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Abstract

:

The aim of the study was to determine the effect of sewage sludge and composts produced from sewage sludge and municipal waste on the content of various forms of nitrogen in soil. The field experiment was carried out in 2004–2015. It included three crop rotations of the following plants: potato, spring barley, winter oilseed rape and winter wheat. The experiment consisted of the following treatments: control (without fertilization), NPK, manure (FYM), compost from municipal sewage sludge and straw (CSSS), composted sewage sludge (CSS), dried and granulated sewage sludge (DGSS), “Dano” compost produced from unsorted municipal waste (CUMW) and compost from municipal green waste (CMGW). Manure, composts and sewage sludge were applied once (10 t ha−1 of d.m.) or twice (5 t ha−1 of d.m.) in a crop rotation. It was significantly shown that the highest N-total content was in the soil fertilized with CUMW (compost produced from unsorted municipal waste). The soil fertilized with manure (FYM) contained the highest quantity of N-min. The prevalent pool of nitrogen (82.65–86.52%) consisted of N compounds not undergoing acid hydrolysis, and their smallest share was determined in the soil fertilized with NPK alone.
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1. Introduction


As well as being the major nutrient for all living organisms, nitrogen (N) plays a key role in the regulation of the composition, structure and functions of ecosystems [1,2]. In soil, this element mostly occurs in organic bonds, which differ in decomposability depending on their structure [3]. N-organic content in soil is important to the nutrition of plants and soil fertility as it influences the activity of microorganisms and availability of nutrients [4]. The easily hydrolysable N compounds, composing the so-called active N pool, participate in the rapid cycling of this element in soil [5]. The soil content of N is largely dependent on agrotechnology, mainly fertilization [6,7]. The N-total content of the topmost soil horizon under cultivated farmland ranges from 0.6 to 5 g kg−1, although it can reach as much as 25 g kg−1 in peat soils [8]. The N-total content is one of the parameters describing soil fertility in agricultural ecosystems [9]. The amount of this element in soil depends on several factors, for example soil use [10]. Thus far, numerous studies have been performed by many researchers, all failing to resolve unambiguously the question how agriculture, especially crop plantations, affects changes in the content of organic nitrogen in soils [9,10,11].



There is a constant growth in amounts of municipal, industrial and agricultural waste which could be used to improve the quality of soils or as a source of nutrients for plants. Converting such waste to fertilizers might at least partly reduce the demand for mineral fertilizers, enabling economic and environmental benefits [12,13,14,15]. Being able to recycle organic waste, containing carbon and minerals absorbed by plants which should then be re-directed to plant production, is one of the steps towards global sustainable development [14,16,17]. The amount of sewage sludge produced increases every year [18] and its content of organic matter and nutrients suggests that this waste material could be used for soil fertilization [19]. Sewage sludge may serve as a substrate for accumulating organic matter in soil, although its contribution to the formation of stable C and N fractions has not been thoroughly established. Sewage sludge and composts produced from various substrates added to the soil lead to a higher soil organic matter content and higher microbial activity and are nutrient sources for plants and can partially substitute mineral N [20,21,22,23]. However, excessive fertilization of soil with sewage sludge may result in overaccumulation of some potentially toxic elements, phytotoxicity and a threat to groundwater being polluted with nitrates or dissolved organic matter [24,25]. Nitrogen in organic fertilizers, e.g., in composts from sewage sludge, is mostly present in the organic form, while its mineral forms make up from a few to slightly over 20% of the total nitrogen content [26].



The aim of this study was to determine the effect of sewage sludge and composts made from sewage sludge as well as municipal waste applied once or twice in a crop rotation cycle on the content of different forms of nitrogen in soil.




2. Material and Methods


A field experiment was conducted in Bałcyny (53°35′49″ N 19°51′20″ E) in 2004–2015. It was set up on lessive soil underlain with glacial loam till [27]. The field experiment was carried out in 2004–2015. It included 3 crop rotations of the following plants: potato, spring barley, winter oilseed rape and winter wheat. Before the experiment, the soil content of soil organic carbon (SOC) was 7.63 g kg−1, N-total 640 mg kg−1 while the soil content of available P, K (Egner–Riehm method) and Mg (Schachtschabel method) was 45.10, 132.30 and 48.30 mg kg−1, respectively (28). The soil was slightly acidic in reaction (pH in extract of 1 mol KCl dm−3 was 5.70) and its hydrolytic acidity was 27.70 mmol(+) kg−1.



During the twelve years of the experiment, the soil was enriched with 30 t d.m.∙ha−1 of tested organic materials, that is 10 t d.m.∙ha−1 in each crop rotation cycle. All experimental treatments (except the control) were fertilized with N, P and K in the following amounts—industrial potato: N-150, P-28, K-166; spring barley: N-90, P-26, K-100; winter oilseed rape: N-120, P-42, K-134; winter wheat: N-90; P-26; K-100 kg ha−1. In the years when manure and the other organic materials were applied, depending on their N content, every dose of this element was supplemented to 150 kg N ha−1.



The experiment consisted of the following objects: control—without fertilization (C), NPK; manure (FYM), compost from municipal sewage sludge and straw (CSSS), composed sewage sludge, (CSS), dried and granulated sewage sludge (DGSS), “Dano” compost produced from unsorted municipal waste (CUMW) and compost from municipal green waste (CMGW). Manure, composts and sewage sludge were applied in each crop rotation cycle once before potato cultivating (10 t ha−1 of d.m.) or twice before potato and rape cultivating (5 t ha−1 of d.m.) in a crop rotation.



Main characteristics of the organic materials applied to soil in the experiment as well as doses of C-org. and N-total are given in Table 1. The content of dry matter in organic materials was determined with the oven drying method [28], while that of organic carbon was assayed after roasting a sample in a muffle furnace at 520 °C [29]. Having digested the organic materials in concentrated sulfuric(VI) acid, the content of N-total was determined according to the Kjeldahl method on a KjelFlex K-360 apparatus [30]. Soil pH was determined by potentiometry in solution of 1 mol KCl dm−3 [31], while the content of organic carbon was assayed on a Vario Max Cube CN Elementar analyzer. The tested organic materials applied to fertilize soil differed in content of heavy metals (Table 1). Compared to manure (FYM), compost made from urban green waste (CUGW) contained less copper (Cu) and zinc (Zn) (by 7 and 40%, respectively), and all composts and sewage sludge were less abundant in manganese (Mn). Composts and sewage sludge, however, contained higher amounts of the remaining heavy metals than manure. However, these were not amounts that would pose a risk of soil contamination.



Soil samples from the top horizon (0–20 cm) were collected after the third crop rotation cycle ended, i.e., after the harvest of winter wheat in 2015. Nitrogen fractions were separated sequentially [32], using solutions of 1% K2SO4 (to extract mineral forms of nitrogen) and 0.25 mol H2SO4 dm−3 and 2.5 mol H2SO4 dm−3 (3-h hot hydrolysis to separate organic nitrogen bonds readily and hardly hydrolyzed). This procedure led to the separation of the following forms (fractions) of soil nitrogen:




	
N-NH4—ammonium form of mineral nitrogen, after extraction with 1% K2SO4 determined with the direct Nesslerization method [33];



	
N-NO3—nitrate forms after extraction with 1% K2SO4 determined with the phenol-di-sulfate method [29];



	
N-min.—nitrogen in mineral compounds: N-min. = N-NH4 + N-NO3;



	
N-eh—easily hydrolysable organic nitrogen, after hot hydrolysis in 0.25 mol H2SO4⋅dm−3;



	
N-hh—hardly hydrolysable nitrogen, after hot hydrolysis in 2.5 mol H2SO4·dm−3 and mineralization of the solution;



	
N-nh—non-hydrolysable organic nitrogen, remaining in soil material after extraction with 1% K2SO4 and two-step acid hydrolysis.








Two-step acid hydrolysis and soil mineralization to determine N-total were carried out on a BÜCHI Speed Digester K-439. Mineral forms of nitrogen (N-NH4 and N-NO3) were determined on a Shimadzu UV 1201V spectrophotometer, while the content of N-total and easily and hardly hydrolysable compounds were determined with the Kjeldahl distillation method on a KjelFlex K-360.



The results of all chemical analyses were processed statistically with the help of Statistica 13.3®. The Bonferroni test at the level of α = 0.05 was performed to verify the significance of differences.




3. Results and Discussion


The N-total content in soil before the experiment was 640 mg kg−1. After 12 years of the trials, significantly the lowest N-total content (634 mg N kg−1) was found in control soil (Figure 1 and Table 2). The total content of this element in soil fertilized only with mineral fertilizers was 720 mg N kg−1. The soil enriched with 30 t d.m. ha−1 of waste organic matter had the N-total content higher by 22–32% than that in the control soil and by 8–17% than in the NPK treated soil. Significantly, the highest amount of this form of nitrogen (832 mg N kg−1) was in soil fertilized with CUMW (Figure 1 and Table 3). The smallest increase in the content of N-total occurred in soil fertilized with CMGW (797 mg N kg−1). On average for the entire experiment, the frequency of organic matter application to soil (1 × 10 or 2 × 5 t d.m. ha−1 in a crop rotation cycle) did not have a significant effect on the N-total content. However, a significantly higher N-total content was found in soil fertilized with FYM or CSSS or DGSS when these materials were applied once per crop rotation (1 × 10 t d.m. ha−1) and with CSS and CMGW when these composts were supplied twice per crop rotation cycle (2 × 5 t d.m ha−1).



Fertilization with composts made from biowaste increased the N-total content in soil but had no effect on the net mineralization of N-organic [34,35]). The N-total content in soil tended to increase as the dose of a compost was increased. Long-term studies have demonstrated that mineral fertilization with a dose above 90 kg N ha−1 may result in the accumulation of N-total in soil [11]. On the other hand, Omara et al. [36] maintain that fertilization with cattle manure has a similar effect on the N-total content in soil as mineral fertilization does. According to Mazur and Mazur [37], it is both fertilization and type of soil that affect the soil content of total nitrogen. These researchers claim that long-term fertilization with organic and mineral substances repeated annually contributed to an increase in the soil content of N-total by 27.3% in luvisols and by as much as 48.4% in brown soils.



The content of N-NH4 ranged from 2.60 to 3.34 mg N kg−1 of soil (Figure 2). Significantly less of this form of N was determined in soil fertilized once in a crop rotation with a dose of 10 t d.m. ha−1 CUMW, whereas the maximum (highest percent increase or value) was detected in soil treated with mineral fertilizers (NPK) alone (Table 2). The frequency of fertilizer application (1 × 10 or 2 × 5 t d.m. ha−1) significantly differentiated the content of N-NH4 in soil (Table 3). There was more N-NH4 in the soil fertilized twice in a crop rotation with 5 t d.m. ha−1 of CSS or CUMW each time than in the soil supplied once in a crop rotation with 10 t d.m. ha−1 of these fertilizers. A higher soil content of this nitrogen form was obtained when a dose of 10 t d.m. ha−1 of manure or of the remaining organic materials was applied once in a crop rotation cycle.



The content of N-NO3 varied from 2.22 to 4.12 mg N kg−1 of soil (Figure 2). The content of N-NO3 varied from 2.22 to 4.12 mg N kg−1 of soil (Figure 2). Significantly the lowest content of this nitrogen form was in the soil fertilized twice in a crop rotation with 5 t d.m. ha−1 of CMGW. It was by 29% less than in the control soil and by 21% less than in the soil fertilized with NPK. Whereas the highest amount of this nitrogen form was determined in the soil fertilized twice in a crop rotation with a dose of 5 t d.m. ha−1 of FYM (Table 2). When comparing waste materials used as soil fertilizers (Table 3), it was found that significantly the least N-NO3 (2.28 mg N kg−1) was present in the soil fertilized with CMGW, and the most in the soil fertilized with manure (about 60% more than in the soil fertilized with CMGW). Significantly more of this nitrogen form was detected in the soil fertilized with organic materials applied in a split dose twice in a crop rotation cycle.



The content of N-min. in soil ranged from 4.90 to 6.94 mg N kg−1 (Figure 2). The most mineral nitrogen was found in the soil fertilized with FYM twice during a crop rotation cycle, with 5 t d.m. ha−1 each time (this soil contained by 20% more of mineral nitrogen than the control soil or the soil with exclusive NPK fertilization). The least content of N-min. was detected in the soil fertilized twice in a crop rotation with 5 t d.m. ha−1 CMGW each time, where the amount of this nitrogen form was by 17% lower than in the control soil and by 20% lower than in the NPK fertilized soil (Table 2). Organic materials added to soil had a significant effect on the soil content of mineral nitrogen (Table 3). Significantly, the least N-min. was in the soil fertilized with CMGW (5.05 mg kg−1 on average), while its highest content was in the soil treated with manure (6.66 mg kg−1 on average).



Significantly, the least easily hydrolysable nitrogen was determined in the control soil and in the soil fertilized twice in a crop rotation with 5 t d.m. ha−1 of manure each time: an average 78.9 and 80.4 mg kg−1, respectively (Table 2 and Figure 2). The highest content of this nitrogen form was detected in the soil fertilized once in a crop rotation with 10 t d.m. ha−1 DGSS (106 mg kg−1). Organic substances used to fertilize soil significantly differentiated the content of this form of nitrogen. Significantly the highest amount of easily hydrolysable nitrogen (105 mg kg−1 on average) was found in the soil treated with DGSS. Higher amounts of easily hydrolysable nitrogen were determined in the soil where organic materials were applied once in a crop rotation in a dose of 10 t d.m. ha−1.



Significantly, the lowest content of hardly hydrolysable nitrogen (8.82 mg kg−1) was determined in the soil fertilized twice in a crop rotation with 5 t d.m ha−1 of CMGW each time. This content was twice as low as in the control soil and as much as 3.5-fold lower than in the soil fertilized only with NPK (Figure 2 and Table 2). The highest content of this nitrogen form (36.12 mg kg−1) was in the soil fertilized twice in a crop rotation with 5 t d.m. ha−1 of manure each time. Comparison of the long-term application of waste organic materials on the content of hardly hydrolysable N compounds in soil showed that significantly the highest (31.22 mg kg−1 on average) amounts of this nitrogen form were in the soil fertilized with manure, while the lowest content of such nitrogen (10.15 mg kg−1 on average) accumulated in the soil treated with CMGW (Figure 2 and Table 3). The soil under the other objects fertilized with organic substances contained from 17.50 to 19.95 mg kg−1 of hardly hydrolysable nitrogen.



Significantly, the lowest N bound in non-hydrolysable compounds (533 mg kg−1) was in the control soil (Figure 2 and Table 2). Meanwhile, fertilization of soil with organic waste materials resulted in an increase in the content of N bound in non-hydrolysable compounds by 25.7–35.5% in comparison with the control and by 12.6–21.2% relative to the object fertilized only with NPK. It was demonstrated that most N in non-hydrolysable compounds (712 mg kg−1 on average) was in the soil fertilized with CUMW, whereas the lowest concentration of this nitrogen form was in the soil fertilized with FYM or with CMGW (691 and 689 mg kg−1, respectively)—Figure 2 and Table 3. Significantly more of this N form was in the soil fertilized with organic materials twice in a crop rotation, with a dose of 5 t d.m. ha−1 each time, than in the soil fertilized with 10 t d.m. ha−1 once during a crop rotation.



Mineralization of N-organic is an important indicator that helps to determine the annual amount of sewage sludge which can be used for agricultural purposes [38]. In the research cited above, total mineralization increased at a higher dose of sewage sludge, but net mineralization decreased, most probably due to losses caused by denitrification. Because of the slow release of N from some organic fertilizers, their effect on the growth of plant in the year they are applied is found to be small [12]. Another possible development is the immobilization of N, leading to the enrichment of the nitrogen pool in soil, which consequently enhances the long-term effect of organic fertilizers. The short-term availability of nitrogen from organic fertilizers depends on the content of N-total and N-NH4, the C:N ratio and on the stability of organic substances. Composting diminishes the content of mineral nitrogen and improves the stability of organic substances. In contrast, anaerobic fermentation increased the content of NH4-N and stability of organic matter, while a narrower C:N ratio means that the product of anaerobic fermentation has a high content of N directly available to plants [39]. When organic fertilizers are applied over a long time, the effectiveness of using the nitrogen they contain, expressed as an equivalent of mineral fertilizers, is 40–70% [12]. Excessive organic fertilization can lead to an insufficient amount of nitrogen and the accumulation of phosphorus and/or potassium in soil, which may be hazardous to the environment [40,41]. The content of N-min. in soil tends to increase as the doses of mineral nitrogen fertilizers increase and the risk of nitrogen leaching from soil is higher. Organic fertilization helps to maintain the biogenic balance of soil, improve its physicochemical properties and reduce the soil leaching of N-min. Most N-organic in soil is present in biological forms, mostly polypeptides, amino acids, amino sugars and their residual forms [42]. The main source of nitrogen for plants are organic fractions of N (amino sugars and amino acids) as well as easily hydrolysable NH4–N [4,43,44]. Decomposition of organic nitrogen compounds leads to their mineralization and release of the N forms taken up by plants (NH4+ and NO3−).



Organic fertilizers are a valuable source of nitrogen for plants, and the rate of mineralization of organic nitrogen compounds depends on the type of fertilizer [45]. Organic fertilization greatly improved the content of total, mineral and organic nitrogen in the soil profile [46], e.g., manure and slurry contributed to a rise in the content of N-total and hydrolysable nitrogen in 6 M HCl more than mineral fertilizers did. In the studies by Gonet and Dębska [47], the application of slurry and NPK raised the concentrations of soluble compounds of nitrogen in the topmost layer of soil, whereas their content in the soil’s deeper horizons did not depend on the type of fertilization. Mazur and Mazur [37] demonstrated that an annual application of organic and mineral fertilizers was more effective than exclusive mineral fertilization in inducing an increase in the soil content of hydrolysable nitrogen by 48.4% in luvisols and by 51.3% in brown soils. Combined organic and mineral fertilization leads to a larger increase in the soil content of N-total as well as N-hydrolysable and N-non-hydrolysable than the application of mineral fertilizers alone [48]. The application of fertilizers and organic waste resulted in an increased content of easily hydrolysable nitrogen in comparison to its amount in unfertilized soil [49]. Combined application of mineral fertilizers, clinoptilolite zeolite and compost produced from plant waste raised the soil content of N-total, including N-hydrolysable, N-organic, exchangeable N-NH4 and N-NO3, more than mineral fertilizers did [15]. Rathi et al. [50] showed that fertilization with NPK+FYM raised the soil content of N bound in the following fractions: N-hydrolysable, hydrolysable ammoniacal nitrogen, N-inorganic, N-hexosoamine, N-hydroamine, N-amino-acid, unidentified N-hydrolysable and N-nonhydrolyzable, which in turn raised the soil content of N-total.



Soil tillage treatments cause changes in the content and quality of the active organic fraction of nitrogen and N supply in soil, and these modifications should be taken into consideration when optimizing nitrogen fertilization [51,52]. The content of phytoavailable N fractions largely depended on the land use, whereas the content of the stable N fraction was mainly determined by the type of soil [53].



Organic-mineral bonds on reactive surfaces (silicates, pedogenic oxides and organic substances extracted with alkali) are the major factors that enable the hydrolysis of large amounts of N-organic, including peptides [54]. In soil located in the temperate climate zone, about a third of the applied N is immobilized and retained in organic forms at the end of a plant growing season [4]. A considerable portion of newly immobilized N is unavailable to microorganisms and plants, same as N contained in native soil humus. Stabilization processes, most probably including polymerization of amino compounds and polyphenols, lead to the inclusion of N into humic substances while simultaneously decreasing its availability. According to Cao et al. [55], microorganisms decomposing post-harvest residues use C-org. as a source of energy and need N to build their organisms, which means that N becomes immobilized in biomass. Nitrogen can also be incorporated in soil organic matter through the binding of an NH4+ ion by clay minerals, condensation of NH3 with phenolic rings or quinone rings and through the nitrosation of phenolic groups. Biotic and abiotic immobilization of N largely depends on properties of soil and plant residues. If a large proportion of C-org. appears in labile organic compounds, biotic immobilization of N may play an important role. In turn, a large content of phenolic compounds originating from lignin or other organic substances which are difficult to decompose favor the abiotic immobilization of nitrogen. In soil fertilized with organic waste, some of the non-hydrolysable N compounds accumulated in it can derive from hardly decomposable compounds present in biological waste submitted to anaerobic fermentation [13].



After the harvest of winter wheat, the share of bound N in the determined fractions only slightly depended on the type of fertilization (Figure 3). Nitrogen in the form of mineral compounds represented just 0.63 to 0.91% of the total content of this element in soil. Between 13.18 to 16.93% of nitrogen was bound in (easily + hardly) hydrolysable compounds. The highest percentage of hydrolysable nitrogen was determined in the soil fertilized only with mineral fertilizers, while the smallest share was determined in the soil fertilized with CMGW. The dominant share of nitrogen (82.65–86.52%) consisted of compounds resistant to acid hydrolysis. The least of this form of nitrogen was found in the soil from the NPK variant, while its highest percentage was in the soil enriched with CMGW.



According to Mazur and Mazur [37], the structure of N compounds in soil depends on both the type of applied fertilization and the type of soil. The share of hydrolysable N compounds determined in their experiment was 59.7% in luvisols and 63.3% in brown soils. An increase in the content of organic nitrogen forms and ammoniacal nitrogen depended mainly on the application of organic fertilizers, especially manure [46]. The dominant hydrolysable nitrogen compound was amino acid nitrogen (77%), while amino sugar nitrogen made up only 5.6%. The content of hydrolysable nitrogen and its share in N-total decreased with the depth into the soil profile. As a result of the application of compost, the percentages of non-hydrolysable and amino sugar nitrogen increased, while those of hydrolysable N-NH4 and nitrogen in unidentified compounds decreased [35]. Fertilization with compost, however, did not have any influence on the share of amino acid nitrogen in the total content of nitrogen in soil. The highest concentration and percentage of N-organic was in the clay fraction (CLA), which indicates that this soil fraction deserves special attention as an important pool of N-organic.



The prevalence of biotic or abiotic immobilization of N originating from post-harvest residues depends on the C:N ratio and N availability in soil [55]. Moreover, the availability of nitrogen is also affected by the soil pH. Mechanisms of nitrogen immobilization determine the fate of immobilized nitrogen and are fundamental to the management of nitrogen availability and nitrogen losses through binding nitrogen from a fertilizer with decomposing post-harvest residues. The course and efficiency of mineralization of organic nitrogen compounds are largely shaped by the soil moisture content, temperature, reaction and type, the soil content of organic carbon and the form of the applied nitrogen fertilizer [56]. One of the sources of nitrogen for plants is the organic nitrogen mineralized during the plant growing season [57].



The content of C-org. in soil did not have a significant (p = 0.09) effect on the content of N-min. (Figure 4). However, concentrations of hydrolysable N, non-hydrolysable N and total N were significantly correlated with the content of C-org. (r = 0.35, r = 0.67 and r = 0.67, respectively).



The content of N-min. in soil was negatively correlated (r2 = −0.49; p = 0.003) with pH of soil measured in 1 mol KCl dm−3 (Figure 5). The soil content of N-nonhydrolyzable and N-total increased as the soil pH increased (r = 0.36; p = 0.02 and r = 0.35; p = 0.02, respectively). The soil content of N-hydrolysable only slightly depended on the soil pH (r = −0.10; p = 0.52). The organic substances added to soil in a dose of 30 t ha−1 over a period of 12 years increased the soil content of N-total by 22–23% compared to the control soil and by 8–17% relative to the soil fertilized with mineral substances.




4. Conclusions


The organic substances tested in this experiment: manure (FYM), compost from municipal sewage sludge and straw (CSSS), composted sewage sludge (CSS), dried and granulated sewage sludge (DGSS), “Dano” compost from unsorted municipal waste (CUMW) and compost from green waste (CMGW), applied every two years (5 t ha−1 d.m.) or every four years (10 t ha−1 d.m.) produced different effects on the content of total nitrogen and nitrogen fractions in soil. On average, the highest total nitrogen content was found in the CUMW fertilized soil, and the frequency of applying organic materials to the soil did not affect the content of this element in the soil. It was found that the soil fertilized with manure contained the highest N-min., while the same soil contained the least easily hydrolysable nitrogen in relation to the soil fertilized with the other organic materials (especially twice fertilized in a crop rotation). This finding may indicate that organic compounds contained in manure, which readily underwent mineralization, enriched the soil pool of mineral nitrogen, while the others remained in fractions less easily mineralized. This hypothesis is corroborated by the distinctly highest content of hardly hydrolysable N in soil fertilized with manure every two years. Relatively much of this N form was determined in soil fertilized with NPK, and significantly the lowest content of this N fraction was found in soil fertilized twice in a crop rotation cycle with a dose of 5 t d.m. ha−1 CMGW. This may suggest that organic compounds found in CMGW proved to undergo mineralization more easily and left less nitrogen in soil in the form that was difficult to hydrolyze. Fertilization of soil with waste organic matter yielded a very positive effect such as an increase in the content of N bound in non-hydrolysable compounds (by 25.7–35.3% more than in the control and by 12.6–21.2% more than in the variant fertilized only with NPK). This suggests that soil needs to be enriched with organic materials in order to renew the soil stock of organic matter which undergoes mineralization. The N-min. content in soil corresponded to merely 0.63–0.91% of the total content of this element in soil. The prevalent pool of nitrogen (82.65–86.52%) consisted of N compounds not undergoing acid hydrolysis, and their smallest share was determined in the soil fertilized with NPK alone. In conclusion, incorporation of organic matter in soils used for farming ought to be the responsibility of every farmer.
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Figure 1. Content of N-total in soil—mean ± SE (a—2 × 5 t ha−1, b—1 × 10 t ha−1). 
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Figure 2. Content of bound N in determined fractions: mean ± SE; N-min.—mineral; N-eh.—easily hydrolysable; N-hh.—hardly hydrolysable; N-nh.—non-hydrolysable (a—2 × 5 t ha−1, b—1 × 10 t ha−1). 
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Figure 3. Structure of nitrogen compounds in soil (N-nh.—non-hydrolysable; N-h.—hydrolysable (easily + hardly); N-min.—N-mineral). 
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Figure 4. Content of selected N fractions depending on the soil content of C-org. (n = 42; N-min.—mineral; N-h.—hydrolysable (easily + hardly); N-nh.—non-hydrolysable; N-tot.—total). 
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Figure 5. Content of selected N fractions depending on the soil pH (n = 42; N-min.—N-mineral; N-h.—hydrolysable (easily + hardly); N-nh.—non-hydrolysable; N-tot.—total). 
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Table 1. Content and load of C-org., N-total and N introduced to soil with waste organic materials.
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Element

	
Manure

(FYM)

	
Composted Municipal Sewage Sludge and Straw

(CSSS)

	
Composted Sewage Sludge

(CSS)

	
Dried and Granulated Sewage Sludge

(DGSS)

	
“Dano” Compost Made from Unsorted Municipal Waste (CUMW)

	
Composted Municipal Green Waste

(CMGW)






	
Content (g kg−1)




	
d.m.

	
222.4

	
586.8

	
403.1

	
851.4

	
746.4

	
788.8




	
Content (g kg−1 d.m.)




	
C-org.

	
76.2

	
108.4

	
86.2

	
325.8

	
101.7

	
63.3




	
N-tot.

	
5.80

	
6.28

	
11.77

	
16.02

	
6.94

	
4.50




	
C/N

	
13.1

	
17.2

	
7.3

	
20.3

	
14.6

	
14.1




	
Content (mg kg−1 d.m.)




	
Cu

	
36.8

	
65.5

	
249.0

	
402.0

	
297.0

	
34.1




	
Zn

	
223.0

	
295

	
1360.0

	
980.0

	
831.0

	
133.0




	
Mn

	
334.0

	
210.6

	
300.5

	
228.0

	
273.6

	
326.8




	
Pb

	
5.50

	
24.9

	
20.3

	
15.8

	
178.0

	
29.1




	
Cr

	
10.20

	
15.3

	
33.20

	
56.90

	
53.7

	
19.8




	
Ni

	
6.64

	
17.7

	
36.6

	
28.0

	
35.2

	
15.5




	
Fe

	
3340.0

	
8050

	
11,260

	
15,590

	
16,200

	
5197
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Table 2. Statistically significant differences the N content in the determined fractions (one-way-Anova).
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Object

	
N-NH4

	
N-NO3

	
N-min.

	
N-eh.

	
N-hh.

	
N-nh.

	
N-Total






	
C

	
f *

	
c

	
e

	
g

	
de

	
f

	
d




	
NPK

	
a

	
d

	
d

	
f

	
b

	
e

	
c




	
FYM

	
1 × 10 t ha−1

	
b

	
c

	
c

	
de

	
c

	
c

	
a




	
2 × 5 t ha−1

	
e

	
a

	
a

	
g

	
a

	
d

	
ab




	
CSSS

	
1 × 10 t ha−1

	
cd

	
e

	
e

	
d

	
cd

	
c

	
a




	
2 × 5 t ha−1

	
f

	
f

	
h

	
e

	
e

	
c

	
ab




	
DGSS

	
1 × 10 t ha−1

	
c

	
b

	
b

	
a

	
ef

	
b

	
a




	
2 × 5 t ha−1

	
e

	
c

	
d

	
b

	
d

	
cd

	
a




	
CSS

	
1 × 10 t ha−1

	
e

	
d

	
f

	
c

	
cd

	
d

	
ab




	
2 × 5 t ha−1

	
c

	
b

	
b

	
c

	
f

	
a

	
a




	
CUMW

	
1 × 10 t ha−1

	
g

	
e

	
g

	
d

	
d

	
b

	
a




	
2 × 5 t ha−1

	
e

	
c

	
d

	
d

	
d

	
b

	
a




	
CMGW

	
1 × 10 t ha−1

	
d

	
f

	
g

	
f

	
g

	
g

	
b




	

	
2 × 5 t ha−1

	
ef

	
g

	
i

	
d

	
h

	
c

	
a








*—different letters indicate significant differences at the p < 0.05 level; (N-min.—N-mineral; N-eh.—easily hydrolysable; N-hh. hardly hydrolysable; N-nh.—non-hydrolysable; N-tot.—total).
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Table 3. Statistically significant differences the N content in the determined fractions (two-way-Anova).
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Factor

	
N-NH4

	
N-NO3

	
N-min.

	
N-eh.

	
N-hh.

	
N-nh.

	
N-Total






	
Waste organic materials




	
FYM

	
a *

	
a

	
a

	
d

	
a

	
c

	
c




	
CSSS

	
c

	
e

	
e

	
c

	
b

	
b

	
b




	
DGSS

	
b

	
b

	
b

	
a

	
b

	
b

	
b




	
CSS

	
b

	
c

	
c

	
b

	
b

	
b

	
b




	
CUMW

	
d

	
d

	
d

	
c

	
b

	
a

	
a




	
CMGW

	
c

	
e

	
f

	
c

	
c

	
c

	
d




	
Application frequency




	
1 × 10 t ha−1

	
a

	
b

	
ns

	
a

	
ns

	
b

	
ns




	
2 × 5 t ha−1

	
b

	
a

	
ns

	
b

	
ns

	
a

	
ns




	
Interaction




	
FYM

	
1 × 10 t ha−1

	
d

	
a

	
a

	
h

	
a

	
f

	
f




	
2 × 5 t ha−1

	
a

	
c

	
c

	
f

	
b

	
c

	
bc




	
CSSS

	
1 × 10 t ha−1

	
f

	
f

	
h

	
f

	
e

	
d

	
e




	
2 × 5 t ha−1

	
b

	
e

	
e

	
d

	
c

	
c

	
b




	
DGSS

	
1 × 10 t ha−1

	
d

	
c

	
d

	
b

	
d

	
e

	
c




	
2 × 5 t ha−1

	
b

	
b

	
b

	
a

	
f

	
b

	
a




	
CSS

	
1 × 10 t ha−1

	
b

	
b

	
b

	
c

	
g

	
a

	
a




	
2 × 5 t ha−1

	
de

	
d

	
f

	
c

	
c

	
f

	
d




	
CUMW

	
1 × 10 t ha−1

	
d

	
c

	
d

	
e

	
d

	
b

	
ab




	
2 × 5 t ha−1

	
f

	
e

	
h

	
e

	
c

	
b

	
b




	
CMGW

	
1 × 10 t ha−1

	
e

	
g

	
i

	
d

	
i

	
c

	
c




	
2 × 5 t ha−1

	
c

	
f

	
g

	
g

	
h

	
g

	
g








*—different letters indicate significant differences at the p < 0.05 level; (N-min.—N-mineral; N-eh.—easily hydrolysable; N-hh. hardly hydrolysable; N-nh.—non-hydrolysable; N-tot.—total).
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