha−1 in CHha to 38 t.ha−1 in CMst. In grasslands, FLs and CMst showed the significantly lowest SOCS and NTS in comparison to CMdy, LPrz, and CHha. The mean soil NT content in arable land and grasslands was 2.21 g.kg−1 and 2.82 g.kg−1, respectively. ANOVA showed that soil subtype, land use, and site have significantly affected SOCS but not NTS. The correlation analysis revealed correlations between SOCS and NTS. SOCS was also correlated with C:N, pH, P, and K. This study should help to encourage practices to maintain soil C and soil properties and to ensure the sustainability of the functions of many soil types in Slovakia.
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1. Introduction


Soils are the largest reservoir of terrestrial carbon stocks, comprising both soil organic carbon (SOC) and soil inorganic carbon [1]. The global SOC stock ranges from 1500 to 2400 PgC [2].



In 2021, the world total agricultural land was 4.8 billion hectares, one-third of the global land area. Cropland covered 1.6 billion hectares, and permanent grasslands covered 3.2 billion hectares [3]. Croplands and grasslands are major land uses in Europe, occupying around 126.5 and 62.7 Mha in the EU25 plus Norway and Switzerland, respectively [4]. Globally, cropland soils store a lower amount of SOC (90 Mg.ha−1) than grassland soils (118 Mg.ha−1) [5,6]. Grasslands store about 34% of the terrestrial carbon stock, of which 90% is stored belowground as root biomass and SOC [7]. Soils of agriculturally managed cropland are also an important source of CO2. Soils of agroecosystems have been a major source of CO2 ever since the dawn of settled agriculture [1]. A significant amount of loss of SOC is caused by the intensive tillage that emits CO2 into the atmosphere [8]. The concentration of atmospheric CO2 may be impacted by the changes in the SOC [9]. Soil carbon content is under threat worldwide due to resource demands and the increasing intensification of land use [10].



Nowadays, the research is focused on soil carbon, and its stocks and soil nitrogen stocks are not so much considered. The reason may also be its greater dynamics in the soil environment. Its storage and availability in the soil is a crucial factor that influences crop growth and helps to satisfy global food demand [11]. Nitrogen (N) has a key role in the regulation of terrestrial ecosystems [12]. Soil is the largest nitrogen pool in terrestrial ecosystems and sufficient content of total nitrogen (NT) is critical for crop productivity. Human activities such as fossil fuel combustion, intensive animal farming, and the application of fertilizers have affected the nitrogen cycle with negative consequences for soil microbial communities, soil properties (soil pH and soil carbon to nitrogen ratio), and ecosystem services [13]. Chen et al. [14] reported that intensive farming requires high N doses, depleting soil N stocks, and thus nitrogen is a major fertilizer for agriculture. About 67.84 million tons of N are applied annually to agricultural land all over the world [15] and the total cost is up to USD 44.2 billion. Knowledge of soil NT and soil total nitrogen stock (NTS) is fundamental for soil management, precision agriculture, nutrient flow assessment, and biochemical modelling [16].



Apart of nitrogen, phosphorus (P) and potassium (K) are the most important nutrients for grassland and crop production [17]. The amount of phosphorus in soils varies from 0.02% to 0.15%, and a major part of total soil phosphorus is not available for plants [18]. Therefore, soil phosphorus is replenished with mineral or bio-based fertilizers [19]. Potassium is a crucial nutrient regarding physiological and biochemical functions in plants [20]. In agricultural ecosystems, soil potassium content is controlled by soil type, parental material, and land use history.



SOC, NT, and the content of P and K depend on a wide range of factors, e.g., soil texture, depth, chemical and biological properties, land use, and management [21,22]. The SOC is influenced by nitrogen, phosphorous, and other soil nutrients because they are coupled with SOC in terrestrial cycles [23], e.g., the turnover of SOC is constrained by the availability of N and P [24]. On the other hand, the effects of nitrogen on SOC were observed to differ from one study to another [25]. Some studies showed that N addition inhibited soil organic carbon turnover, whereas in hardwood forest, SOC accumulation increased after N addition. A meta-analysis of 88 studies showed that the effects of nitrogen availability on carbon dynamics depend on ecosystem type and nitrogen addition rate [26]. It is commonly acknowledged that nutrient contents decrease with soil depth [27]. Climate and vegetation can also shape this descending curve [28]. In addition to land use, a changing climate can impact soil systems. Climate change affects nutrient cycling, soil respiration, and carbon storage [29]. Increasing temperature, fluctuations in CO2 concentration, and precipitation have a negative effect on carbon allocation in soil. On the other hand, a higher temperature can increase N mineralization and can stimulate plant growth and crop yield. Changes in soil moisture and water availability affect nutrient availability. In dry soils with higher soil temperature, phosphorus becomes less available to plants [30]. Carbon storage is one of the important ecosystem services provided by agricultural soils. Various policy strategies and programs such as the European Grean Deal, the Australian Carbon Farming Initiative, and the American Clean Energy and Security Act support farmers to adopt agricultural management that can enhance soil carbon sequestration. Some studies have focused on the monetary valuation of soil carbon sequestration, and primary production in grassland ecosystems [31,32]. However, there are still many uncertainties for designing the carbon payment scheme [33].



In terms of carbon stocks, previous studies reported from Slovakia have focused mainly on changes driven by land use [34,35], but few have addressed nitrogen stocks and plant-available nutrients content. Slovakia is a suitable country for the evaluation of various soil characteristics and relationships because it is a highly diversified country with respect to its natural environment. It is largely located in the mountainous territory of the western Carpathian arch, which forms the boundary between important physical and bio-geographic zones and several main European watersheds. Only a small part of Eastern Slovakia belongs to the eastern Carpathian region, and the southwestern part to the Pannonian Basin. The mountain regions cover more than 55% of the total land territory. The climate is temperate but is influenced locally by elevation and type of relief. Communities vary from thermophilous in the southern parts of the country, to mountainous at the higher altitudes. There is also a high diversity of soil types, which is the result of varying geological, topographical, and climatic conditions [36]. In light of all these geographical and ecological aspects, Slovakia is an interesting laboratory for conducting a this type of research.



Estimating C and N stocks, their vertical distribution in agricultural soils, interactions and their dependence on different variables are necessary for understanding their responses to global change. The comparison between these parameters in different soil types and agroecosystems could reveal the relations and interactions which could provide guidance for proper management measures for C and N conservation in soils. The main objectives of this study were (1) to estimate Slovakia’s soil carbon and nitrogen stocks under arable land and grassland, (2) to identify the vertical distribution of soil carbon and nitrogen stocks, (3) to examine how management intensity, soil, and environmental factors influence carbon and nitrogen storage, and (4) to assess the economic value of soil carbon storage.




2. Materials and Methods


2.1. Sites Description


Slovakia is largely located in the mountain territory of the western Carpathian arch. Only a small part of Eastern Slovakia belongs to the eastern Carpathian region. The lowlands of Southern Slovakia belong to the Pannonian Basin. The mountain regions cover more than 55% of the total land territory. The climate is temperate but is influenced locally by elevation and type of relief.



Six study sites located in different natural conditions were selected. They were situated between the altitudes 121 m and 950 m high in different geographic and climatic conditions of Slovakia with the different soil subtypes (classified according to the World Reference Base for Soil Resources [37], different land use and management practices (Figure 1, Table 1)).



In Liptovská Teplička (LT), the soil type classified as Rendzic Leptosol (LPrz) developed on carbonates and dolomites. At arable land, A horizon, 30 cm in depth, overlying a thin 10 cm A/C horizon. At grassland, A horizon, 20 cm in depth, overlying a thin 15 cm A/C horizon. At arable land, rye was grown as an intercrop. The permanent mesotrophic lowland pasture and aftermath-grazed meadow (grassland habitat of national importance) were cut at the end of June and the aftermath was grazed by sheep.



In Tajov (TA), the soil type classified as Dystric Cambisol (CMdy) developed on slope sedimentary rocks. At arable land and grassland, A horizon, 30 cm in depth, overlying a 20 cm B horizon, which in turn overlies a C horizon starting at approximately 50 cm depth. At arable land, oat and maize were grown during the 1st and 2nd experimental years. The permanent mesotrophic lowland pasture and aftermath-grazed meadow (grassland habitat of national importance) were extensively grazed by sheep.



In Kečovo (KE), the soil type classified as Stagnic Cambisol (CMst) developed on slope sedimentary rocks. At arable land, A horizon, 20 cm in depth, overlying 20 cm B horizon, which in turn overlies a C horizon starting at approximately 40 cm depth. At grassland, A horizon, 10 cm in depth, overlying a 40 cm B horizon, which in turn overlies a C horizon starting at approximately 50 cm depth. At arable land, mono cropping of maize was performed. The permanent grassland was extensively used by one cut in June and grazed by suckler cows in the second half of the growing season.



In Nacina Ves (NV), the soil type classified as Haplic Fluvisol (FLha) developed on fluvial sediments. At arable land and grassland, A horizon, 20 cm in depth, overlying a thin 15 cm A/C horizon. At the arable land, barley and soya were grown during the 1st and 2nd experimental years. Grass-clover mixture was oversown into permanent pasture in the 1st year and grazed by dairy cows during both experimental years.



In Dvorníky (DV), the soil type classified as Gleyic Fluvisol (FLgl) developed on fluvial sediments. At arable land, A horizon, 25 cm in depth, overlying a 40 cm A/C horizon. At grassland, A horizon, 20 cm in depth, overlying a thin 15 cm A/C horizon. At arable land, mono cropping of winter wheat was performed. The permanent grassland was extensively used by one cut in June and the aftermath was grazed by sheep.



In Voderady (VO), the soil type classified as Haplic Chernozem (CHha) developed on loess. At arable land, A horizon, 50 cm in depth, overlying a 40 cm A/C horizon. At grassland, A horizon, 30 cm in depth, overlying a 30 cm A/C horizon. At the arable land, maize and winter wheat were grown during the 1st and 2nd experimental years. Permanent grassland was situated at the edge of the arable parcel.




2.2. Soil Sampling, Analysis, and Calculations


At each site, four sampling points with a Z-shaped pattern were selected. Soil samples were collected at 0–10 cm and 35–45 cm layers, in order to capture the soil characteristics of the A humic horizon with the highest accumulation of organic matter and the subsequent horizon with a lower or no accumulation of organic matter, such as the subsurface B or the C horizon.



To assess chemical properties, soil samples were air-dried and sifted through a 2 mm mesh sieve. Soil reaction was determined as pH in 1 M KCl solution (with a ratio of 1:2.5). SOC content was determined using the oxidimetric method according to Tjurin (a modification of Nikitin) [38], NT content was determined by the Kjeldahl method [39], and plant-available nutrients K and P were extracted by Melich III [40]. P was determined calorimetrically on the analyzer Scalar and K by flame photometry. To quantify bulk density (BD), undisturbed soil samples were hermetically sealed in stainless steel tubes and taken to the laboratory for analyses using the gravimetric method according to Novák [41].



SOC stock (SOCS) (t.ha−1) and NT stock (NTS) (t.ha−1) were calculated as follows [42]:


  SOCS =   ∑  i = 1  n   S O C i × B D i × H i ×   1 − G / 100   ×   10   − 1      








where SOCS is SOC stock pool (t.ha−1) of the assessed soil profile, SOCi is SOC content (g.kg−1), BDi is bulk density (g.cm−3), Hi is the soil thickness (m), G is the volume percent of gravel and stones (particle size > 2 mm) in layer i, respectively.



A similar approach was used to calculate NTS (t.ha−1):


  NTS =   ∑  i = 1  n   N T i × B D i × H i ×   1 − G / 100   ×   10   − 1      








where NTS is total nitrogen stock (t.ha−1) of the assessed soil profile, NTi is total nitrogen content (g.kg−1), BDi is bulk density (g.cm−3), Hi is the soil thickness (m), G is the volume percent of gravel and stones (particle size > 2 mm) in layer i, respectively.



The value of soil carbon sequestration (VC) was calculated using the carbon price extracted from the European Union Emission Trading System (EUR 70/Mg C) [43].


  VC =   ∑  i = 1  n   P C × S O C S i    








where PC is the price of the carbon tax in Slovakia, SOCSi is the organic carbon stock of ith soil layer (t/ha).



The statistical analyses were conducted by using the statistical program package SPSS Statistics 28. ANOVA analysis of variance was followed by post hoc comparison using the Tukey HSD test to identify differences among soil subtypes, sites, and land management. The relationships between soil properties and C, N parameters were identified through Pearsons’s correlation analysis.





3. Results


3.1. Basic Soil Physical and Chemical Properties


Table 2 presents basic soil physical and chemical properties. We determined BD and G content as basic physical soil properties as main variables used for SOCS and NTS calculations (Table 2). BD generally increased with depth in all soils apart from FLgl used as AL, but differences were found between the soil subtypes and land use types. In grassland, the BD varied between 0.88 g.cm−3 (LT, LPrz) and 1.52 g.cm−3 (DV, FLha). In arable land, the lowest BD was found in CMdy in TA (0.98 g.cm−3) and the highest in CMst in KE (1.61 g.cm−3). The volume percent of gravel and stones generally increased with depth or was at the same level (in case of FLgl and FLha used as arable lands). In grassland, the G varied between 1.1% (TA, CMdy) and 30% (LT, LPrz). In arable land, the lowest G was found in FLha in NV (0.1%) and the highest in CMst in KE (40%).



In grassland, the topsoil pH varied between 4.67 (TA, CMdy) and 7.24 (VO, CHha). In arable land, the lowest soil pH was found in CMst in KE and CMdy in TA. In VO (CHha) and LT (LPrz), the soil was neutral and little difference was observed between grassland and arable land, and soil depth. In arable land, the mean soil pH slightly decreased with the soil depth from pH 5.8 (0–10 cm) to pH 5.7 (35–45 cm), whereas in grassland the opposite pattern was observed. (Table 2).



The considerably lowest content of plant-available P was found in KE (CMst) with grassland and arable land. In arable land, the highest content of plant-available P (50.67 g.kg−1) was observed in TA (CMdy). In arable land, the content of plant-available P significantly decreased with the depth. A similar pattern was found in grassland soil with the exception of NV (FLha) and DV (FLgl) sites. Out of six soil subtypes, the highest content of plant-available K was found in CHha in the VO site. In the topsoil of arable land, the content of plant-available K ranged from 157.51 mg.kg−1 in KE (CMst) to 283,64 mg.kg−1 in DV (FLgl) (Table 2).



The ANOVA showed significant differences between the soil subtypes, the sites, and the pH, plant-available P, plant-available K. The ANOVA did not show any difference between land use and soil depth (Table 3).




3.2. Soil Organic Carbon and Soil Total Nitrogen


Figure 2 shows the SOC content and Figure 3 SOCS in two soil layers in grassland and arable land in different soil subtypes and sites. In grasslands, the SOC content at the 0–10 cm depth ranged from 15.68 g.kg−1 in DV (FLgl) to 50.04 g.kg−1 in LT (LPrz). Similar to grasslands, the highest SOC content was found in LT with LPrz in arable land. For NV and DV with Fluvisols, the SOC content was 17.96 g.kg−1, and for TA (CMdy) and VO (CHha) it was 16.48 g.kg−1 and 16.44 g.kg−1, respectively. The lowest SOC content was observed in KE (CMst). The SOC content and SOCS were significantly higher (p < 0.01) at the 0–10 cm depth than at the 35–45 cm depth. Regarding the soil subtypes in both soil depths, at grasslands, FLgl, FLha, and CMst showed the significantly lowest SOCS in comparison to CHha, LPrz, and CMdy. At arable land, CMst showed the significantly lowest SOCS and LPrz showed the highest SOCS. ANOVA showed significant differences between soil subtypes, sites, land use, soil depth, and SOCS (Table 3).



The topsoil layer is the most active in the present ongoing carbon storage processes. Nevertheless, deeper soil horizons play an important role in total carbon storage. The six soil subtypes varied in the total thickness as well as in the thickness of individual horizons. Based on soil profile stratification, we estimated SOCS for a 50 cm deep soil profile (Figure 4). In grasslands, SOCS for a 50 cm deep soil profile ranged from 161 t.ha−1 in VO (CHha) to 59 t.ha−1 in DV (FLgl). Lower values were observed in the case of arable lands compared to grasslands. In arable lands, the highest SOCS for a 50 cm deep soil profile was found in VO (CHha, 111 t.ha−1), followed by LPrz in LT (104 t.ha−1). The lowest SOCS for a 50 cm deep soil profile was found in CMst in KE (38 t.ha−1).



To express the ecosystem function of carbon storage in soil, we used the SOCS for a 50 cm deep soil profile and carbon tax. The economic value of grassland varied from a minimum of EUR 4115/ha for FLgl (DV) to a maximum of EUR 11,257/ha for CHha (VO) (Figure 5). In arable land for CMst in KE and CMdy in TA, the economic value was lower, respectively, by 63% and 57% than in grassland.



Figure 6 shows the NT content and Figure 7 shows NTS in different soil layers in grassland and arable land. In grassland, the soil NT content at the 0–10 cm depth varied from 2.38 g.kg−1 in DV (FLgl) to 6.46 g.kg−1 in LT (LPrz). At the depth of 35–45 cm, the soil NT content was lower by 26% in LT (LPrz) and by 50% in TA (CMdy). In arable land, the significantly highest NT content was observed in LPrz (4.36 g.kg−1). The soil NT content decreased with the depth in all sites except DV (FLgl) and KE (CMst). The mean soil NT content in arable land and grasslands was 2.21 g.kg−1 and 2.82 g.kg−1, respectively. Regarding the soil types in both soil depths in grasslands, FLs and CMst showed the significantly lowest NTS in comparison to CMdy, LP, and CH. At arable land, CMst showed the significantly lowest NTS and LPrz showed the highest topsoil NTS.



ANOVA showed highly statistically significant differences between the sites and the NT, and statistically significant differences between soil subtypes, soil depths, and NT. Statistically significant differences were also observed between soil depth and NTS. But NTS did not show any difference between soil subtype, land use, and sites (Table 3).



In grasslands, the topsoil C:N ratio ranged from 6.97 in DV (FLgl) to 9.18 in KE (CMst) and the mean soil C:N ratio was higher in grasslands compared to arable land (Figure 8). On average, LPrz and CHha had the highest soil C:N ratio. Concerning soil depth, soil C:N decreased with the soil depth in grasslands and arable land, except for grassland in TA (CMdy) and in VO (CHha), and arable land in DV (FLgl). However, the soil C:N did not exhibit significant change with the depth and did not significantly differ between sites and land use (Table 3).



The correlation coefficient matrix for SOC, SOCS, NT, and NTS with the chemical parameters of the soil is shown in Table 4. The correlation analysis revealed that SOC and SOCS were strongly correlated with NT, NTS, C:N, and pH. SOC had a positive correlation with K, but no correlation was detected between SOC and P. Similarly, a very strong positive correlation was observed between SOCS and K. NT and NTS were strongly correlated with C:N, whereas C:N did not show any correlation with P and K. NT was not correlated with pH, whereas NTS was correlated with pH.





4. Discussion


Our study showed that C and N stocks in Slovak soils are important and highly diverse at the same time. SOC content data are the basis for carbon stock assessment. In this study, an average SOC content at the depth of 0–10 cm in grasslands was roughly 30 g.kg−1, whereas in arable land, the SOC content was lower by 62%. The mean SOCS in arable land and grasslands was 79 t.ha−1 and 102 t.ha−1, respectively. Overall, in Slovak agricultural soils, topsoil SOC stock in the upper 0.3 m mineral soils ranged from 14 to 176 t. ha−1 [44]. The study of 24 grasslands and 30 croplands of the Swiss Soil Monitoring Network stated that the average SOC content at the soil depth of 0–20 cm varied from 30.80 g.kg−1 to 67.00 g.kg−1 [45], whereas the SOC content in cropland was approximately 50% lower and ranged from 11.90 g.kg−1 to 38.20 g.kg−1 [46]. In southeast Germany, grassland soil was stored as SOCS 118 t.ha−1, whereas a considerably lower stock of 90 t.ha−1 was found for cropland [47]. In comparison to arable land, grasslands were less depleted in SOC content [48]. Many other authors (e.g., [49,50]) confirmed that grasslands offer a bigger carbon stock than arable lands or forest lands. Despite grassland importance, its degradation is widespread and accelerating in many parts of the world [51]. Since 2000, its area has decreased by 5% [52].



The decrease in SOC content and SOCS in grasslands by depth showed the higher capacity of topsoil to store carbon. This can be explained by the concentration of a large proportion of grassland root biomass in the topsoil [53], the higher input of litter from permanent grass and forbs vegetation, and the livestock excrements into the soil [54].



The results of a UK study on SOC content in lowland woodland, grassland, and arable land [55] showed that the SOC content in the subsoil in grassland and arable land was similar. This is consistent with our study, where the SOC content in arable land and grassland at the depth of 35–45 cm in lowland sites in NV (FLha), DV (FLgl), and KE (CMst) was similar. The low subsoil SOC content in grassland could be explained by a higher mean annual temperature. Wu et al. [56] reported that subsoil SOC could respond more strongly to higher temperatures. In grasslands of the lowland site VO (CHha) and the mountainous site LT (LPrz), the SOC content at the depth of 35–45 cm was 46% and 43% higher, respectively, than in arable land. Moreover, the SOC content in upland grassland in TA (CMdy) with continuous sheep grazing was more than 2.12 times higher than that in arable land. Subsoil SOC content is considered to be stable, and higher compared to arable land. Grazing animals play an important role in SOC dynamics; in particular, grazing intensity is the major factor affecting subsoil SOC content and dynamics [55]. However, the relationship between the SOC content in depth soil, climate, and land use remains unclear and highly uncertain [57].



SOC stock is affected by many factors other than land use; for example, soil type, soil properties, vegetation, agricultural management, and environmental factors. Some authors [44,58] emphasize the relevance of the pedogenetic SOC approach instead of solely land use-based approaches, to evaluate C sequestration potentials and stock more accurately. We found differences in SOC stocks not only at the level of soil types, as many large-scale studies highlighted, e.g., [59,60], but also at the level of soil subtypes. In our study, in grasslands, the SOCS for a 50 cm deep soil profile ranged from 161 t.ha−1 in CHha to 59 t.ha−1 in FLgl, and from 111 t.ha−1 in CHha to 38 t.ha−1 in CMst in arable lands. Cambisols are the most abundant soil type in Slovakia. They, and in particular the CMdy soil subtype, are the main contributors to the stock of SOCs in grasslands. The soils of Chernozems and Leptosols, belonging to the group of mollic soils, although less abundant, are also good contributors. Among arable lands, Chernozem and Leptosol were found to have a higher carbon stock than Fluvisols and Cambisols. A different situation was observed by De Vos et al. [60] in forest soils where higher SOC stock was reported in Cambisols compared to Leptosols. Vanguelova et al. [61] reported the opposite situation with higher SOCS in Leptosols.



Our achievements revealed that other variables are also important. Climate and altitude are the other factors driving SOC content and SOC stock. A colder and wetter climate in higher altitudes favours SOC storage in grassland [62]. The SOC content in drier and lowland sites VO (CHha), NV (FLha), DV (FLgl), and KE (CMst) ranged from 15.68 g.kg−1 to 26.40 g.kg−1 and on average was 50% lower than the SOC content in cooler sites in the upland site TA (CMdy) and mountainous site LT (LPrz). However, this pattern was not found with arable land, where the SOC content at the depth of 0–10 cm in the cooler site TA with CMdy was similar to drier lowland sites with CMs, CHha, FLha, and FLgl. Significant SOC loss and lower SOC content were reported by several authors in cereal rotations without the inclusion of legume crops or fallow [63,64].



There is evidence that in addition to climate, grassland management can impact SOC content. A study from Ireland [65] reported that higher SOC contents and SOCS were associated with low management intensity with a stocking rate less than 1 LU.ha−1, without any chemical nitrogen input and pasture reseeding, or a very high management intensity stocking rate of 3 LU.ha−1, nitrogen input of 250 kg.ha−1, and pasture reseeding by a grass/legume mixture. In our study, SOC content in a reseeding pasture grazed by dairy cows in NV with FLha showed, at the 0–10 cm depth, higher SOC content and SOCS by 50% in comparison to an extensive meadow grazed by sheep in DV with FLgl.



Similar to SOCS, the highest NTS was found in the upland site TA (CMdy) with continuous sheep grazing showing a strong contribution of nutrients from sheep manure [64]. In grasslands, both NT content and NTS decreased with the soil depth. In arable land, higher NT content and NTS at the depth of 35–45 cm were found in DV (FLgl), and KE (CMst), which could be related to nitrate leaching from the topsoil [66]. A study from the USA reported the variability and uncertainty of NT content and NTS in the soil profile [67]. The TN content is directly influenced by soil organic matter [68]. The study of 3172 permanent monitoring points on Polish arable lands showed that the maximum TN content was found in the soils containing more than 20 g.kg−1 of SOC [69]. Similarly, in our study, the highest NTS was found in the upland site TA (CMdy) with continuous sheep grazing, where a strong contribution of nutrients was provided by sheep manure [65] and the highest SOCS value was registered.



The national monitoring of soils in Slovakia [44] showed that the content of plant-available K was optimal and ranged from 100 mg.kg−1 to 300 mg.kg−1. However, the content of plant-available P was low or suboptimal with a range from 10 mg.kg−1 to 60 mg.kg−1. The main reason for this was the cessation of the application of mineral fertilizers, particularly on grasslands. Our study supports these findings as the content of plant-available P in extensive grasslands was 1.44 mg.kg−1, 1.54 mg.kg−1, 3.90 mg.kg−1, and 4.95 mg.kg−1 in KE (CMst), TA (CMdy), LT (LPrz), and DV (FLgl), respectively. In our study, the content of plant-available K was sufficient [70] and no significant difference was found between arable land and grassland. In grassland, the highest concentration of plant-available K was found in NV (FLha) with oversown grazed pasture. Similar to our results, the study from the Kazova watershed [71] reported significantly higher plant-available K content in grazed pastures compared to arable land, fallow, orchards, and vegetable fields. The higher concentration of plant-available K in pastures in NV can be explained by intensive grazing and potassium returning via excrement to the soil [72]. Some authors [73,74] reported a positive relationship between plant-available K content, mean annual temperature, and clay content. However, in our study, there were not significant differences between lowland sites with higher mean annual temperatures and upland sites with lower mean annual temperatures.



The content of plant-available P was higher in arable land compared to grassland. However, the difference was not significant. Similarly, a study on phosphorus content in Slovak arable and mountain soils reported the higher content of plant-available P in arable land [75]. Regular agricultural management and phosphorus fertilization of arable land resulted in the higher content of plant-available P in the topsoil. The study of 83 datasets from 25 years of lysimeter experiments with different soil types, land use (crop land and grassland), and phosphorus fertilization showed that organic phosphorus fertilization up to 90 kg.ha−1 or mineral fertilization up to 60 kg.ha−1 resulted in a significant phosphorus accumulation on the topsoil [76]. The Central Control and Testing Institute in Agriculture in Slovakia [77] classifies the status of the plant-available P, according to the Mehlich 3 method, into five classes for arable land and grassland. For arable land, the content of the plant-available P of less than 50 mg.kg−1 and the content of 51 mg P. kg−1 to 85 mg P.kg−1 are evaluated as low and sufficient, respectively. For grassland, a low content of plant-available P is considered to be up to 30 mg P.kg−1, while a sufficient content ranges from 31 mg P.kg−1 to 65 mg P.kg−1. In our study, the content of plant-available P in extensive grasslands was low and resulted in values of 1.44 mg.kg−1, 1.54 mg.kg−1, 3.90 mg.kg−1, and 4.95 mg.kg−1 in KE (CMst), TA (CMdy), LT (LPrz), and DV (FLgl), respectively. Our results agree with findings of the soil monitoring of the Slovak Republic [43], which revealed that the content of plant-available P in grasslands was low. The main reason for this result can be attributed to the cessation of the application of mineral fertilizers, particularly on grasslands.



Interactions and mutual relations among soil properties can affect carbon and nitrogen storage as well. In addition, mutual interactions of C and N in the soil ecosystem are still unexplored and many questions remain open. The correlation analysis revealed correlations between SOCS and NTS. SOCS was also correlated with C:N, pH, P, and K. Parameters which influence SOC and NT storage are generally not independent from each other and are often correlated. The correlation analysis in this study revealed positive correlations between SOC, SOCS, and selected chemical properties such as NT, C:N, pH, P, and K. Similar results were found by Arunrat et al. [78,79] with pH, and Dong et al. [80] with NT. On the contrary, Zhou et al. [81] observed a negative correlation rate between SOC, NT, and pH. We observed the correlation between SOCs and NTS, similar to other studies [82,83]. C and N cycles are closely linked in soil through production and decomposition in the material cycle. However, no significant relationship was found by Bai et al. [84] between SOC and NT in the topsoil. They argue that the correlation between SOC and NT depends on many factors, including soil texture, temperature, and moisture. In addition, the content of SOC and TN in the soil is controlled by different groups of microorganisms [85]. In contrast to the topsoil, Bai et al. [83] found a positive correlation between SOC and TN in the subsoil. Plant nutrients like P and K showed also positive correlations with SOC and SOCS. Other authors [86,87] also found strong positive correlations between soil organic matter and available phosphorus or other phosphorus fractions.



Soils can play a role in climate regulation and can act as negative emission technologies, mainly in the sequestration of SOC [88]. Soil and crop management practices are important for creating a positive soil/ecosystem C budget. The emission of all GHG must be considered in addition to soil C to identify practices that are truly net CO2 sinks [89]. The European Green Deal and the Farm to Fork Strategy have established a new Carbon Farming Initiative [90] with the aim to support land managers in applying climate-friendly farming practices, and to maintain and enhance carbon pools in mineral soils. The current study has shown that the economic value of carbon storage (0–50 cm soil depth) in arable land ranges from EUR 2656/ha for Cambisols to EUR 7760/ha for Chernozems. In the case of grasslands, the economic value could reach EUR 11,257/ha depending on soil type, grassland management, and environmental conditions.



Our results point to the enormous importance of monitoring and evaluating C and N stocks not only in the topsoil, but also in the subsoil and, ideally, in the entire soil profile. Their formation is conditioned by their genesis, and, therefore, soil types and subtypes must also be taken into account when evaluating C and N stocks. From the point of view of land use, the importance of grasslands in carbon sequestration or nitrogen retention in the soil should be emphasized. In Slovakia, but also in other countries, grasslands should be included in the most appropriate soil management systems, both from the point of view of C and N sequestration, and because of the variety of ecosystem services they offer. Further research should focus on a more detailed study of the interactions and relationships between C and N as well as with other nutrients and soil characteristics.




5. Conclusions


This study provides further knowledge on carbon and nitrogen stocks in Slovakia’s soil and related management, and environmental factors influencing their accumulation and vertical distribution. SOCS for a 50 cm deep soil profile ranged from 161 t.ha−1 in CHha to 59 t.ha−1 in FLgl in grasslands, and in arable lands from 111 t.ha−1 in CHha to 38 t.ha−1 in CMst. Carbon stocks were affected not only by management intensity and environmental conditions, but also by soil depth, type, and subtype. Concerning soil nitrogen stocks, larger amounts were found in grasslands than in arable land. Higher NT content and nitrogen stock were found at the soil depth of 0–10 cm, but some variability and uncertainty of NTS between soil type, land use, and soil depth were found. The economic value of soil carbon storage for a 50 cm deep soil profile varied widely from EUR 2556/ha in CMst to EUR 7760/ha in CHha for arable land and from EUR 4115/ha in FLgl to EUR 11,257/ha in CHha for grasslands, respectively. This study reveals a need for further research on the impact of soil type, land use, and management intensity on SOC stocks, in particular with regard to the application of payments to Slovak farmers for the amounts of carbon sequestered in their agricultural soils. We have shown that carbon levels rule the form of nitrogen available in the different types of soil in arable lands and grasslands of Slovakia. Carbon and nitrogen are directly involved in a large variety of soil processes that are important for soil ecology needs, such as organic matter decomposition and formation, nitrogen fixation, the maintenance of food webs, and the supply of ecosystem services. This study is significant for the Slovak agriculture and could be innovative for scientists, farmers, and stakeholders operating in our country and possibly for others abroad.
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Figure 1. Map of six study sites in Slovakia. Abbreviations: LT—Liptovská Teplička, TA—Tajov, KE—Kečovo, NV—Nacina Ves, DV—Dvorníky, VO—Voderady. 






Figure 1. Map of six study sites in Slovakia. Abbreviations: LT—Liptovská Teplička, TA—Tajov, KE—Kečovo, NV—Nacina Ves, DV—Dvorníky, VO—Voderady.



[image: Land 13 00179 g001]







[image: Land 13 00179 g002] 





Figure 2. Soil organic carbon content; (a) Grassland; (b) Arable land. 
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Figure 3. Soil organic carbon stock; (a) Grassland; (b) Arable land. 






Figure 3. Soil organic carbon stock; (a) Grassland; (b) Arable land.



[image: Land 13 00179 g003]







[image: Land 13 00179 g004] 





Figure 4. Soil organic carbon stock for 50 cm deep soil profile; (a) Grassland; (b) Arable land. 
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Figure 5. Economic value of soil carbon; (a) Grassland; (b) Arable land. 
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Figure 6. Total nitrogen; (a) Grassland; (b) Arable land. 
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Figure 7. Total nitrogen stock; (a) Grassland; (b) Arable land. 
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Figure 8. Soil carbon to nitrogen ratio; (a) Grassland; (b) Arable land. 
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Table 1. Characteristics and land management of the six study sites.
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	Study Site
	Geographical Location
	30-Year Period Average Air Temperature (°C)
	30-Year Period Average Rainfall (mm)
	Soil Type
	Soil Texture
	Altitude (m)
	Land Management





	LT
	Low Tatras
	6.2
	950
	Rendzic

Leptosol
	Loamy
	AL-950

PG-931
	AL-organic farming

PG-meadow



	TA
	Kremnica Mountain
	8.1
	795
	Dystric

Cambisol
	Loamy
	AL-595

PG-597
	AL-extensive farming

PG-sheep pasture



	KE
	Slovak Karst
	8.6
	620
	Stagnic

Cambisol
	Loamy
	AL-360

PG-344
	AL-extensive farming

PG-cattle pasture



	NV
	Eastern Slovak Upland
	8.9
	559
	Haplic

Fluvisol
	Clayey
	AL-121

PG-123
	AL-intensive farming

PG-cattle pasture



	DV
	Krupina Plain
	8.7
	606
	Gleyic

Fluvisol
	Sandy-loam
	AL-157

PG-155
	AL-intensive farming

PG-alluvial meadow



	VO
	Danubian Upland
	9.5
	560
	Haplic

Chernozem
	Loamy
	AL-137

PG-137
	AL-intensive farming

PG-meadow







Abbreviations: LT—Liptovská Teplička, TA—Tajov, KE—Kečovo, NV—Nacina Ves, DV—Dvorníky, VO—Voderady, AL—Arable land, PG—Permanent grasslands.













 





Table 2. Mean values of basic soil physical and chemical properties.
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Soil Type

	
LP

	
CM

	
FL

	
CH




	
Soil Subtype

	
LPrz

	
CMdy

	
CMst

	
FLgl

	
FLha

	
CHha




	
Soil Depth (cm)

	
0–10

	
35–45

	
0–10

	
35–45

	
0–10

	
35–45

	
0–10

	
35–45

	
0–10

	
35–45

	
0–10

	
35–45






	
BD—GR (g.cm−3)

	
0.88

	
1.21

	
0.96

	
1.29

	
1.46

	
1.48

	
1.29

	
1.52

	
1.38

	
1.34

	
1.35

	
1.42




	
BD—AL (g.cm−3)

	
1.07

	
1.21

	
0.98

	
1.54

	
1.52

	
1.61

	
1.52

	
1.39

	
1.30

	
1.46

	
1.07

	
1.42




	
G—GR (%)

	
20.0

	
30.0

	
1.1

	
15.0

	
5.0

	
10.0

	
2.0

	
7.0

	
20.0

	
25.0

	
0.1

	
2.1




	
G—AL (%)

	
15.0

	
30.0

	
1.4

	
10.0

	
25.0

	
40.0

	
0.7

	
0.7

	
0.1

	
0.1

	
0.1

	
0.1




	
pH—GR

	
6.90

	
7.00

	
4.67

	
4.82

	
5.14

	
5.04

	
4.85

	
5.10

	
6.84

	
6.95

	
7.24

	
7.36




	
pH—AL

	
6.73

	
6.92

	
4.79

	
3.82

	
4.65

	
4.74

	
5.86

	
5.94

	
5.66

	
6.01

	
7.12

	
7.15




	
P—GR (mg.kg−1)

	
3.90

	
1.64

	
1.54

	
0.49

	
1.44

	
0.38

	
4.95

	
5.57

	
26.63

	
26.70

	
36.85

	
30.95




	
P—AL (mg.kg−1)

	
34.24

	
23.00

	
50.67

	
7.33

	
6.30

	
5.21

	
45.34

	
26.02

	
8.49

	
3.13

	
17.65

	
9.04




	
K—GR (mg.kg−1)

	
171.1

	
73.7

	
123.2

	
100.8

	
168.6

	
98.5

	
146.8

	
127.5

	
296.8

	
273.3

	
1147

	
1120




	
K—AL m(g.kg−1)

	
155.0

	
83.5

	
243.5

	
213.0

	
157.5

	
168.2

	
283.6

	
176.5

	
240.9

	
178.1

	
252.2

	
195.2











 





Table 3. Analysis of variance of soil parameters.
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Soil Parameter

	
Soil Subtype

	
Site

	
Land Use

	
Depth




	
df

	
3

	
5

	
1

	
1




	

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
SOC

	
13.02

	
<0.0001

	
13.76

	
<0.0001

	
18.84

	
<0.0001

	
33.32

	
<0.0001




	
SOCS

	
70.35

	
<0.0001

	
6.87

	
<0.0001

	
13.55

	
<0.0001

	
41.28

	
<0.0001




	
NT

	
4.83

	
0.006

	
5.79

	
<0.0001

	
5.98

	
0.016

	
9.64

	
0.002




	
NTS

	
1.54

	
0.207

	
2.37

	
0.043

	
8.36

	
0.126

	
8.60

	
0.004




	
C:N

	
2.08

	
0.105

	
10.02

	
0.165

	
0.82

	
0.364

	
6.51

	
0.012




	
pH

	
89.67

	
<0.0001

	
85.89

	
<0.0001

	
0.73

	
0.393

	
0.07

	
0.782




	
P

	
3.97

	
0.009

	
3.51

	
0.005

	
2.76

	
0–098

	
6.90

	
0.010




	
K

	
24.27

	
<0.0001

	
14.72

	
<0.0001

	
5.20

	
0.024

	
0.93

	
0.336








p-Values highlighted in bold are highly statistically significant (p < 0.001) and statistically significant (p < 0.05).













 





Table 4. Pearson’s correlation coefficient matrix of SOC, SOCS, NT, NTS, and chemical properties of the soil.
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	SOC
	SOCS
	NT
	NTS
	C:N
	pH
	P
	K





	SOC
	1
	
	
	
	
	
	
	



	SOCS
	0.887 **
	1
	
	
	
	
	
	



	NT
	0.693 **
	0.592 **
	1
	
	
	
	
	



	NTS
	0.549 **
	0.641 **
	0.894 **
	1
	
	
	
	



	C:N
	0.220 **
	0.232 **
	−0.396 **
	−0.461 **
	1
	
	
	



	pH
	0.274 **
	0.360 **
	N.C.
	0.173 *
	N.C.
	1
	
	



	P
	N.C.
	0.168 *
	N.C.
	N.C.
	0.173 *
	0.344 **
	1
	



	K
	0.214 *
	0.406 **
	N.C.
	N.C.
	0.212 *
	0.464 **
	0.454 **
	1







* r—values shown in bold are significant at p < 0.05; ** r—values shown in bold are significant at p < 0.01; N.C.—no correlation.
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