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Abstract


Determination of the microbial and enzymatic properties in soil is primarily concentrated on the surface layers of the soil profiles; however, it is well known that the transformation of soil organic matter also occurs in the deeper horizons of the soil profile. The aim of this study was to assess any changes in specific sets of enzyme activities and their associated physicochemical properties as affected by two different agricultural land-use systems and soil depth. Changes in the studied properties were determined across four Luvisol profiles in two agricultural land uses (arable land and vineyards). The enzyme activities associated with the transformation of C, N and P were analyzed. Additionally, the activity of some oxidoreductases and the fluorescein diacetate hydrolysis (FDAH) rate were also determined. Moreover, the content of the various forms of soil carbon, nitrogen, phosphorus (including microbial biomass C, N and P) and some other properties (pH, clay and silt content) were assessed. Agricultural land use significantly affected the microbial biomass content and as well as the studied enzyme activities. Most of the studied enzymes exhibited a higher activity in the grapevine (GV) profiles, which was followed by the winter wheat (WW) profiles; however, the largest variability occurred for the urease activity. There was no clear differentiation between the two studied land uses for the activity of nitrate reductase, dehydrogenases, acid phosphatase, or endo- and exo-cellulase. Irrespective of the plant being cultivated, the soil variables decreased significantly with increasing soil depth, wherein the greatest changes were observed between the surface and sub-surface soil horizons (I–II). The activity of some enzymes (e.g., the urease activity in WW profiles) decreased gradually across the soil profiles, while others were located almost solely within the surface layers (e.g., the nitrate reductase activity in the GV profiles as well as invertase in the WW profiles). The α-glucosidase activity did not exhibit any statistically significant changes along the analyzed profiles. The activity of phenol oxidase and peroxidase also revealed different trends along the studied profiles compared to the other enzymes and did not decrease gradually with depth. The microbial biomass of the C, N and P content was generally the highest in the upper horizons and gradually decreased with depth, wherein the largest decrease was observed between the surface and sub-surface horizon. The studied enzyme activities were more dependent on the soil carbon content compared to the other soil properties. And thus, in the C-rich horizons (C > 4 g kg) for the surface and subsurface layers the enzyme activities were highly correlated with TOC, DOC and MBC content as compared to the deeper, C-low horizons (C < 4 g kg). By examining how the microbial and enzymatic properties change across the soil profiles, it is possible to gain valuable insight into the long-term biogeochemical processes that are involved in soil fertility and in the health of agricultural ecosystems.
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1. Introduction


Soil enzymes, which mainly originate from microorganisms and plant roots, participate in many of the biochemical reactions that are associated with the different stages of soil organic matter (SOM) decomposition and as well as in the turnover of soil nutrients prior to their being made available for microorganisms and plants [1,2]. Because enzymes respond to changes in both natural and anthropogenic factors, such as soil use and management practices more rapidly than the other soil properties, they can be used as early indicators of soil health and quality [3]. Enzymes which are active in the soil are for the most part extracellular oxidoreductases and hydrolases. One of the main groups of enzymes taking part in the soil oxidative processes is the group featuring the oxidases such as phenol oxidase and peroxidase. These enzymes are involved in the transformation of the polyphenolic compounds and also in the degradation of the lignin and humic substances [4]. Soil dehydrogenases (EC 1.1.), which are the most frequently studied oxidoreductases, are often considered to be an index of the general soil microbial activity. They play a significant role in the oxidation of soil organic matter by transferring protons and electrons from the organic substrates to the inorganic acceptors [5].



A large number of enzymes, which play fundamental roles in soil organic matter (SOM) transformation, belong to the class of hydrolases. Soil hydrolases catalyze the biochemical reactions of the soil organic matter transformation and play crucial roles in the soil C, N, P and S cycling, which meet the nutrient requirements of soil microbes and plants [6]. Among the specific C-transforming enzymes, which are crucial to the hydrolysis of the most abundant, complex plant-derived polysaccharides (cellulose, starch, xylan, lignin, pectin, chitin, inulin) into small available compounds, the complexes of the cellulases and xylanases are most often studied [6]. A wide range of N-transforming enzymes has been found and they are most often studied in the soil. Thus, the proteolytic enzymes (proteases) hydrolyze proteins into amino acids, which are further converted into the mineral N forms (ammonium and nitrate) [7,8]. Additionally, the soil urease activity is widely studied because of its significance in agriculture due to the decomposition of urea, a popular mineral fertilizer [7,9]. Although several enzymes are involved in the mineralization of the organic P compounds, acid (EC 3.1.3.1) and alkaline (EC 3.1.3.2), phosphomonoesterases (phosphatases), are most often studied because of the role they play in the hydrolysis of the esters and anhydrides of orthophosphoric acid to inorganic P (phosphates), which are then available to soil microorganisms and plants [10,11].



The estimation of microbial biomass by determination of C, N and P content is a very popular technique used in soil microbiology. Although the microbial biomass constitutes at most a slight pool of soil organic matter (less than 5%), it is considered to be its most labile constituent and plays a significant role in the decomposition of plant and animal residues and nutrient cycling [12,13].



Different land uses that are associated with various cultivated plants and management practices such as mineral and organic fertilization, tillage and crop rotations are widely known to affect the microbial and enzymatic properties of soil [14,15,16]. Plants stimulate the soil microbial activity through the production of root exudates, and they also produce and liberate their own extracellular enzymes [17]. A major impact on soil microbial content and enzymatic activity is caused by the differences in the root mass and structure, which occurs mainly in relation to number of small roots that are present and is related to a high rate of metabolic activity [18]. Many studies have determined the influence of land use and management practices on enzyme activities and microbial properties, but most have been restricted to the surface soil horizons [19]. In fact, topsoils are more exposed to the various management practices that are associated with agricultural soil use compared to the deeper soils. Because the growth in plant species and the related management practices, which could also significantly affect the microbial biomass and activity throughout the soil profile, it is essential to assess the influence of plant species diversity, e.g., to determine how plants with a contrasting morphology of the root system affect the soil enzymes down the soil profile [20,21,22].



In this study, the effects of two distinct agricultural land-use systems (vineyards and arable land) on soil properties throughout the soil profiles were compared. Among the cultivated cereals, the cultivation of which has a long history in Poland, wheat is the most important cereal and occupies about 22% of the arable fields [23]. Grapevines (Vitis vinifera L.) are a woody perennial crop that has been cultivated in Poland since the beginning of the 1980s and are mainly located in the south of the country. Currently (2022), there are 483 vineyards covering 769 hectares [24], while in the Cuiavia–Pomerania Voivodeship there are 11 vineyards, which occupy an area of 18.2 hectares [25]. The average age of a vineyard in Poland is 16 years, while in the Cuiavia–Pomerania Voivodeship it is 6 years. Previously, it was noted that grapevines are best suited to land that has lack of water and recurrent drought as well as to soils with a relatively low fertility, and thus, they play a role in the adaptation to climate change via agriculture [26,27]. On the other hand, viticulture can have a profound impact on the soil properties due to the intensive tillage, the removal of crop residues, and the chemical control of weeds and pests, wherein the negative changes increase with prolonged winegrape cultivation [28].



Most studies concerning the soil microbial and enzymatic properties of agricultural soils have been restricted to the upper horizons (up to 30 cm) of the soil, while their status and functions in the sub-surface layers are less understood, even though it has been established that soil microbes and enzymes impact the SOM transformation across the entire soil profile [29,30]. It was previously noted that the microbial properties and enzymatic activities generally decrease with soil depth [20,21,30] but that they are still substantially high and active in the deep soils, and what is more, occasionally these activities are even higher than in the topsoil [8,31,32]. That is why it is particularly important to determine the variations in the microbial variables with depth, since to limit the research to topsoil not only restricts our knowledge concerning changes in the soil microbial and enzymatic activity but may also limit our insight into the distinctive and possibly important processes of the SOM transformation, as these have a substantial effect on soil ecosystems. Although the principal agent that affects the microbial and enzymatic variables with soil depth is the content of total soil organic C, the concentrations of the labile, easily degradable substrates that are suitable for microbial and enzymatic activity are also important. In general terms, over 50% of the organic C in soils is deposited in the deeper soil layers (below 30 cm), where C cycling is slower compared to the surface soils because the structure and availability of the organic matter as well as variations in the microbial and enzyme properties [33,34]. Moreover, other abiotic factors such as the characteristics of the parent material, including the soil texture (proportion of sand, silt and clay), bulk density, soil pH, air–water conditions, have all been considered to be important factors that can affect the soil microbial biomass content and enzymatic activity [21].



The aim of this study was to assess the reaction of a set of soil microbial, enzymatic and physico-chemical variables to diverse land-use systems and also to the depth in the soil profiles. For the purpose of the study, four Luvisol profiles were compared. They differed in terms of the agricultural soil use and management (arable field—winter wheat, WW; vineyard—grapevine, GV). It was hypothesized that (1) the enzymatic and microbial properties would change depending on the land use/vegetation cover and that although such changes are expected to be most predominant in the upper horizons, the appropriate soil management and the cultivation of a plant species with a contrasting root biomass and structure would also change the studied properties across the soil profiles; (2) the studied properties would be the highest in the surface horizons and are expected to decrease with depth to varying degrees. They would have a different pattern of activity throughout the soil profiles because of the different functions they play in the organic matter transformation, e.g., the presence of the various amounts of available substrates for their reactions; and (3) the enzyme activities in the surface and sub-surface horizons of the soil profiles would be primarily determined by the content of soil C and N (including the microbial biomass C and N), while the enzymatic activity below the surface horizons would also be expected to be affected by other soil properties such as soil pH and soil texture, e.g., the clay and silt content. The hypotheses outlined above were tested based on a determination of the 17 enzymatic properties that characterize the total microbial activity and that are involved in the soil C, N and P cycles as well as other soil variables across four profiles of Luvisols that were excavated from two distinct land uses (an arable field and a vineyard).




2. Materials and Methods


2.1. Research Sites and Soil Sampling


The studied areas were located in the South Baltic Lake District, Cuiavia–Pomerania Province, Krajna Lake District (NW Poland), that have a long history of agricultural use. Four separate profiles were selected and excavated to represent a distinct land-use system and soils were sampled in each genetic horizon to a depth of at least 150 cm (up to the bedrock). Profiles 1 and 2 were excavated in the field with the winter wheat (WW) (Triticum aestivum L.), while profiles 3 and 4 were located in the vineyard sampling area, which was founded in 2012 (Table 1).



Description of the soil profiles is given in Table 2. In the autumn, the WW was fertilized with mineral phosphorus and potassium as Lubofoska (P-12%, K-24%) at doses of 50 kg and 80 kg (pure ingredients), respectively. Nitrogen fertilization (as NH4NO3; N-34% and urea; N-46%) was added at the following rates: 40 kg ha−1 was used before the sowing of WW (together with Lubofoska), 60 kg ha−1 was applied in spring and the last addition (40 kg ha−1) was made during the WW shooting. The vineyard soil was not fertilized. The black mechanical fallow (mechanical weed regulation) was treated between the grapevine rows, while the weeds in the rows (between the plants) were eliminated by hand. The residues of the weeds were left and then incorporated into the soil.



Soil samples were collected according to the individual genetic horizons in the soil profiles. We selected five blocks in each horizon, wherein the dimensions of the blocks were dependent on the horizon thickness. We collected three individual samples from the middle part of each block, which were mixed to make one bulk sample. The five pooled samples (from each block) were analyzed individually for the chosen variables and the average value for the five examined blocks was presented for each horizon. The soil samples that had a mass of 250 g were taken in the field. The soil samples collected from the surface horizons were placed in plastic boxes, which allow for gas exchange, while the samples that were taken from the deeper horizons were placed in sealed containers which generated an atmosphere with a reduced oxygen content.



All of the samples were placed in a portable refrigerator (4 °C) (Dometic CoolFreeze CFX 35 Professional, 32 L, Dometic Group, Solna, Sweeden). Upon arrival at the laboratory, subsamples (250 g) for physical and chemical property analysis were air-dried, ground and sieved through a 2 mm mesh. Subsamples for the determination of microbial biomass and enzymatic activity (250 g) were stored at 4 °C for 2 weeks in order to complete the required analysis.




2.2. Soil Enzyme Assays


The potential activity (i.e., activity which is not limited by the appropriate substrate concentrations) of the 17 different enzymes was measured. One gram of soil was incubated with an appropriate substrate and buffer. After incubation, the reaction was stopped, and the concentration of the released product (in the filtrate or supernatant) was measured using a spectrophotometric assay technique.



2.2.1. Indicators of the Overall Soil Microbiological and Hydrolytic Activity


A method developed by Schinner and von Mersi [35] was adopted in order to assess the dehydrogenase (DHA) activity by monitoring the release of red-colored formazan (INTF) from soil treated with a 0.2% INT solution (2-(4-iodophenyl)-3-(4-nitrophenyl(-5-phenyl-2H-tetrazolium chloride) as a substrate and incubated for 24 h with THAM buffer (1 M, pH 7.0). The general hydrolytic activity of the studied soils was determined by the assessment of the rate of hydrolysis of fluorescein diacetate sodium salt (FDSS) in a phosphate buffer (60 mM, pH 7.6) during a 60 min long incubation period at 37 °C [36]. The reaction was terminated by addition of the mixture of methanol and chloroform (1:2). Finally, the soil reaction mixture was centrifuged, and the concentration of the product was measured at 490 nm.




2.2.2. C- and P-Cycling Hydrolases


The activity of α-glucosidase (αGlu), β-glucosidase (βGlu), cellobiohydrolase (exoCel), β-xylosidase (exoXyl), acid and alkaline phosphatase (AcP, AlP) and phosphodiesterases (PDE) was determined using a method based on p-nitrophenol as the end product released after the incubation of soil samples with 1 mL of an appropriate substrate (25 mM p-nitrophenyl-α-D-glucopyranoside, 25 mM p-nitrophenyl-β-D-glucopyranoside, 1.2 mM p-nitrophenyl-β-D-cellobiopyronoside, 10 mM p-nitrophenyl β-D-xylopyranoside, 15 mM p-nitrophenyl phosphate disodium and 5 mM bisnitrophenyl-p-nitrophenyl phosphate and 4 mL of an appropriate buffer (pH 6.0, 5.5 and 5.0) during 1 h at 37 °C [37,38,39,40]. The activity of endo-cellulase (EC 3.2.1.4), endo-xylanase (EC 3.2.1.8) and invertase (EC 3.2.1.26) was determined based on reducing sugars as the end product [41]. The soil samples were incubated for 24 h at 50 °C (except for invertase—3 h) with the acetate buffer (2 M, pH 5.5) and an appropriate substrate (0.7% carboxymethyl cellulose sodium salt, CMC; 1.2% xylan and 10% sucrose, respectively). The determination of the reducing sugars (glucose, xylose as well as a mixture of glucose and fructose, respectively) was carried out using the Prussian blue method which involves the reduction in ferricyanide ions in alkaline solution followed by the formation of Prussian blue (ferric ferrocyanide). This was measured quantitatively at 690 nm.




2.2.3. N-Transforming Enzymes


In order to determine the urease activity (UR), the soil samples were incubated (2 h, 37 °C) with urea as a substrate and borate buffer (pH 10.0) [42]. The content of released ammonium was extracted using a 1 M KCl solution and determined using a modified Berthelot reaction. A method developed by Kandeler [43] was adopted to assess nitrate reductase activity (NR) by monitoring the release of nitrite (NO2) from soil treated with KNO3 (25 mM) as a substrate (24 h at 25 °C). The reaction was terminated by the addition of 4 M KCl solution, and the reaction mixture was filtered. The concentration of liberated NO2 was determined in the filtrate with a color reagent and ammonium chloride buffer (0.2 M, pH 8.5). The protocol of Ladd and Butler [44] was used to determine the casein-protease activity. Soil samples were incubated (2 h in a water bath at 50 °C) with 2.5 mL of an Na-caseinate solution (2%) and 2.5 mL of Tris buffer (0.2 M, pH 8.0). After incubation, 5 mL of a 10% trichloroacetic acid (TCA) was added to precipitate the remaining casein and the reaction mixture was filtered. In order to assess the content of tyrosine, 0.5 mL of the filtrate was mixed with sodium carbonate (1.4 M) and Folin–Ciocalteu reagent (0.2 M).




2.2.4. Soil Oxidase Activity


The activity of the phenol oxidase (POX, EC 1.10.3.2) was assessed by using 3,4-dihydroxy-L-phenylalanine (L-DOPA) as a substrate according to the method of Bach et al. [45]. The soil samples were mixed with 3 mL of an acetate buffer (pH 5.0) and 2 mL of L-DOPA (10 mM) in centrifuge tubes. The samples were incubated in a shaking water bath (100 rev min−1) 25 °C for 30 min. In order to stop the reaction, the suspensions were centrifuged, and the concentration of the product was measured spectrophotometrically in each sample (at 475 nm). The peroxidase (PER, EC 1.11.1.7) activity was assessed as well as the POX, but 8 replications were carried out. Four replicated were prepared to determine the POX activity (as above) and four were prepared with the addition of H2O2 (0.3%), as the second substrate used to determine the total oxidative activity as was proposed by Sinsabaugh et al. [46].





2.3. Microbial Biomass Carbon, Nitrogen and Phosphorus Assays


In order to assess microbial biomass carbon (MBC), nitrogen (MBN) and phosphorus (MBP), the chloroform fumigation–extraction procedure was used as proposed by Vance et al. [47] and Brookes et al. [48]. The method is based on the difference between the C or N content extracted from the fumigated and non-fumigated soil samples (25 g, 50% WHC) using 0.5 M K2SO4 at a ratio of 5:1. After extraction, the soil suspension was centrifuged at 200 rev min−1 for 30 min and filtered if required. Sub-samples of the supernatants or filtrates from both the fumigated and unfumigated soils were analyzed for the extractable C and total N. To account for the incomplete recovery of microbial C and N content, the microbial biomass values were calculated by dividing the difference between the fumigated and unfumigated samples by a correction factor (=kEN) of 0.45 and 0.54, respectively [49,50]. Both the fumigated and non-fumigated soil samples were subjected to extraction with 0.5 M NaHCO3 (pH 8.5) to evaluate the content of microbial biomass P (MBP). The suspensions were filtered and the P content in the filtrate was assessed colorimetrically as proposed by Olsen and Sommers [51] by using a UV Vis Evolution 220 spectrophotometer (Thermo Scientific, Waltham, MA, USA). The following formula: Pmic = Ep/Kp was used to evaluate the microbial biomass P. In this formula, Ep indicates the increase in extractable P in fumigated soil as compared to the control and Kp is the fraction of MBP which is extracted after fumigation.




2.4. Analysis of Physico-Chemical Properties


The particle size distribution of the soil samples was determined using the Casagrande method (modified by Prószyński). The content of the sand fraction was determined according to the sieving method [52]. In order to determine the gravimetric moisture level, which was essential for performing an enzymatic activity calculation, the moist soil samples were dried at 105 °C until the samples reached a constant weight. The soil samples were placed in a solution of 0.01 M CaCl2 and analyzed for pH by using an S210 Seven Compact™ pH meter (Mettler-Toledo, Greifensee, Switzerland). Total organic carbon (TOC) was analyzed using a Vario Max CNS analyzer (Elementar, Jena, Germany). The content of soil dissolved organic carbon (DOC) was determined using a 0.004 M CaCl2 solution after a 1 h long extraction with a soil sample to extractant ratio of 1/10. The DOC contents of the extract solutions were assessed using a TOCN Multi N/C 3100 analyzer (Analityk, Jena, Germany). The available P content was assessed according to the method of Egner– Riehm and 0.1 M ammonium lactate with pH = 3.7 was used as an extracting solution. After the extraction, P was determined using spectrophotometry after color development with ammonium molybdate and SnCl2 [53]. Soil mineral nitrogen (N-NO3− and N-NH4+) was determined in the field-moist soil samples using 2 M KCl and 1% K2SO4, respectively. The N-NO3− concentration was assessed using the phenol-2,4-disulfonic acid method. Using this method, the nitration of phenol disulfonic acid yields an orange–brown solution, which was measured using spectrophotometric assay technique (435 nm) [54]. The N-NH4+ content was evaluated using the standard indophenol blue method, which is based on the reaction of alkaline phenol and hypochlorite with ammonia to form an indophenol blue complex which is proportional to the content of ammonia in the studied sample [54].




2.5. Assessment of Root Biomass and Structure


After the initial preparation (manual sorting and wet-sieving), the fresh weight of the plant roots, including all roots and not only those of the cultivated plants, were considered. Firstly, the morphological characteristics of the roots systems were assessed. To accomplish this, each root sample was scanned with an Epson expression 10,000 XL root scanner with WinRhizo V3.10 software (Régent Instruments Inc., Québec, QC, Canada). The root length (mm dm−3) was calculated using WinRhizo software. Finally, the roots were dried at 70 °C until a constant weight was obtained.




2.6. Statistical Analyses


Since most of the obtained results did not show a normal distribution according to the Shapiro–Wilk test (e.g., the activity of all enzymes beside the FDAH, urease, microbial biomass C and N, dissolved organic C and N), they were log-transformed in order to reduce their variability. Since the transformation improved the normality of the data, all further analyses were carried out using the corrected data. Two experimental factors were considered. The soil depths (or soil genetic horizons) were the first experimental factor, which were compared along the soil profile (within the same soil use scenario) and a one-way analysis of variance (ANOVA) was performed to determine the effect of this factor on the studied properties. Additionally, a one-way analysis of variance was performed to assess the changes in the studied variables as they are affected by land uses/plant cover, wherein the genetic horizon lying at the same/similar depth in soil profiles with different uses were compared. An analysis of variance was performed based on the mean values for profiles 1 and 2, as well as 3 and 4). A Tukey’s Honest Significant Difference (HSD) test was performed with a 95% confidence interval in order to assess the significance of differences between pairs group means. To estimate the linear correlation between all of the determined properties a Pearson’s correlation coefficient (p < 0.05 significance level) was applied. In order to reduce the dimensionality of a dataset the Principal Component Analysis (PCA) based on the average data set of the measured variables was applied. The first two principal components (PC1 and PC2) were chosen for the ordination of the cases. All of the statistical analyses were performed using Statistica 13.1 for Windows 10 software.





3. Results


3.1. Physico-Chemical Properties across the Soil Profiles


In general terms, the soil depth significantly affected most of the studied properties. They were the highest in the surface layers and decreased to a varying degree down the soil profiles (Table 3, Table 4, Table 5 and Table 6).



The concentration of total organic C and total N (TOC, TN) as well as their dissolved forms (DOC, DNt) were the highest in the Ap horizon and generally deceased with depth, while both the highest and statistically significant differences were mainly noted in the I and II layers (Table 3 and Table 4).



In the deeper layers (III–V) the results were lower and the differences between them were statistically insignificant. The soil pH in CaCl2 ranged from moderately acidic to alkaline (6.37 to 7.09) and was the highest in the deeper horizons, while it was lower and statistically insignificant in all four of the horizons that were located above the deeper layer (Table 5). The clay content ranged from 8.5% to 19.0%, but its vertical distribution had different patterns in the winter wheat (WW) and grapevine (GV) profiles. In the WW profiles, the clay content was the highest in layers III and IV (E2, Bt, EB horizons) and the lowest in the surface layer (Table 5). In the GV profiles the clay content was the highest in layer IV (CK1, Bt horizons), while it was lowest in the surface and sub-surface layers. The silt fraction ranged between 33.1 and 47.5%, and in the WW profiles it was highest in the deepest layers, while it was significantly lower in layers I–IV. In the GV profiles, the silt content was similar and did not differentiate significantly in layers I, II, IV and V, while it was the lowest in the middle layer (III) (Table 5).



No clear trends were observed for in the content of the mineral forms and the available P content throughout the soil profiles (Table 6). In the WW profiles, the content of NO3− and NH4+ decreased significantly with depth, while no clear trends were observed in these variables as they were determined in the GV profiles. The only common observation was the lowest content of these variables in the deepest horizons of both WW and GV profiles.




3.2. Vertical Distributions of the Soil Enzymatic Activities and Microbial Biomass Content


The soil variables decreased significantly with increasing soil depth, wherein the changes were most pronounced between the surface soil horizons (I–II) (Table 7, Table 8 and Table 9, Figure 1, Figure 2 and Figure 3). The degree of the vertical changes in the soil properties with depth differed across land uses and were dependent on the studied variables themselves.



The activity of some enzymes (e.g., the UR activity in the WW profiles) decreased gradually across the soil profiles, while those of the others were located almost solely in the surface layers (e.g., the NR activity in vineyard profiles as well as the INV activity in the WW profiles). Although the αGlu activity did not show any statistically significant changes along the analyzed profiles, a slightly higher activity of this enzyme occurred in the sub-surface horizons (II) than in the upper ones (I) (Table 8). Most of the studied enzyme activities (except for the αGlu activity) declined from the surface layers to the deeper horizons by 84–99.7%. The exception was the activity of exoXyl and the FDAH ratio across the winter wheat profiles (Figure 1d and Figure 2c).



There was a different trend in the POX and PER activities along the studied profiles compared to the other enzymes (Figure 2b,d).



In the winter wheat profiles, these enzymes exhibited the highest activity in the surface horizons, and their activity was significantly higher in the two deepest layers than in the II and III horizons. With regard to the activity of these enzymes along the vineyard profiles, the highest level of the PER activity occurred in the third (III) horizon, while the lowest was found in the surface layers. Although the activity of POX was highest in the upper layers, no clear trends were observed in the sub-surface horizons of the GV profiles. There was a significantly higher level of POX activity in the middle layer (III) compared to the sub-surface layers (II) and both of the deepest layers.



The content of microbial biomass C, N and P was generally the highest in the upper horizons and significantly but gradually decreased with depth (Table 10).



The greatest decrease in the values of this variable was found between the surface and sub-surface horizons (42% for the MBC and MBN content and 31% for the MBP concentration). The TOC/TN ratio ranged between 4.45 and 10.5 and irrespective of the cultivated plant the highest ratio was calculated for the upper layer (I) and the deepest horizon (V) (Table 11). With regards to the MBC/MBN ratio, there were no significant changes in this ratio between the WW and GV profiles in the surface and sub-surface horizons, while in the deeper layers this ratio was found to be significantly higher in the vineyard profiles than in the WW profiles (Table 11).



The contribution of MBC to TOC, which ranged from 0.67 to 4.69, was significantly higher in the vineyard profiles than in the WW profiles, with the exception of the second horizon (II) where the opposite trend was noted. No clear trends were found when the vertical changes of this ratio was evaluated (Table 12). The contribution of MBN to TN ranged between 1.20 and 6.54 and it was significantly higher in the vineyard profiles than in the WW profiles (Table 12).



The only exception, with regard to this ratio, was the lack of any significant difference in the third horizon. The highest values of this ratio were found in the middle horizons of both profiles, while the lowest results were assessed in the deepest horizons.




3.3. The Studied Variable as Affected by the Land-Use System


While the TOC content was significantly higher in the GV profiles compared to the WW profiles in the I and II soil layers, there were no clear changes in this property in the deeper soil horizons (Table 3). Irrespective of the plants being cultivated, the TN concentration was similar in the surface and the two deepest layers of all of the studied profiles, although no clear trend was observed for II and III horizons (Table 3). There was a lack of clear changes for the DOC content, while the DNt content was significantly higher throughout the WW profiles compared to the GV profiles (Table 4). No significant changes were observed in the pH values and silt content as regards the influence of the agricultural soil-use systems. The clay content was significantly higher in the surface horizons across the GV profiles compared to the WW profiles, while the opposite trend was noted for this variable in the sub-surface (II) layer (Table 5). The nitrate N content was significantly higher across the WW profiles compared to the GV profiles, while for ammonium N content, this was true only for the surface layers and the opposite trend was found in the deeper layers (II–V) (Table 6). The agricultural land use had a significant effect on most of the studied enzymes at all of the tested depths/horizons. Most of them (UR, PRO, βGlu, αGlu, INV, AlP, PDE, FDAH, PER, POX, endoXyl, exoXyl) exhibited a higher activity in the vineyard profiles followed by the winter wheat profiles (Table 7, Table 8 and Table 9, Figure 1 and Figure 2). The greatest variability was found for the UR activity, which was determined to be nine times higher in the surface and sub-surface horizons of the vineyard profile (55.5 and 22.6 mg NH4+ kg−1 h−1), compared to the winter wheat profile (5.90 and 2.39 mg N–NH4+ kg−1 h−1) (Table 7). There was no clear differentiation between both of the land uses for the NR, DHA, AcP, endoCel and exoCel activities. Generally, a significantly higher content of microbial biomass as expressed as MBC, MBN and MBP was found across the GV profiles compared to the WW profiles (Table 10).




3.4. Root Biomass and Morphology


The root biomass was found to be significantly higher in all of the horizons of the vineyard profiles as compared to the WW profiles and decreased with an increasing soil depth in the WW profiles. In the GV profiles, the root biomass was the highest in both the surface and sub-surface horizons (22.4 and 24.5 g dm−3), while in the deeper layers of these profiles, the values of the root biomass were markedly lower and there were no clear trends in its variability (Table 13). Irrespective of the plant being cultivated, the length of the roots (the total length of the root system and roots below 0.5 mm) were greatest in the surface horizons (I) of the studied profiles, while there were no clear changes in this variable in the deeper horizons (Table 13). In the WW profiles, the root lengths were similar in layers II, III and IV, while they were found to be significantly lower in the deeper horizon. In turn, in the sub-surface horizons of vineyard profiles there was no clear direction of this property. For the WW profiles, both the length and the surface area were the highest in the case of roots with the diameter of less than 0.5 mm (Figure 3a,c).



These roots made up most of the root system (more than 80% of the total root system length, with the exception of the surface horizon and on average 65% of the total root system surface). The highest contribution of these roots was observed in the two deepest layers, while the lowest was found for the surface horizon. Since almost no roots between 2.5 and 5 mm thick were found, especially in two the deepest layers, the rest of the root systems were roots with a diameter of 0.5–2.5 mm. In contrast to the WW profiles, in the vineyard profiles, both the length and the surface area were the highest for roots with a diameter of 0.5–2.5 mm (Figure 3b,d). They made up most of the root system (between 40% and almost 60% of the total root system length and on average 60% of the total root system surface). The vineyard profile roots of <0.5 mm made up less than 10% of the total root system surface and ranged from 30% (III, IV and V layer) to almost 40% (I and II layer) of the total root system length (Figure 3b,d). In addition, the contribution of the roots between 2.5 and 5 mm thick was also significant as they comprised more than 20% of the total root system surface and between 5 and 12% of the total root system length.




3.5. Relationship between the Studied Properties—Analysis of Correlation and PCA


An analysis of correlation was performed separately for the winter wheat and grapevine profiles (Tables S1 and S2). Additionally, the studied properties were correlated separately for C-rich surface horizons (the TOC content > 4 g kg−1) and for the C-low horizons (the TOC content < 4 g kg−1) (Tables S3 and S4). All of the studied enzyme activities were significantly and positively correlated with TOC, TN, DOC, DNt and microbial biomass content (MBC, MBN, MBP) both in the WW profile and in the GV profiles. Only the PER activity in the GV profiles was correlated significantly but negatively with these properties. Most of the studied enzymes were significantly correlated with the mineral N forms in the WW profiles, while in the GV profiles, the lack of the significant correlations were observed. The clay content in the GV profiles was not significantly correlated with the set of the studied enzyme activities, while no consistent trends were observed in the case of the silt content in these profiles. In turn, the clay content was significantly but negatively correlated with the studied enzyme activities (except for the αGlu activity), while the silt content did not reveal any significant relationship with enzymatic activity. Across the GV profiles only αGlu was significantly correlated with pH in CaCl2, while throughout the WW profiles only four enzymes (end-Cel, UR, AlP) were significantly but negatively correlated with the values of this property. Considering a separate correlation analysis made due to different contents of carbon, it was observed that the studied enzyme activities revealed higher correlation coefficients in the C-rich and lower layers, as well as the lack of a significant correlation in the C-low horizons. The exception was the PER activity, which revealed either a negative or the lack of a significant correlation with C and N forms in both of the considered land uses.



The PCA analysis identified four components which accounted for 86.3% of the total variance, most of which (78.8%) could be explained by PC1 and PC2 (Figure 4a,b).



Most of the studied properties were negatively correlated with PC1, because all of them had high negative loading scores concerning this component which ranged from −0.638 to −0.980 (Figure 4a). This proves that PCA1 explains the very high percentage of variance (e.g., 96% endoXyl). In turn, PCA2 clearly separated the studied variables into three groups. One group of variables explained the high positive correlation (DHA, FDAH, NR), while some of them (POX, aGlu, PER) were more closely but negatively correlated with this component. However, most of the determined variables did not show any significant correlation with PCA2. A PCA analysis showed that PCA1 separated layers (surface and sub-surface) with higher and lower organic matter content. Cases with a higher OM content showed a negative correlation with PCA1, while cases with a lower OM content demonstrated a positive correlation with this component. It was also noted that the increase in correlation coefficients was related to the increase in organic carbon content (Figure 4b). However, PCA2 divided the samples into 2 groups: the samples collected from winter wheat profiles (positive relationship) and the samples taken from profiles located in vineyards (the negative relationship).





4. Discussion


4.1. Land Use and Plant Cover as the Main Factors That Affect the Soil Microbial and Enzymatic Variables


Land use and cultivation, especially in the long-term, is well known to affect enzymatic activity in several ways (1) through direct variations in the soil physico-chemical variables, (2) through changes in the abundance and structure of the microbial communities and (3) through changes in the content and quality of soil organic matter [55,56,57,58]. Most of the studies concerning the effect of agricultural land use and plant cover on the soil microbial and enzymatic activity are focused on the upper soil layers, while fewer authors have assessed the effect of land use and the plants being grown on these variables in the deep soils [8,30,58,59]. In our study, as was expected, there were significant differences in the enzymatic activities and microbial biomass among the compared soil profiles that represented different land uses. The 8-year-long viticulture significantly improved the microbial biomass content and enzymatic activity levels compared to the winter wheat cultivation, while the TOC content was significantly higher in only three horizons of the vineyard profiles (surface, sub-surface and the third layer). Additionally, other physico-chemical properties such as DOC, DNt, pH, clay and silt were quite similar in the compared soil profiles; however, this does not explain the differences observed in the microbial and enzymatic properties. Previous studies have shown that the input of residues that consist of leaves and stems resulted in increases in the overall SOM and nutrient availability. However, it should be pointed out that this positive effect occurred in the first few years of cultivation and that a decrease in these positive effects was observed with prolonged winegrape cultivation [60]. In our study, after 8 years of viticulture, the activities of most of the studied enzymes were significantly higher throughout the GV profiles than across the WW profiles. This was associated with the content of microbial biomass, which was definitely higher in the GV profiles compared to the WW profiles. It is commonly known that soil microorganisms are the main source of enzymes in the soil [61]. In turn, the higher microbial biomass content was probably associated with a higher nutrient status (P content—Table 6) as a result of the previous soil management regime.



A substantially higher activity of POX and PER was observed in the soil samples from GV profiles compared to the soil that had been collected from the WW profiles (1.8–6.4 times in the case of the PER and 3.4–11.9 times for the POX activity). This was probably associated with the accumulation of different phenolic compounds in the grapevine roots which were further secreted into the soil. Weidner et al. [62] found that this might indicate that these compounds play an important role in the adaptation of roots to growth under different stress conditions such as a water deficit or extreme temperatures. The increased activity of some enzymes such as catalase, peroxidase or phenol oxidase in such conditions was considered to be one of the possible plant defense mechanisms [63]. In addition to the POX and PER activity, there was a significantly higher degree in the activity of the C-transforming enzymes in the GV profiles than in the WW profiles. This might have been associated with a high content of grapevine residues such as lignin and cellulose derivatives that are difficult to decompose, which are possible enzyme substrates. It is possible that this resulted in the higher and more stable activity of xylanases, cellulases and β-glucosidase [60].



Although the microbial biomass C and N content was significantly higher in the GV than in the WW surface soil (almost 100%), the opposite trend was observed for the DHA. Such differences might be due to the fact that these variables reflect the various metabolic statuses of the soil microbial communities. DHA activity is only an indicator of a metabolically active microorganism, while the microbial biomass content, which is expressed in terms of MBC, MBN and MBP in this study, includes both the active (proliferating) and inactive (dormant, dead) pool of the microbial population [64].



The lower activity of most of the studied enzymes in the WW profiles as opposed to the GV profiles might be explained by the different farming practices that were used in the two agricultural systems that were compared. The conventional tillage that was used in winter wheat cultivation included the removal of plant residues (straw), the use of agrochemicals (pesticides, fertilizers) as well as various mechanical treatments, e.g., plowing or harrowing, which can cause structural soil damage. All of these management practices accelerate the decomposition of organic carbon and decrease the level of enzyme activities and the content of the microbial biomass. The higher microbial biomass content (expressed in terms of C, N and P) that was observed in GV soils than in the WW soils was not consistent with the literature results [65,66] and reflected the higher supply of labile C and other nutrients, which were provided by litter and crop residues.



Previously, it was observed that the activities of the soil enzymes that participate in the transformation of the main nutrients respond negatively to applied mineral fertilization and are frequently inversely correlated with the available forms of these nutrients in the soil [67]. The patterns of the UR and NR activity that were observed in the WW profiles might be explained by the opposite effects of the NH4NO3 application. NR is an adaptative enzyme and is only induced in the presence of a substrate that has nitrate ions, while in the soil environment, it is inhibited by ammonium ions [68,69]. In fact, in this study, a significantly higher nitrate-N content and NR activity were observed in the WW profiles (mainly in the surface horizon). Additionally, these two variables were positively correlated (with r = 0.493). It is important to mention that no such relationship was observed in the soil that had been collected across the GV profiles, where no N mineral fertilization was applied. Previously, it was found that a high amount of N-ammonium decreases urease activity [70]. This explanation may apply in part to the relationship that was observed between these variables; the UR activity was several times higher in the GV profiles samples than in the WW profiles, while the content of ammonium-N was significantly higher in the WW soil as compared to the GV soil. However, such a relationship was only true for the surface horizon.



Variation in the enzymatic activity between the compared land uses might be related to the different mass of the root system and its architecture. Plant roots either produce enzymatic protein themselves, e.g., acid phosphatase, or they improve the living conditions for microorganisms, which are the main source of enzymes in the soil, in both the surface and in the deeper horizons of the soil profile [71]. The greatest effect on the development of soil microbial and enzymatic properties has been attributed to the number of small roots (usually of the length of Ø < 0.5 mm) due to their high rate of metabolic activity [8]. For example, the annual cropping systems such as cereals have a well-developed bundle root system, which is mainly located in the topsoil horizons. This type of root system is known to secrete the root exudates that stimulate the development and activity of the microbial communities in the rhizosphere [72,73]. This is in agreement with previous studies, in which the highest level of enzymatic activity in the surface soil layers was associated with the density of fine roots, which are believed to play a crucial role in the transformation of SOM and nutrient release by stimulating microbial decomposers and via the enzyme activity [8,74]. As opposed to the bundle, shallow-rooted system, plants that have been cultivated in one place, in the long-term such as grapevine, usually develop multi-branching root systems, that include a woody structure of older roots from which other permanent roots arise and grow in different directions and can then produce many small, fine roots. Such a root system has the potential to penetrate the lower soil horizons thereby substantially affecting the soil microbial and enzymatic properties. Additionally, some authors have suggested that the arbuscular mycorrhizal fungi (AMF), which are associated with grape roots enhance water uptake and the absorption of nutrients such as phosphorus and nitrogen, which are important for improving the nutritional status of the grapevine [75]. The results of our study have indicated that in the 8-year-long period of viticulture, a significantly higher root mass (relative to the WW profiles) might account for the increase in the soil microbial content and certain enzyme activities. Even though the highest impact on the soil microbial and enzymatic variables was previously attributed to the number of small roots (usually with a length of Ø < 0.5 mm), our data did not confirm this. The root system of the WW plants had a significantly longer length of the total root system and a greater number of roots with a length of Ø < 0.5 mm relative to the GV plants; however, this fact was not reflected in the level of the enzymatic activity, which was usually higher in the soil samples that had been taken from the GV profiles.




4.2. Changes in the Soil Properties across the Soil Profiles


As was expected, most of the studied enzymes exhibited the highest level of activity in the surface soil horizons, which gradually decreased with depth. The higher values of the studied enzymatic and microbial properties that were observed in the surface layers (and in some cases in the sub-surface soil) were for the most part attributed to a higher content of TOC and TN as well as their dissolved forms (DOC, DNt) that were found in these layers. In fact, it was previously observed that organic and dissolved C and N forms are among the most important agents that control the enzyme activities across the soil profiles [76]. Such a relationship was confirmed by the high values of the correlation coefficients between the microbial biomass, the activity of the studied enzymes and the content of the C and N forms, wherein the greater values of the correlation coefficients were calculated for the C-rich surface horizons (TOC content > 4 g kg−1) as compared to the C-low horizons (TOC content < 4 g kg−1) (Tables S3 and S4). Since the content of C and N is known to decrease significantly with the depth of a soil profile, the values of the microbial and enzymatic properties are also expected to decrease [77]. The decrease in the microbial and enzymatic properties with depth is also caused by the lower content of nutrients, the spatial separation between the microbial communities and enzymes as well as their substrates, and finally, due to some unfavorable conditions, i.e., inadequate pH and redox state, high bulk density and anaerobic conditions that occur in the deeper horizons compared to the surface soil layers [21,78]. Unlike the rapid turnover of the labile, easy-to-mineralize forms of C in topsoil, the turnover time of organic C in the deep soil horizons is longer because the soil C in these locations tends to be absorbed by clay or other minerals and is more protected from mineralization and stabilized as a C sink [31,33,79]. However, recent research has revealed that, despite the characteristic slow turnover of organic C in deep soils, it remains accessible for decomposition. This occurs even as the stability of C compounds increases further town the soil profile [80]. Similar to our data, other researchers have noted a rather high level in the activity of oxidases in the deep soil horizons compared to the topsoil layers, which might be related to the number of irregular polymers and/or the number of toxic substances, which are both irrespective of the soil organic carbon content [34,81].



Previously, the vertical distribution of soil microbial end enzymatic properties was observed to be closely associated with differences in the abiotic factors such as the air–water conditions, parent material, texture, pH, bulk density, soil porosity, redox potential and, finally, with the nutrient distribution across the soil profiles [82]. The differences that were identified were mainly observed in the deeper soil horizons, which have a significantly lower C content than the surface layers [83]. In this study, however, other soil properties such as the soil texture and soil pH were revealed to have relatively little impact on these properties throughout the studied soil profiles, irrespective of the soil-use system and the role that they play in organic matter transformation. This finding was confirmed by the lack of any significant correlation between enzymatic activity and the other studied properties, in both the C-rich surface horizons (TOC content > 4 g kg−1) and in the C-low horizons (TOC content < 4 g kg−1).





5. Conclusions


The significantly higher microbial content and activity of almost all of the studied enzymes in the vineyards compared to winter wheat cultivation was possibly associated with the ecological approach to viticulture in this case (without the use of mineral fertilization and fungicides). Additionally, the root biomass was significantly higher in all of the horizons of the GV profiles compared to the WW profiles, which probably contributed to the higher values of the soil microbial and enzymatic properties in the GV profiles. In turn, contrary to expectations, we did not find any clear effect of the root system architecture, i.e., the length and surface area, roots with a diameter less than 0.5 mm on the assessed soil properties across the studied profiles.



Most of the studied C, N and P-acquiring enzymes exhibited their highest activity in the surface soil horizons, which then decreased significantly with soil depth, irrespective of the soil-use system. However, the studied enzymes differed in their response to the depth of the soil profiles, and thus some of them exhibited the highest degree of activity in the topsoil, which decreased sharply with depth, starting with the sub-surface layers (i.e., the NR and INV activities in the WW profiles), while others (i.e., the αGlu) showed a similar degree of activity across the soil profiles in both agricultural systems. These differences in the enzymatic activity were possibly associated with the number of available substrates which are necessary for the enzymatic reactions to occur, and this might be explained by the different roles that enzymes play in the SOM transformation.



Contrary to expectations, the microbial biomass content and enzyme activities were primarily determined by the organic C and N content and their availability, not only in the surface and sub-surface horizons, but also in the deeper layers. In turn, other soil properties such as soil texture and soil pH were revealed to have relatively little impact on these properties throughout the studied soil profiles, irrespective of the soil-use system and soil depth.
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Figure 1. Effect of the cultivated plant and soil depth on the endo-cellulase (endoCel) (a), exo-cellulase (exoCel) (b), endo-xylanase (endoXyl) (c) and exo-xylanase (exoXyl) (d) activity. Different small letters indicate significant differences (p < 0.05) between cultivated plants (in the same soil depth/layer). 
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Figure 2. Effect of the cultivated plant and soil depth on dehydrogenases (DHA) (a), peroxidase (PER) (b), of hydrolysis of fluorescein diacetate sodium salt (FDAH) (c) and phenol oxidase (POX) (d) activity. Different small letters indicate significant differences (p < 0.05) between cultivated plants (in the same soil depth/layer). 
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Figure 3. Contribution of different root diameters (mm) in the total length of the root system; winter wheat profiles (a,c) and grapevine profiles (b,d). 
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Figure 4. Principal component analysis derived from the studied soil properties. (a) Plot of the first two principal components (PC) for the measured soil properties. Abbreviations are explained under Table 3, Table 4, Table 5, Table 6, Table 7, Table 8, Table 9, Table 10, Table 11 and Table 12 and Figure 1 and Figure 2; (b) principal component analysis of the variables in the soil horizons in all 4 profiles: WW—winter wheat profiles, GV—grapevine profiles, WWs and GVs—surface horizons (Ap) of WW and GV profiles, GVss—sub-surface (II) horizons of GV profiles, WW and GV—deeper horizons (III–V) of WW and GV profiles. 
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Table 1. Characteristic of the study sites.
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Profile Number

	
Agriculture Land Use

	
Cultivated Plant

	
Age (Years)

	
Location

	
Latitude

	
Longitude






	
1

	
Arable land

(cereals)

	
Winter wheat

	
1

	
* Samostrzel

	
53°8′54.2″ N

	
17°25′54.7″ E




	
2

	
Winter wheat

	
1

	
Samostrzel

	
53°9′1.4″ N

	
17°26′1.1″ E




	
3

	
Vineyard

	
Grapevine

	
8

	
* Śmielin

	
53°8′53.2″ N

	
17°29′14.3″ E




	
4

	
Vineyard

	
Grapevine

	
8

	
Śmielin

	
53°8′50.9″ N

	
17°29′13.0″ E








* mesoregion—Krajna Lake District (NW Poland).













 





Table 2. Description of the soil profiles.
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Profile

	
Horizon

	
Depth

(cm)

	
Texture

	
CaCO3

(%)

	
Bulk Density

(g kg−1)






	
1. Cutanic

Luvisol

	
Ap (I)

	
0–30

	
L

	
0.0

	
1.64




	
E1 (II)

	
30–55

	
SL

	
0.0

	
1.62




	
E2 (III)

	
55–82

	
SL

	
0.0

	
1.72




	
Bt (IV)

	
82–144

	
SiL

	
0.0

	
1.77




	
BC (V)

	
144–150

	
L

	
0.0

	
1.83




	
2. Haplic

Luvisol

(Cutanic)

	
Ap (I)

	
0–32

	
SL

	
0.0

	
1.55




	
E (II)

	
32–46

	
L

	
0.0

	
1.63




	
EB (III)

	
46–58

	
L

	
0.0

	
1.71




	
Bt (IV)

	
58–135

	
L

	
0.0

	
1.73




	
Ck (V)

	
135–150

	
L

	
6.9

	
1.73




	
3. Cutanic

Luvisol

	
A (I)

	
0–19

	
L

	
0.0

	
1.83




	
AB (II)

	
19–34

	
L

	
0.0

	
1.85




	
Bt (III)

	
34–64

	
L

	
0.0

	
1.87




	
Ck1 (IV)

	
64–100

	
L

	
11.2

	
1.90




	
Ck2 (V)

	
100–150

	
L

	
11.7

	
1.85




	
4. Haplic

Luvisol

(Cutanic)

	
A (I)

	
0–27

	
L

	
0.0

	
1.71




	
AE (II)

	
27–41

	
FSL

	
0.0

	
1.78




	
E (III)

	
41–56

	
SL

	
0.0

	
1.78




	
Bt (IV)

	
56–90

	
L

	
0.0

	
1.81




	
C (V)

	
90–150

	
L

	
0.0

	
1.86








SL—sandy loam, FSL—fine sandy loam, SiL—silty loam, L—loam.













 





Table 3. Total organic carbon and total nitrogen as dependent on cultivated plant and soil depth, mean ± SE, n = 5.
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Horizon

	
TOC

	
TN




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine




	
g kg−1






	
I

	
10.1 ± 0.10 A b

	
12.43 ± 0.99 A a

	
1.32 ± 0.02 A a

	
1.35 ± 0.07 A a




	
II

	
2.69 ± 0.17 B b

	
6.11 ± 1.05 B a

	
0.47 ± 0.02 B b

	
0.72 ± 0.13 B a




	
III

	
1.96 ± 0.11 D a

	
1.59 ± 0.13 D b

	
0.38 ± 0.01 B a

	
0.25 ± 0.04 C b




	
IV

	
1.56 ± 0.04 D b

	
2.28 ± 0.12 C a

	
0.35 ± 0.01 B a

	
0.33 ± 0.05 C a




	
V

	
2.09 ± 0.15 C a

	
2.37 ± 0.67 C a

	
0.27 ± 0.02 B a

	
0.24 ± 0.01 C a








TOC—total organic carbon, TN—total nitrogen. Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.













 





Table 4. Dissolved organic carbon and nitrogen as dependent on cultivated plant and soil depth, mean ± SE, n = 5.
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Horizon

	
DOC

	
DNt




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine




	
mg kg−1






	
I

	
97.1 ± 1.0 A a

	
93.3 ± 2.6 A a

	
24.9 ± 1.4 A a

	
17.0 ± 0.3 A b




	
II

	
55.4 ± 1.3 B b

	
67.0 ± 5.8 B a

	
18.0 ± 1.7 B a

	
14.0 ± 1.0 B b




	
III

	
50.3 ± 3.1 B a

	
51.5 ± 5.0 C a

	
14.7 ± 3.1 C a

	
10.8 ± 1.3 C b




	
IV

	
53.7 ± 1.1 B a

	
58.4 ± 2.4 C a

	
14.5 ± 0.8 C a

	
11.7 ± 0.4 C b




	
V

	
39.3 ± 1.6 C b

	
46.8 ± 2.8 D a

	
11.3 ± 0.3 C a

	
9.4 ± 0.8 C b








DOC—dissolved organic carbon, DNt—dissolved nitrogen. Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.













 





Table 5. Some physico-chemical properties as dependent on cultivated plant and soil depth; mean ± SE, n = 5.
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Horizon

	
pH—CaCl2

	
Clay

	
Silt




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine




	

	
%






	
I

	
6.51 ± 0.10 B a

	
6.63 ± 0.10 B a

	
8.5 ± 0.2 C b

	
10.5 ± 0.6 C a

	
35.5 ± 0.8 B a

	
46.6 ± 0.4 A a




	
II

	
6.37 ± 0.15 B a

	
6.53 ± 0.18 B a

	
14.4 ± 2.9 B a

	
9.0 ± 2.5 C b

	
35.6 ± 1.5 B b

	
47.5 ± 0.7 A a




	
III

	
6.49 ± 0.16 B a

	
6.75 ± 0.12 B a

	
16.6 ± 1.0 A a

	
13.0 ± 4.0 B a

	
36.6 ± 1.2 B a

	
33.1 ± 3.3 B a




	
IV

	
6.76 ± 0.26 B a

	
6.84 ± 0.22 B a

	
17.3 ± 0.6 A a

	
19 0 ± 2.3 A a

	
36.9 ± 1.0 B b

	
44.8 ± 1.5 A a




	
V

	
7.09 ± 0.19 A a

	
7.09 ± 0.19 A a

	
13.3 ± 0.8 B a

	
13.3 ± 0.8 B a

	
43.5 ± 0.5 A a

	
43.5 ± 0.5 A a








Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.













 





Table 6. Mineral nitrogen forms and available phosphorus as dependent on cultivated plant and soil depth; mean ± SE, n = 5.
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Horizon

	
N-NO3

	
N-NH4

	
Pavail




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine




	
mg kg−1






	
I

	
23.47 ± 6.12 A a

	
1.24 ± 0.16 B b

	
2.08 ± 0.15 A a

	
0.92 ± 0.3 B b

	
81.9 ± 6.6 A b

	
163.9 ± 9.9 A a




	
II

	
15.15 ± 3.27 B a

	
1.49 ± 0.04 B b

	
0.32 ± 0.07 B b

	
1.31 ± 0.32 A a

	
36.9 ± 0.1 C b

	
159.1 ± 3.3 A a




	
III

	
16.25 ± 3.26 B a

	
0.81 ± 0.02 C b

	
0.14 ± 0.01 C b

	
0.83 ± 0.20 B a

	
39.3 ± 6.5 C b

	
109.1 ± 2.0 B a




	
IV

	
4.67 ± 1.55 C a

	
2.14 ± 0.60 A b

	
0,14 ± 0.01 C b

	
0.70 ± 0.05 B a

	
50.4 ± 4.6 B b

	
76.4 ± 2.1 C a




	
V

	
1.60 ± 0.26 D a

	
0.68 ± 0.24 C b

	
0.14 ± 0.01 C a

	
0.17 ± 0.04 C a

	
14.5 ± 1.0 D a

	
59.4 ± 1.5 D a








N-NO3—nitrate nitrogen, N-NH4—ammonium nitrate, Pavail—available phosphorus. Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.













 





Table 7. The N-transforming soil enzyme activities as dependent on cultivated plant and soil depth; mean ± SE, n = 5.
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Horizon

	
UR

	
NR

	
PRO




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine




	
mg N–NH4+ kg−1 h−1

	
mg N–NO2− kg−1 24 h−1

	
mg TYR kg−1 h−1






	
I

	
5.90 ± 0.69 A b

	
55.5 ± 7.77 A a

	
5.79 ± 0.03 A a

	
1.69 ± 0.08 A b

	
46.0 ± 8.14 A b

	
117.5 ± 16.9 A a




	
II

	
2.39 ± 0.58 C b

	
22.6 ± 2.81 B a

	
0.04 ± 0.00 B b

	
0.66 ± 0.28 B a

	
16.9 ± 3.70 B b

	
50.9 ± 14.7 B a




	
III

	
3.12 ± 0.06 B b

	
6.43 ± 1.50 B a

	
0.02 ± 0.00 B a

	
0.41 ± 0.15 C a

	
18.4 ± 0.26 B b

	
37.3 ± 11.5 C a




	
IV

	
0.42 ± 0.01 D b

	
5.57 ± 0.46 B a

	
0.02 ± 0.00 B a

	
0.03 ± 0.00 D a

	
12.9 ± 0.88 C b

	
19.8 ± 7.13 D a




	
V

	
0.38 ± 0.04 D b

	
2.45 ± 0.39 C a

	
0.02 ± 0.00 B a

	
0.02 ± 0.00 D a

	
4.43 ± 0.23 D b

	
15.3 ± 5.91 D a








UR—urease, NR—nitrate reductase, PRO—proteases. Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.













 





Table 8. The C-cycling soil enzyme activities as dependent on cultivated plant and soil depth; mean ± SE, n = 5.
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Horizon

	
βGlu

	
αGlu

	
INV




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine




	
μM pNP g−1 h−1

	
mg glucose g−1 h−1






	
I

	
1.29 ± 0.13 A b

	
3.09 ± 0.37 A a

	
1.39 ± 0.03 A b

	
2.71 ± 0.04 A a

	
0.36 ± 0.04 A b

	
0.52 ± 0.07 A a




	
II

	
0.13 ± 0.00 B b

	
0.51 ± 0.04 B b

	
1.43 ± 0.01 A b

	
2.91 ± 0.20 A a

	
0.07 ± 0.01 B b

	
0.19 ± 0.02 B a




	
III

	
0.13 ± 0.01 B b

	
0.43 ± 0.01 B a

	
1.45 ± 0.03 A b

	
2.29 ± 0.24 B a

	
0.04 ± 0.00 C b

	
0.07 ± 0.00 C a




	
IV

	
0.08 ± 0.00 C b

	
0.34 ± 0.01 C a

	
1.41 ± 0.03 A b

	
2.43 ± 0.22 B a

	
0.02 ± 0.00 D b

	
0.04 ± 0.00 D a




	
V

	
0.03 ± 0.00 D b

	
0.31 ± 0.02 C a

	
1.42 ± 0.04 A b

	
2.41 ± 0.18 B a

	
0.01 ± 0.00 D b

	
0.02 ± 0.00 E a








βGlu—β-glucosidase, αGlu—α-glucosidase, INV—invertase. Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.













 





Table 9. The P-cycling soil enzyme activities as dependent on cultivated plant and soil depth; mean ± SE, n = 5.






Table 9. The P-cycling soil enzyme activities as dependent on cultivated plant and soil depth; mean ± SE, n = 5.





	
Horizon

	
AcP

	
AlP

	
PDE




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine




	
mM pNP kg−1 h−1






	
I

	
6.33 ± 0.36 A a

	
6.67 ± 1.25 A a

	
1.38 ± 0.12 A b

	
6.85 ± 0.72 A a

	
0.53 ± 0.10 A b

	
2.85 ± 0.32 A a




	
II

	
2.00 ± 0.31 B b

	
2.69 ± 0.49 B a

	
0.49 ± 0.06 B b

	
3.78 ± 0.39 B a

	
0.13 ± 0.03 B b

	
1.22 ± 0.25 B a




	
III

	
2.37 ± 0.14 B a

	
0.88 ± 0.05 C b

	
0.49 ± 0.04 B b

	
1.62 ± 0.10 C a

	
0.15 ± 0.01 B b

	
0.32 ± 0.04 C a




	
IV

	
2.13 ± 0.06 B a

	
0.91 ± 0.03 C b

	
0.42 ± 0.03 B b

	
1.34 ± 0.08 C a

	
0.09 ± 0.00 C b

	
0.18 ± 0.02 D a




	
V

	
0.79 ± 0.02 C a

	
0.78 ± 0.06 C a

	
0.22 ± 0.02 C b

	
0.51 ± 0.03 D a

	
0.04 ± 0.01 D b

	
0.06 ± 0.01 E a








AcP—acid phosphatase, AlP—alkaline phosphatase, PDE—phosphodiesterase. Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.













 





Table 10. Microbial biomass C, N and P as dependent on cultivated plant and soil depth; mean ± SE, n = 5.






Table 10. Microbial biomass C, N and P as dependent on cultivated plant and soil depth; mean ± SE, n = 5.





	
Horizon

	
MBC

	
MBN

	
MBP




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine




	
mg kg−1






	
I

	
114.1 ± 1.0 A b

	
217.1 ± 14.7 A a

	
22.8 ± 0.5 A b

	
44.9 ± 3.3 A a

	
10.6 ± 0.1 A b

	
18.7 ± 1.5 A a




	
II

	
75.0 ± 8.1 B b

	
111.2 ± 5.1 B a

	
15.3 ± 1.5 B b

	
22.3 ± 1.2 B a

	
7.6 ± 0.3 B b

	
12.3 ± 0.2 B a




	
III

	
51.7 ± 6.1 C b

	
70.6 ± 3.1 C a

	
11.8 ± 1.2 B a

	
13.5 ± 1.0 C a

	
5.1 ± 0.5 B a

	
6.1 ± 0.1 C a




	
IV

	
31.1 ± 2.3 D b

	
45.4 ± 3.1 D a

	
6.9 ± 0.4 C b

	
8.3 ± 0.8 D a

	
2.7 ± 0.2 C b

	
4.2 ± 0.1 D a




	
V

	
14.3 ± 2.0 E b

	
30.5 ± 6.6 E a

	
3.1 ± 0.4 C a

	
5.1 ± 0.9 D b

	
2.0 ± 0.1 C a

	
2.9 ± 0.4 D a








MBC—microbial biomass carbon, MBN—microbial biomass nitrogen, MBP—microbial biomass phosphorus. Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.













 





Table 11. The TOC/TN and MBC/MBN ratios as dependent on cultivated plant and soil depth; mean ± SE, n = 5.






Table 11. The TOC/TN and MBC/MBN ratios as dependent on cultivated plant and soil depth; mean ± SE, n = 5.





	
Horizon

	
TOC/TN

	
MBC/MBN




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine






	
I

	
7.63 ± 0.06 A b

	
9.15 ± 0.24 B a

	
4.81 ± 0.08 A a

	
4.85 ± 0.05 B a




	
II

	
5.93 ± 0.65 B b

	
8.49 ± 0.10 C a

	
4.89 ± 0.09 A a

	
5.00 ± 0.10 B a




	
III

	
5.23 ± 0.38 B b

	
6.76 ± 0.61 D a

	
4.36 ± 0.08 A b

	
5.28 ± 0.15 A a




	
IV

	
4.45 ± 0.01 C b

	
8.04 ± 1.58 C a

	
4.49 ± 0.09 A b

	
5.52 ± 0.16 A a




	
V

	
7.98 ± 0.94 A b

	
10.5 ±3.19 A a

	
4.63 ± 0.03 A b

	
5.73 ± 0.28 A a








MBC—microbial biomass carbon, TOC—total organic carbon, MBN—microbial biomass nitrogen, TN—total nitrogen. Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.













 





Table 12. The contribution of microbial biomass C and N in TOC and TN content as dependent on cultivated plant and soil depth; mean ± SE, n = 5.






Table 12. The contribution of microbial biomass C and N in TOC and TN content as dependent on cultivated plant and soil depth; mean ± SE, n = 5.





	
Horizon

	
MBC/TOC

	
MBN/TN




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine






	
I

	
1.13 ± 0.01 C b

	
1.76 ± 0.06 C a

	
1.80 ± 0.03 B b

	
3.32 ± 0.11 B a




	
II

	
2.94 ± 0.48 A a

	
1.93 ± 0.36 C b

	
3.26 ± 0.15 A a

	
3.33 ± 0.66 B a




	
III

	
2.77 ± 0.46 A b

	
4.69 ± 0.59 A a

	
3.10 ± 0.26 A b

	
6.54 ± 1.47 A a




	
IV

	
2.01 ± 0.17 B a

	
2.06 ± 0.25 C a

	
1.98 ± 0.14 B b

	
2.63 ± 0.19 C a




	
V

	
0.67 ± 0.05 D b

	
2.81 ± 0.35 B a

	
1.20 ± 0.22 C b

	
2.08 ± 0.31 D a








MBC—microbial biomass carbon, TOC—total organic carbon, MBN—microbial biomass nitrogen, TN—total nitrogen. Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.













 





Table 13. Root biomass and length in the studied profiles (the average values and selected intervals) dependent on cultivated plant and soil depth.






Table 13. Root biomass and length in the studied profiles (the average values and selected intervals) dependent on cultivated plant and soil depth.





	
Horizon

	
Roots Biomass

	
Root Length

	
Root Length ^ Ø < 0.5 mm




	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine

	
Winter Wheat

	
Grapevine




	
g dm−3

	
mm dm−3






	
I

	
2.72 ± 0.32 A b

	
22.4 ± 4.90 A a

	
2908 ± 251 A a

	
1940 ± 29 A b

	
2220 ± 276 A a

	
730 ± 85 A b




	
II

	
0.52 ± 0.04 B b

	
24.5 ± 6.85 A a

	
1335 ± 233 C a

	
791 ± 104 B b

	
1162 ± 218 C a

	
320 ± 61 B b




	
III

	
0.64 ± 0.07 B b

	
7.72 ± 1.67 B a

	
1579 ± 343 B a

	
432 ± 60 C b

	
1390 ± 327 B a

	
121 ± 27 C b




	
IV

	
0.62 ± 0.18 B b

	
4.99 ± 0.29 C a

	
1263 ± 164 C a

	
290 ±11 E b

	
1154 ± 160 C a

	
72 ± 2 E b




	
V

	
0.22 ± 0.08 Cb

	
6.63 ± 0.52 B a

	
212 ± 91 D b

	
402 ± 6 D a

	
200 ± 87 D a

	
102 ± 3 D b








^ roots diameter. Different capital letters indicate significant differences (p < 0.05) between genetic horizons within the same soil profile, while different small letters indicate significant differences (p < 0.05) between cultivated plants.
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