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Abstract

:

Contemporary trends in horticulture are aimed at limiting the use of mineral fertilizers to the necessary minimum, which is to guarantee adequate profitability of production while maintaining high-quality fruit and at the same time preventing environmental pollution. Thus, in the presented study, we investigate the effect of diversified nitrogen fertilization on soil mineral nitrogen content during vegetation season, yielding of apple trees and the nutritional status of apple leaves and fruits. We compared several ammonium nitrate treatments as well as growth without fertilization as a control. The results of our study show that under the conditions of humus-rich soils and with appropriate agrotechnics, N mineralization from the organic matter available in the soil may completely cover demand of apple trees for this component. Achieved outcomes clearly revealed that nitrogen fertilization in the amount of 100 kg N · ha−1 on the entire soil surface carries a real risk of groundwater contamination, and the same nitrogen dose applied within the grassland does not bring any production effects, therefore it should be considered as unjustified. Obtained results revealed that in a rationally managed, fully fruiting apple orchard, the annual dose of N should not exceed 50 kg N∙ha−1. This dosage of N should fully secure the nutritional needs of apple trees, guaranteeing their high yield and complete safety for the environment. What is important is, nitrogen fertilization strongly affects macroelemental composition of apple leaves and fruits.
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1. Introduction


In recent decades, conventional horticulture has been consistently heading towards the maximum intensification of production, mainly by ongoing growth of the productivity caused by increasing use of fertilizers, pesticides and water, with a indisputably negative impact on the environment and produce quality [1]. Unfortunately, despite the far-reaching intensification of fruit production methods, the constant changes in the global apple market and the evolution of consumers preferences caused, more and more orchardmen have increasing problems with obtaining satisfactory income. Overproduction of apples induces decline in the profitability of conventional production and increasing problems with its sale. Contemporary consumer requires delivery of apples that are not only visually attractive and with high sensory values but also rich in valuable nutrients and health-promoting substances (vitamins and minerals, phytochemicals, antioxidants, dietary fiber, etc.), produced at the most rational use of natural resources and minimized negative impact on the environment. What is important is, introduction of new technologies of organic apple production, enabling following the needs of consumers, requires perfect knowledge of the functioning of complex agrocenoses, maintaining their high diversity and enabling the obtaining of a high-quality product with strong respect for the natural resources of the planet. These requirements cause an increased interest in the search for alternative methods of preserving and maintaining the natural fertility of the soil, stimulating and/or enhancing natural processes [2,3,4,5].



Proper mineral nutrition is one of the most important agro-technical practices in modern horticulture; it determines the health, resistance, yield, quality of fruit and their storage capacity. Nitrogen (N) is one of the most important (next to carbon, oxygen and hydrogen) minerals necessary for the proper growth, development and yielding of plants [6,7,8,9]. In the plant organism, nitrogen is a key element of nucleotides, energy-carrying molecule, such as ATP and GTP, carriers of electrons and hydrogen cations (NADH, NADPH, FADH2) and acyl residues (coenzyme A). N is also an important element of such important plant compounds in the cell as chlorophyll, cytochromes, cytokinins, porphyrins and a number of vitamins [6,7]. Thus, proper N supply of plants is crucial for proper cell division, synthesis of cell walls, and cytoskeleton and in results, growth of young tissues [10]. N also has a huge impact on the processes of assimilation and distribution of all macro- and microelements necessary for plant growth and yielding [6,7,8,9,10,11,12]. Additionally, important secondary plant metabolites, such as alkaloids or glycosides, also contain a large amount of N. Nitrogen also enhances the metabolic processes that influence the physicochemical environment at the soil–root interface. Moreover, this nutrition element is therefore an essential part of almost all changes taking place in plant organisms, as most of the N in the plant is involved in the construction of the photosynthetic apparatus. Thus, the high N content in the leaves has a positive effect on photosynthesis, which is related to the high share of this element in enzymes involved in photosynthesis, photosynthetic pigments and its direct impact on the size, number and composition of chloroplasts. N deficiency causes inhibition of protein and chlorophyll synthesis, leading to the formation of low-yield chloroplasts, which causes chronic plant malnutrition and a drastic decrease in yields, as well as a marked increase in susceptibility to various pathogens. For these reasons, N is the element required by plants in the greatest amount. The availability of N is one of the most important factors limiting the growth and development of plants and thus their yield and quality of the obtained crops [7,8,9,10,11,12].



On the other hand, due to its high costs, proper N fertilization is also one of the largest financial burdens in plant production. The use of excessive doses of N that has not been taken up by plants or stabilized in the root zone causes obvious financial losses, negative changes in the soil structure (by stimulating acidification, disturbing the ionic balance between individual macro- and microelements, limiting microbiological activity, introducing harmful substances/elements and induction of salinity) and environmental pollution. N leached from the soil by precipitation reduces the quality of groundwater and surface waters, and denitrified leads to atmospheric pollution [13,14,15,16,17,18,19]. Additionally, several studies clearly revealed that the use of synthetic nitrogen fertilizers reduces soil organic matter (SOM) by increasing mineralization [20,21], with important negative effects on soil fertility. Thus, the key to effective N fertilization and reduction of environmental pollution is to establish the relationship between the abundance of this component in the soil, the degree of plant nutrition, and the needs of fertilization.



What is important is, contemporary views on nitrogen fertilization of apple orchards and its impact on fruiting are not consistent. Most of the field experiments concerning N fertilization of apple trees in conditions of high soil fertility prove the lack of any significant effects of this type of treatment [22,23,24]; additionally, the doses, dates and methods of introducing N fertilizers to the soil are also widely discussed. Contemporary trends in horticulture are aimed at limiting the use of mineral fertilizers to the necessary minimum, which is to guarantee adequate profitability of production while maintaining high-quality fruits and at the same time preventing environmental pollution. In this situation, it is necessary to develop a rational method of N fertilization of apple orchards, allowing minimization of the use of fertilizers (reduction of costs) and reduction of the risk of contamination of the soil with an excess of nitrates, while achieving optimal tree growth, yield and fruits quality. Regarding these facts, a number of research is being carried out on sustainable N fertilization, which requires a detailed understanding of the mechanisms shaping the natural abundance of this component in the soil.



Facing the above presented contemporary challenges of fruit farming and necessity of balanced N fertilization, the current paper presents a comprehensive analysis of the effect of multi-year, differentiated N fertilization of apple trees on their yielding, nutritional status of apple trees and soil nitrogen content, with particular emphasis on the natural abundance of this component in the soil.




2. Materials and Methods


The experiment was conducted in years 2010–2013 in the experimental orchard of the Warsaw University of Life Sciences, Wilanów, Poland (52°9′036.1″ N, 21°5′058.2″ E). The plant material consisted of apple Malus × domestica Borkh. Variety ‘Jonagored’ grafted onto M9. T339 rootstock. Trees were planted in 2000 in 3.5 × 1.5 m plots on brown sludge made of clay dust, deposited on sandy loam. This soil is characterized by a high content of humus (2.5–3%) and very good physicochemical properties. Planted trees were grown in a spindle-bush system. The soil management system in the orchard included turf grass in the alleyways mowed several times during the season, and a 1 m wide herbicide strip within tree rows sprayed with glyphosate using a commercially available Roundup 360 SL formulation at a dose of 4 L·ha−1. The herbicide was used at the beginning of June and after fruit harvesting at the beginning of October in each year of the experiment.



The weather conditions during the course of the trial are presented in Figure 1 and Figure 2.



Data were collected during the experiment using the Davis Vantage Pro 7 field weather station (Davis Instruments, Hayward, CA, USA) installed in the experimental orchard. The experiment was set up using a split-block design: single test plot included six trees and covered an area of 31.5 m2 (7 × 4.5 m).



Different N fertilization treatments were applied to all plots of the experiment. The following ammonium nitrate (containing 33.5% of N) applications, previously described by Wrona [24] were compared to the control without N fertilization (N-0): (1) 50 kg N·ha−1 applied to the entire surface of the plot (N-50); (2) 100 kg N·ha−1 applied to the entire surface of the plot (N-100); (3) 100 kg N·ha−1 applied to the turf grass in the alleyways (N-100G). Each combination was replicated five times on the plots, each consisting of six trees. N fertilization was applied annually, once in the vegetation season, in early spring approximately two weeks before the expected beginning of flowering of apple trees (usually mid-April).



The same practices of pruning and disease and pest control were applied in all plots in accordance with the standards of integrated pest management.



2.1. Soil Nitrogen Content


To determine the content of available forms of mineral N, soil samples were collected in 2011 and 2012. Samples were collected separately from the herbicide strips and grass alleyways from three depths: 0–30 cm, 30–60 cm and 60–90 cm, three times during each vegetation season:




	(1)

	
Before applying nitrogen fertilizer (April);




	(2)

	
Five weeks after applying nitrogen fertilizer (May);




	(3)

	
Nine weeks after applying nitrogen fertilizer (June).









Immediately after collection, the samples were frozen and then the content of available N-NH4 and N-NO3 was determined right after thawing, in moist soil. Measurements of the concentration of nitrate and ammonium ions in the soil extract were conducted using 1% potassium sulphate solution and the San Plus System flow auto-analyzer (Skalar Analytical B.V., Breda, The Netherlands), according to manufacturer protocols.




2.2. Yielding of the Apple Trees


The fruits were harvested in the phase of harvesting maturity, determined using the induced ethylene method. The fruits were collected from each plot separately, then the average yield was calculated for a given combination of nitrogen fertilization, expressed in kg · tree−1.




2.3. Nutritional Status of Leaves and Fruits


To assess the nutritional status of the trees, 100 leaves were randomly collected each year from each plot of trees in the phase of phenological development corresponding to BBCH-91 (usually end of July). Healthy, fully developed leaves were collected from the middle part of the one-year-old shoots, dried at 70 °C for 24 h in paper bags, than grounded and weighed out to make 1 g samples. The nitrogen content in obtained samples was measured using the Kjeldahl method [25].



The measure of content of P, K, Mg, and Ca in leaves was done, as dried samples were burnt in the muffle furnace (Czylok, Jastrzębie Zdrój, Poland) at 550 °C, digested in a 0.5 M solution of HCl and analyzed using the ICP-AES method with a Thermo Scientific iCAP 6500 Duo spectrometer (Thermo Fischer Scientific, Waltham, MA, USA), according to manufacturer protocols.



To determine the content of minerals (N, P, K, Mg, and Ca) in the flesh of the apples, 30 randomly selected fruits from each plot were collected from which a fragment of the fruit flesh without the peel and seed socket was collected and dried. The next steps were the same as for assessing the concentration of macroelements in the leaves. These measurements allowed for calculating the leaf and fruit saturation with minerals, which is presented in % of dry mass (% d.m.).




2.4. Statistical Analysis


Performed Shapiro–Wilk and Levene’s tests revealed normality of the distribution of all obtained data and homogeneity of their variances, thus further statistical analysis was conducted using analysis of variance (ANOVA) tests. Separation of the mean values was carried out with the Newman–Keuls multiple range test at a significance level of p < 0.05. All analysis was performed using the Statistica 13 software package (StatSoft, Cracow, Poland).





3. Results


3.1. Mineral Nitrogen Content in the Soil


The statistical data analysis of obtained results clearly showed that mineral N content in soil depended significantly on all basic factors used in the experiment (year, sampling place and time, nitrogen fertilization and soil layers) and sometimes on a combination of these factors (Table 1 and Table 2). Indisputably, fertilization with different doses of ammonium nitrate significantly influenced the content of available N forms in all layers of soil. What is important, N content in soil increased with the applied dose of fertilizer, achieving higher content in the combination in which 100 kg N · ha−1 was applied to the entire soil surface. Moreover, content of N in soil was strongly affected by year of the study, however this effect was significant only in the two highest soil layers (Table 1).



The soil under herbicide strips was characterized by a higher content of mineral forms of N than the soil under the grass alleyways, and importantly, significant differences in the content of mineral N between the grass alleyways and the herbicide strips were detected in almost all soil layers, except the upper layer, where these differences were not significant (Table 1 and Table 2).



What is important is, content of available forms of N (also in control, non-fertilized plots) in the soil increased significantly from April to June in all soil layers (Table 1).




3.2. Leaf Nutrient Status


Obtained data clearly revealed that the N content in apple leaves was significantly dependent on the N fertilization and year of the study (Table 3).



In all years of the experiment, the significant lowest N content was recorded in the leaves of apple trees growing on non-fertilized plots, compared to trees fertilized with this macroelement, however N dose did not differentiate significantly the content of N in the leaves (Table 3). On the other hand, the N content in the leaves of apple trees growing on the plots where N fertilization was applied at doses of 50 kg ha−1 and 100 kg N · ha−1 on the entire soil surface was characterized by significant between-year variation: a substantially higher N content in leaves was found in 2011 when compared to 2010 (Table 3). Such a relationship was not observed within apple trees growing on non-fertilized plots and plots fertilized with the use of the higher N dose applied only on the grass alleyways (Table 3).



Interestingly, the phosphorus (P) content in apple leaves was significantly dependent only on the applied nitrogen dose (Table 3). Significantly higher P content was detected in the leaves of apple trees from the control plots in comparison to the other combinations of nitrogen fertilization (Table 3). What is important is, N dose did not differentiate significantly the P content in the leaves (Table 3). Additionally, no significant differences in P content were noted between particular years of experiments (Table 3).



In obtained data, potassium (K) content in apple leaves was significantly dependent both on the year of the study and the N fertilization (Table 3). In all analyzed years, the leaves of apple trees growing on non-fertilized (control) plots were characterized by a significantly higher K content than in the plots fertilized with various N doses (Table 3). However, the amount of applied N did not significantly affect the K content in the leaves, except the combination in which 100 N kg ha−1 was applied only on grass alleyways in 2010, where the K content in the leaves was statistically indistinguishable from the other fertilized plots (Table 3).



Similarly, magnesium (Mg) content in apple leaves was also significantly dependent both on N fertilization and the year of the study (Table 3). Regardless of the year of the experiment, a significantly higher Mg content was found in the leaves of apple trees growing in plots where N fertilization was applied, compared to trees growing in control (non-fertilized) plots (Table 3). What is important is, applied N dose did not differentiate significantly the Mg content in the leaves (Table 3). Additionally, in all plots (including control, non-fertilized plots), significant differences in the Mg content in apple trees within individual years were detected: the apple leaves in 2011 were characterized by a significantly higher magnesium content compared to 2010 (Table 3), while the Mg content in leaves in 2012 did not differ statistically from the Mg content in the other years (Table 3).



Calcium (Ca) content in apple leaves was not significantly dependent on nitrogen fertilization and year of the experiment (Table 3).




3.3. Yielding of Apple Trees


In all analyzed seasons, obtained yield did not differ significantly depending on the N fertilization (Table 4), however achieved results clearly proved that the apple yield was significantly dependent on the year of the study (Table 4).



In the case of non-fertilized plots and plots fertilized with the dose of 50 kg N ha−1, apple trees yielded significantly higher in 2012 compared to 2010, while the yield obtained in 2011 did not differ significantly from the one revealed in other analyzed years (Table 4). Trees growing in plots fertilized with dose of 100 kg N ha−1 applied, both to the entire soil surface and only within the grass alleyways, a significantly higher yield in 2012 compared to previous years (2010 and 2011) (Table 4).




3.4. Fruit Nutrient Status


Obtained results clearly revealed that N content in the fruit was significantly affected only by N fertilization (Table 5).



In 2010, the N content in apple fruits from plots fertilized by 100 kg N ha−1 to the entire soil surface, was significantly higher than in fruits from control plots (non-fertilized) and plots fertilized with 100 kg N · ha−1 applied on grass alleyways (Table 5). Moreover, the N content in apples from plots where ammonium nitrate was applied at a dose of 50 kg N · ha−1 was significantly higher than in fruits from control plots (Table 5). In 2011 and 2012, apple fruits from the plots, where N fertilization had been applied were characterized by a significantly higher N content, compared to the control plots, except for the plots fertilized with 100 kg N · ha−1, which was statistically indistinguishable from other plots (Table 5). No significant differences in nitrogen content in apple fruits were noted between particular years of experiments (Table 5).



Interestingly, content of P in the fruits depended both on the N fertilization and the year of the study (Table 5). Comparing the content of this macroelements in fruits in particular years of the experiment, it was established that apple fruits from non-fertilized (control) plots, in 2010 and 2012 had a significantly higher content of P, compared to 2011 (Table 5). Moreover, apple fruits from the plots, where N was applied at a dose of 100 kg · ha−1 (both to the entire soil surface and only on grass alleyways) had a significantly higher content of P in fruits in 2010 compared to 2011 (Table 5). In the plots, where N was applied at the dose of 50 kg · ha−1, no significant differences in the P content in fruits within particular years of the study were observed (Table 5). What is important, significant differentiation in content of P in apple fruits was recorded only in 2012, when apples from control, non-fertilized plots were characterized by a significantly higher content of P compared to the fruits from plots, where nitrogen was applied in the dose of 100 kg · ha−1 to the entire soil surface (Table 5).



What is important is, also K content in the apple fruits depended both on the nitrogen fertilization and year of the experiment (Table 5). In all years of the study, as the N dose was increased, the K content in apples decreased, however significant differentiation of the K content in fruits in relation to N fertilization was revealed only in 2012, when fruits from apple trees growing on non-fertilized (control) plots were characterized by a significantly higher content of K, compared to the fruits from apple trees growing on the plots where N was applied at the dose of 100 kg · ha−1 (both on entire soil surface, and on grass alleyways) (Table 5). Interestingly, significant differences in the K content in apple fruits between particular years of the experiment were detected only within the plots where 50 kg N ha−1 was applied, where apples were characterized by a significantly higher K content in 2012 compared to 2010 (Table 5).



Mg and Ca content in apple fruits was not dependent significantly on N fertilization and the year of the experiment (Table 5).





4. Discussion


In the face of fast advancing climate change, plant production is necessary to guarantee that the N management system maintains a suitable soil structure and characteristics, while also providing the right quantity and quality of production, with minimal negative impact on the environment. Establishing numerous relationships between the natural abundance of N in the soil, the level of plant nutrition and their fertilization requirements, its impact on the soil environment, the chemical composition of plants, as well as quantitative and qualitative yield parameters is crucial to meet these requirements. Regarding these facts, the issue of N fertilization of orchards has been one of the widely discussed problems in modern fruit production for the last few years. The legitimacy of using N fertilizers is discussed, depending on the local climatic and soil conditions as well as possible doses, methods and dates of nitrogen fertilization. The results obtained in this study showed an ambiguous but significant effect of the applied doses of N fertilization on soil properties, the content of minerals in apple leaves and fruits. It should also be emphasized that in the case of many analyzed variables, the weather conditions prevailing in a given year had a stronger influence on them than the applied N doses.



What is important is fertilization with different doses of ammonium nitrate significantly influenced the content of available N in the soil. Its content increased with the applied dose of fertilizer, achieving significantly higher content in the combination in which 100 kg N · ha−1 was applied to the entire soil surface, which is consistent with the results previously obtained by Wrona [24]. Most likely, under the conditions of the soil rich in organic matter, the dose of 50 kg N ha−1 turned out to be too small to significantly affect the content of available N forms in the soil, while the application of 100 kg N ha−1 within grass alleyways created favorable conditions for the development of vegetation, which absorbed a large part of the available N, preventing a significant increase in nitrogen content in the soil. The soil under herbicide strips fertilized with N was characterized by a higher content of available forms of N than the soil under the grass alleyways. What is important is, significant differences in the content of available forms of mineral N between the grass alleyways and the herbicide strips were visible at all identified depths, which is consistent with the results obtained by other authors [26,27], suggesting the migration of N compounds into the soil profile under herbicide fallow. Thus, it was confirmed that excessive N fertilization of apple orchards with N in relation to the soil content (in the presented experiment, the dose of 100 kg N · ha−1 for the entire soil surface should be considered as such) carries a real risk of groundwater contamination. Moreover, very interesting are data concerning occurrence of N from natural sources in the soil (in control plots). Obtained results clearly showed that the estimated content of mineral N originating from natural soil processes varies significantly depending on the weather conditions prevailing in a given year and month (in the presented studies it ranged from 51 to over 150 kg N · ha−1 per month), however, taking into account the slight fertilization needs of apple trees, it can be considered as completely sufficient or even exceeding the apple’s demand for this element, necessary to maintain high yield and proper condition of trees. What is important is, content of mineral forms of N in the soil from control (not fertilized) plots is the result of the processes of mineralization and immobilization occurring in soil, as well as oxidation and reduction, which are significantly influenced by the entire set of factors. The natural abundance of organic matter in the soil plays a key role here. It is assumed that the mineralization of 1% of organic matter in the soil, depending on the humidity conditions in a given growing season, can provide 30 to 60 kg N ∙ ha−1 annually [28]. High temperature and humidity had a positive effect on the activity of soil micro-organisms, which in the mineralization process released large amount of available forms of mineral N, causing strong between-year variability of N resulting from natural processes in soil. However, these processes are completely different within grass alleyways and herbicide strips. Content of available N forms within the turf in the soil not fertilized with N may also result from the fact that the vegetation of the turf, by binding nutrients, including N, stabilizes their content in the soil. Within herbicide strips, the only factor that can stabilize the N content is the activity of soil micro-organisms involved in denitrification processes and the absorption of N by the roots of trees and turf plants, which makes the variability of N content in the soil under herbicide strips much greater than in the soil under the grassland. Moreover, a significant amount of organic residues from mown grass alleyways is deposited on the herbicide strips, rapidly mineralizing the pool of assimilable N compounds available to plants, which, according to various sources, amounts to 10 to 98 kg N ∙ ha−1 per year [29,30]. All these factors mean that the soil under herbicide fallow is usually characterized by a higher content of available forms of N than the soil under the grassland [29,31]. Thus, even in the soil not fertilized with N and relatively rich in organic matter (in the presented experiment, brown sludge with a humus content of 2.5–3% in the upper layer), there may be a clear tendency to increase the abundance of soil under herbicide strips with N, which was found in presented experiment. Thus, with their relatively low nitrogen demand, apple trees are not able to absorb all the forms of this nutrient available in the soil, which results in its leaching into the deeper layers of the soil. Moreover, in conditions of high N content in soil, the supply of this nutrient may be higher than the demand, which may explain the lack of any increase in apple yield in response to increased N fertilization, observed in the presented study and described in a number of papers [23,32]. What is important, excessive supply of this nutrient component in the soil caused a significant decrease in fruit quality, increased the susceptibility of trees to pathogens and intensified the leaching of N from the soil [23,28,33,34]. The significance of this phenomenon and the precise identification of the possible threats to ecosystems requires further, detailed analysis. The most rational method of reducing this phenomenon would be to use green mulch in the rows of trees to trap the nitrogen released in situ and prevent it from penetrating into the groundwater. In addition to fixing nitrogen and carbon and drastically reducing the use of herbicides, such a soil maintenance system protects the soil much better against erosion [35,36]. The appropriate selection of cover plants can significantly improve the biological activity of the soil, its structure, pH and nutrient content [36]. At the moment, the competition of green mulch plants with trees for water and nutrients remains an unresolved issue, which results in significant reductions in yield [35,36,37]. The natural processes of mineralization of organic matter and the release of atmospheric N by soil micro-organisms also take place within the turf, of course, but they are stabilized by the immediate absorption of nitrogen by plants, which can be seen in the significant variation in the content of available N forms in individual soil layers. In both, 2011 and 2012, most of the N compounds available to plants within the grass alleyways were accumulated in the upper soil layers. Thus, it was confirmed that the turf prevents N leaching into the deeper layer of the soil and reduces the risk of their penetration into groundwater. Some authors (e.g., Fallahi et al. [38]) suggest that in the case of soils poor in organic matter (0.5%), apple trees should be fertilized with very high N doses, reaching 250 kg · ha−1. TerAvest et al. [39] also stated that the use of such high doses of N may be justified in the case of soils poor in organic matter and nutrients. In the presented research, we confirmed that in case of soils rich in humus, with appropriate agrotechnics, N mineralization from soil organic matter can fully satisfy the fertilization needs of apple trees, which was previously pointed out by Wrona and Sadowski [29,40] and Wrona [23,24]. This clearly shows that possible N fertilization of apple orchards should be strictly adapted to local climatic and soil conditions. In our perspective, in a rationally managed, fully fruiting dwarf apple orchard the annual dose of N should not exceed 50 kg N · ha−1. With this amount of N, apple trees should have all the nourishment they need to produce a satisfactory yield, while simultaneously keeping the environment safe.



Despite the above described impact on the soil environment, the different doses of N fertilization used in the presented experiment, also strongly affected nutrient status of apple leaves and fruits. Leaf content analysis is a commonly used diagnostic method enabling the approximate evaluation of the status of mineral nutrition of fruit trees. According to Marcelle [41], the assessment of the macro- and microelements composition of leaves and fruits is useful in determining nutritional status of plant trees and quality of obtained fruits.



In the presented studies, the N content in apple leaves was significantly dependent on nitrogen fertilization and the year of the study: it was significantly higher in all plots where N fertilization was applied in comparison to non-fertilized, control plots. What is important is, the amount of applied N did not significantly differentiate the content of this element in the leaves, which is consistent with the earlier observations of Fallahi et al. [42] and Pacholak et al. [43]). According to the literature data, N fertilization usually increases the N content in apple leaves [4,43,44,45], nevertheless Ernani et al. [46] and Thalheimer and Paoli [27] did not find any significant effect of N fertilization on the content of this macroelement in leaves. However, what is important is, except fertilization, several other factors (rootstock and climatic conditions, mainly the lack of precipitation and high temperatures) can strongly affect the mineral content of the leaves [42,43,47]. According to Pacholak et al. [43], water shortage reduces the content of N, K and P in the leaves, and increases the content of Mg, which may result from a greater share in the nutrition of root trees located in the deeper layers of the soil, poorer in nutrients [47]. Thus, it cannot be excluded that the significantly higher N content in the leaves detected in all fertilized plots is an effect of exceptionally supportive weather conditions (intense rainfall) prevailing this vegetation season. What is crucial, N fertilization, apart from clearly increasing the nitrogen content in leaves, may also cause changes in the content of other minerals: synergism, antagonism or lack of interactions between different nutrition elements were widely described in the literature; for details, see e.g., [48]. According to Meheriuk et al. [49], in leaves in apple trees an increase of the nitrogen level simultaneously decreased the content of potassium, and in some studies, it also increased the content of manganese and magnesium [42,47,50]. Pacholak et al. [43] found that the increase in nitrogen levels in leaves caused by intensive nitrogen fertilization was accompanied by a significant decrease in phosphorus content. Importantly, under conditions of strong vegetative growth, a decrease in the content of N and other elements is often observed in the leaves of trees, referred to as “growth dilution” [51,52,53,54], which makes the obtained results unreliable. Indisputably, N fertilization, regardless of the applied dose, has a positive effect on the content of this component in the leaves, while the increase in the nitrogen dose causes an increase in the nitrogen level in the leaves only up to a certain level, above which the increase in fertilization is no longer accompanied by an increase in the content of this component in the leaves [23,29,50].



The content of Mg in apple leaves, as in the case of nitrogen, was also dependent on nitrogen fertilization and the year of research. Content of this macroelement in apple leaves was significantly higher in all plots where nitrogen was applied, compared to control plots. What is important is the dose of N did not significantly differentiate the Mg content. Importantly, as in the case of nitrogen, the significantly highest Mg content was found in the leaves in 2011. Significant variability of Mg content in apple leaves depending on N dose, with a clear tendency to its increase with increasing doses of this component, was also observed by several authors [42,43,44,47,48,49,51], however Ernani et al. [46] and Kühn et al. [45] found no significant effect of N fertilization on the Mg content in apple leaves. Contrary to the results received by Pacholak et al. [43] and Ernani et al. [46], the results obtained in the presented work clearly showed that N fertilization also had a significant effect on the K content in leaves, but in the case of this macroelement, the applied N doses negatively influenced its level. The K content in apple leaves was significantly higher in the control, non-fertilized plots as compared to the other study plots where nitrogen was applied, and the potassium content in apple leaves also depended on the year of the study. In the case of plots where N was applied at a dose of 50 and 100 kg N · ha−1, a significantly higher level of K in the leaves was found in 2010 compared to 2011. The decrease in K content in apple leaves as a result of N fertilization has already been described in the literature [42,45,47,49]. As in the case of K, N fertilization also negatively influenced the content of P in leaves in the obtained results, which is consistent with the results previously obtained by Kühn et al. [45]. The highest P content was found in apple leaves collected from non-fertilized (control) plots, and its content significantly decreased with increasing N fertilization. What is important, P content in apple leaves did not depend on the year of the study. Decrease of P content in apple leaves as a consequence of N fertilization observed in the presented study is inconsistent with the results stated by Sotirupoulos et al. [51], who observed a positive correlation between the applied N doses and the P content in leaves using combined nitrogen-calcium fertilization. The only macroelement in which content in leaves was not dependent on nitrogen fertilization and the year of the study, was Ca. A lack of significant effect of nitrogen fertilization on the content of Ca in apple leaves was also described in the literature [32,42,43,45,46]. On the other hand, Fallahi and Mohan [47], noted a positive effect of N fertilization on the Ca content in leaves, but it was significant only in some vegetation seasons. Pacholak et al. [43] also emphasizes the fact that the content of certain elements in tree leaves may also be influenced by such a factor as the age of the trees. The leaves of older trees are usually characterized by a lower N and P content than the leaves of younger trees.



The content of nutrients in fruits can provide a lot of valuable information about the important quality characteristics of apples, such as the ability to colour, firmness, content of biologically active substances and their storage potential [49]. The high N content in the apple fruits causes its susceptibility to some physiological abnormalities and diseases during storage [41,55,56,57], although Ernani et al. [46] did not notice a significant effect of high N doses on the storage of apples. Cheng and Raba [58] indicate that the content of minerals in fruits is characterized by high variability during their development and maturation, so determining the nutritional status of trees on this basis seems to be burdened with considerable error. As in the case of leaves, different doses of N fertilization significantly influenced the concentration of minerals in the fruit. Obtained data clearly proved that the N content of apple fruit was significantly dependent on N fertilization, however, unlike the N content in leaves, it was not significantly dependent on year of experiment. Importantly, in 2010 and 2011, the N content in fruits was significantly dependent on N fertilization, reaching a higher level on plots, where 50 kg N ha−1 and 100 kg N ha−1 were applied over the entire soil surface, compared to other combinations. In 2012, the content of this element in fruits, compared to the control combination, was differentiated only by the fact of N fertilization. The significant effect of N fertilization on the increase of N content in fruits has been widely described and discussed in the literature [32,42,44,55,59]. On the other hand, Ernani et al. [46] found no significant effect of N fertilization on the content of this macroelement in apple fruits. Interesting relationships characterized the Mg content in the fruits, unlike the leaves, and did not vary significantly depending on N fertilization and the year of the study, which is consistent with the earlier observations of Pacholak et al. [43] and Uysal [59]. On the other hand, according to Awad and de Jager [55], an increase in N fertilization resulted in a decrease in the magnesium content in fruits. Contrary to the content of magnesium, the content of phosphorus and potassium in apple fruits varied significantly according to applied nitrogen dose and the vegetation season. Along with the increase in nitrogen fertilization, the content of these macroelements decreased, which is consistent with the relationships observed in the case of leaves. The data obtained confirm observations of Awad and de Jager [55] according to which an increase in nitrogen fertilization resulted in a decrease in the phosphorus content in fruits. On the other hand, Uysal [59] did not confirm a significant effect of nitrogen fertilization on the potassium and phosphorus content in apples. In the presented research, the content of potassium and phosphorus in the fruits was positively correlated with the content of potassium and phosphorus in the leaves. As in the case of the factors influencing the calcium content in leaves, in the presented study no significant effect of nitrogen fertilization and the growing season on the calcium content in apple fruits was detected, which confirmed results of earlier studies provided by Pacholak et al. [43] and Ernani et al. [46].




5. Conclusions


The results of our study show that under the conditions of humus-rich soils and with appropriate agrotechnics, nitrogen mineralization from the organic matter available in the soil may completely cover and, under supportive conditions, can exceed the demand of apple trees for this component. Moreover, obtained results suggest that in the case of soils rich in organic matter, with the classic system of soil maintenance in the orchard (herbicide strips in rows of trees and grass alleyways), even in the absence of nitrogen fertilization, there may be a risk of nitrogen compounds from natural processes to deeper soil layers and the possibility of contamination of groundwater. However, the significance of this phenomenon and the precise identification of possible threats to ecosystems associated with it requires further analysis. Additionally, achieved outcomes clearly revealed that nitrogen fertilization in the amount of 100 kg N · ha−1 on the entire soil surface carries a real risk of groundwater contamination, and the same nitrogen dose applied within the grassland does not bring any production effects, therefore it should be considered as unjustified. In our opinion, in a rationally managed, fully fruiting apple orchard, the annual dose of N should not exceed 50 kg N∙ha−1. This dosage of N should fully secure the nutritional needs of apple trees, guaranteeing their high yield and complete safety for the environment.
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Figure 1. Temperature conditions on experiment area in years 2010–2013. 
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Figure 2. Precipitation on experiment area in years 2010–2013. 






Figure 2. Precipitation on experiment area in years 2010–2013.



[image: Agriculture 12 02169 g002]







[image: Table] 





Table 1. Mineral nitrogen content in the soil (mg N·100 g soil−1; mean ± SD) in particular soil layers in relation to year, sampling place, sampling time and nitrogen fertilization.
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Year

	
Sampling Place

	
Sampling Time

	
Nitrogen

Fertilization

	
Soil Layer [cm]




	
0–30

	
30–60

	
60–90






	
2011

	
herbicyde strips

	
April

	
N-0

	
29.80 ± 0.70

	
12.32 ± 4.93

	
6.72 ± 2.98




	
N-50

	
33.10 ± 6.14

	
24.03 ± 10.98

	
16.56 ± 9.19




	
N-100

	
26.46 ± 4.53

	
24.06 ± 8.04

	
33.76 ± 13.16




	
N-100G

	
41.62 ± 2.89

	
24.13 ± 7.53

	
14.78 ± 9.19




	
May

	
N-0

	
26.73 ± 5.64

	
20.83 ± 5.12

	
11.86 ± 5.50




	
N-50

	
66.97 ± 15.24

	
26.56 ± 8.00

	
19.96 ± 7.80




	
N-100

	
55.87 ± 10.90

	
49.97 ± 18.36

	
35.90 ± 10.24




	
N-100G

	
30.24 ± 5.84

	
25.27 ± 7.58

	
13.74 ± 12.33




	
June

	
N-0

	
22.97 ± 8.73

	
23.80 ± 2.04

	
19.70 ± 5.54




	
N-50

	
35.73 ± 2.09

	
33.93 ± 7.50

	
31.40 ± 15.99




	
N-100

	
67.93 ± 16.69

	
70.47 ± 24.06

	
72.93 ± 16.90




	
N-100G

	
28.63 ± 7.52

	
42.20 ± 28.54

	
31.50 ± 15.39




	
grass alleyways

	
April

	
N-0

	
30.46 ± 12.05

	
17.23 ± 4.40

	
7.11 ± 3.02




	
N-50

	
34.77 ± 5.07

	
17.40 ± 5.16

	
14.29 ± 8.66




	
N-100

	
38.80 ± 3.42

	
20.20 ± 1.91

	
15.50 ± 4.61




	
N-100G

	
23.00 ± 9.86

	
14.43 ± 0.61

	
11.95 ± 3.86




	
May

	
N-0

	
34.80 ± 12.45

	
22.57 ± 11.16

	
11.59 ± 5.72




	
N-50

	
26.33 ± 6.15

	
24.93 ± 5.13

	
19.97 ± 4.67




	
N-100

	
79.30 ± 14.26

	
33.03 ± 12.55

	
21.47 ± 9.23




	
N-100G

	
71.93 ± 16.08

	
35.80 ± 6.50

	
43.30 ± 13.88




	
June

	
N-0

	
22.33 ± 7.31

	
22.27 ± 11.98

	
16.43 ± 4.78




	
N-50

	
25.87 ± 8.56

	
18.96 ± 2.15

	
14.80 ± 6.82




	
N-100

	
63.23 ± 39.69

	
34.43 ± 2.99

	
37.03 ± 23.70




	
N-100G

	
32.77 ± 6.23

	
25.63 ± 7.11

	
14.66 ± 4.55




	
2012

	
herbicyde strips

	
April

	
N-0

	
35.80 ± 6.93

	
17.63 ± 8.31

	
10.49 ± 2.84




	
N-50

	
48.40 ± 9.17

	
28.30 ± 13.81

	
16.58 ± 6.32




	
N-100

	
56.00 ± 17.15

	
94.40 ± 7.03

	
69.03 ± 24.18




	
N-100G

	
39.87 ± 10.92

	
37.80 ± 5.12

	
27.17 ± 8.77




	
May

	
N-0

	
38.50 ± 3.62

	
26.66 ± 6.77

	
20.63 ± 11.91




	
N-50

	
99.67 ± 4.93

	
38.03 ± 22.26

	
15.53 ± 0.40




	
N-100

	
98.90 ± 22.67

	
66.20 ± 16.00

	
57.10 ± 17.23




	
N-100G

	
38.56 ± 12.26

	
29.26 ± 0.80

	
9.85 ± 2.59




	
June

	
N-0

	
34.43 ± 16.00

	
49.63 ± 31.26

	
45.93 ± 4.37




	
N-50

	
53.93 ± 37.70

	
18.27 ± 8.60

	
18.37 ± 9.66




	
N-100

	
160.70 ± 59.88

	
105.97 ± 8.59

	
90.33 ± 10.03




	
N-100G

	
65.80 ± 24.11

	
26.73 ± 6.32

	
11.53 ± 5.23




	
grass alleyways

	
April

	
N-0

	
26.00 ± 9.72

	
11.56 ± 3.11

	
8.68 ± 1.58




	
N-50

	
47.47 ± 13.42

	
21.40 ± 1.13

	
21.17 ± 13.96




	
N-100

	
30.93 ± 9.01

	
25.67 ± 11.57

	
12.29 ± 6.30




	
N-100G

	
28.33 ± 11.35

	
19.46 ± 7.46

	
20.45 ± 7.57




	
May

	
N-0

	
32.30 ± 10.14

	
14.06 ± 9.09

	
10.90 ± 4.62




	
N-50

	
36.40 ± 7.76

	
19.23 ± 3.95

	
8.46 ± 1.99




	
N-100

	
67.20 ± 0.00

	
44.50 ± 26.44

	
26.60 ± 20.90




	
N-100G

	
79.23 ± 2.56

	
39.96 ± 25.13

	
19.67 ± 5.61




	
June

	
N-0

	
52.17 ± 26.55

	
21.53 ± 13.01

	
25.53 ± 22.68




	
N-50

	
55.47 ± 26.32

	
23.63 ± 3.21

	
22.97 ± 15.47




	
N-100

	
74.87 ± 18.50

	
35.00 ± 0.10

	
7.91 ± 3.84




	
N-100G

	
21.07 ± 6.73

	
29.47 ± 22.76

	
15.00 ± 3.83




	
Year

	
p = 0.002

	
p = 0.039

	
p = 0.475




	
Sampling place

	
p = 0.095

	
p < 0.0001

	
p < 0.0001




	
Time of the sampling

	
p = 0.003

	
p = 0.047

	
p = 0.020




	
Nitrogen fertilization

	
p < 0.0001

	
p < 0.0001

	
p < 0.0001




	
Year × sampling place

	
p = 0.003

	
p = 0.071

	
p = 0.14




	
Year × time of the sampling

	
p = 0.14

	
p = 0.058

	
p = 0.44




	
Year × nitrogen fertilization

	
p = 0.298

	
p = 0.024

	
p = 0.277




	
Sampling place × time of the sampling

	
p = 0.544

	
p = 0.254

	
p = 0.061




	
Sampling place × nitrogen fertilization

	
p = 0.12

	
p < 0.0001

	
p < 0.0001




	
Time of the sampling × nitrogen fertilization

	
p = 0.001

	
p = 0.556

	
p = 0.250




	
Year × sampling place × time of sampling

	
p = 0.828

	
p = 0.601

	
p = 0.870




	
Year × sampling place × nitrogen fertilization

	
p = 0.049

	
p = 0.020

	
p = 0.013




	
Year × sampling place × nitrogen fertilization × time of sampling

	
p = 0.176

	
p = 0.065

	
p = 0.10
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Table 2. Mineral nitrogen content in the soil (mg N·100 g soil−1; mean ± SD) in particular plots of the experiment in relation to year, sampling place, sampling time and soil layer.
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Year

	
Sampling Place

	
Sampling Time

	
Soil Layer [cm]

	
Nitrogen Fertilization




	
N-0

	
N-50

	
N-100

	
N-100G






	
2011

	
herbicyde strips

	
April

	
0–30

	
29.80 ± 0.70

	
33.10 ± 6.14

	
26.46 ± 4.53

	
41.62 ± 2.89




	
30–60

	
12.32 ± 4.93

	
24.03 ± 10.98

	
24.06 ± 8.04

	
24.13 ± 7.53




	
60–90

	
6.72 ± 2.98

	
16.56 ± 9.19

	
33.76 ± 13.16

	
14.78 ± 9.19




	
May

	
0–30

	
26.73 ± 5.64

	
66.97 ± 15.24

	
55.87 ± 10.90

	
30.24 ± 5.84




	
30–60

	
20.83 ± 5.12

	
26.56 ± 8.00

	
49.97 ± 18.36

	
25.27 ± 7.58




	
60–90

	
11.86 ± 5.50

	
19.96 ± 7.80

	
35.90 ± 10.24

	
13.74 ± 12.33




	
June

	
0–30

	
22.97 ± 8.73

	
35.73 ± 2.09

	
67.93 ± 16.69

	
28.63 ± 7.52




	
30–60

	
23.80 ± 2.04

	
33.93 ± 7.50

	
70.47 ± 24.06

	
42.20 ± 28.54




	
60–90

	
19.70 ± 5.54

	
31.40 ± 15.99

	
72.93 ± 16.90

	
31.50 ± 15.39




	
grass alleyways

	
April

	
0–30

	
30.46 ± 12.05

	
34.77 ± 5.07

	
38.80 ± 3.42

	
23.00 ± 9.86




	
30–60

	
17.23 ± 4.40

	
17.40 ± 5.16

	
20.20 ± 1.91

	
14.43 ± 0.61




	
60–90

	
7.11 ± 3.02

	
14.29 ± 8.66

	
15.50 ± 4.61

	
11.95 ± 3.86




	
May

	
0–30

	
34.80 ± 12.45

	
26.33 ± 6.15

	
79.30 ± 14.26

	
71.93 ± 16.08




	
30–60

	
22.57 ± 11.16

	
24.93 ± 5.13

	
33.03 ± 12.55

	
35.80 ± 6.50




	
60–90

	
11.59 ± 5.72

	
19.97 ± 4.67

	
21.47 ± 9.23

	
43.30 ± 13.88




	
June

	
0–30

	
22.33 ± 7.31

	
25.87 ± 8.56

	
63.23 ± 39.69

	
32.77 ± 6.23




	
30–60

	
22.27 ± 11.98

	
18.96 ± 2.15

	
34.43 ± 2.99

	
25.63 ± 7.11




	
60–90

	
16.43 ± 4.78

	
14.80 ± 6.82

	
37.03 ± 23.70

	
14.66 ± 4.55




	
2012

	
herbicyde strips

	
April

	
0–30

	
35.80 ± 6.93

	
48.40 ± 9.17

	
56.00 ± 17.15

	
39.87 ± 10.92




	
30–60

	
17.63 ± 8.31

	
28.30 ± 13.81

	
94.40 ± 7.03

	
37.80 ± 5.12




	
60–90

	
10.49 ± 2.84

	
16.58 ± 6.32

	
69.03 ± 24.18

	
27.17 ± 8.77




	
May

	
0–30

	
38.50 ± 3.62

	
99.67 ± 4.93

	
98.90 ± 22.67

	
38.56 ± 12.26




	
30–60

	
26.66 ± 6.77

	
38.03 ± 22.26

	
66.20 ± 16.00

	
29.26 ± 0.80




	
60–90

	
20.63 ± 11.91

	
15.53 ± 0.40

	
57.10 ± 17.23

	
9.85 ± 2.59




	
June

	
0–30

	
34.43 ± 16.00

	
53.93 ± 37.70

	
160.70 ± 59.88

	
65.80 ± 24.11




	
30–60

	
49.63 ± 31.26

	
18.27 ± 8.60

	
105.97 ± 8.59

	
26.73 ± 6.32




	
60–90

	
45.93 ± 4.37

	
18.37 ± 9.66

	
90.33 ± 10.03

	
11.53 ± 5.23




	
grass alleyways

	
April

	
0–30

	
26.00 ± 9.72

	
47.47 ± 13.42

	
30.93 ± 9.01

	
28.33 ± 11.35




	
30–60

	
11.56 ± 3.11

	
21.40 ± 1.13

	
25.67 ± 11.57

	
19.46 ± 7.46




	
60–90

	
8.68 ± 1.58

	
21.17 ± 13.96

	
12.29 ± 6.30

	
20.45 ± 7.57




	
May

	
0–30

	
32.30 ± 10.14

	
36.40 ± 7.76

	
67.20 ± 0.00

	
79.23 ± 2.56




	
30–60

	
14.06 ± 9.09

	
19.23 ± 3.95

	
44.50 ± 26.44

	
39.96 ± 25.13




	
60–90

	
10.90 ± 4.62

	
8.46 ± 1.99

	
26.60 ± 20.90

	
19.67 ± 5.61




	
June

	
0–30

	
52.17 ± 26.55

	
55.47 ± 26.32

	
74.87 ± 18.50

	
21.07 ± 6.73




	
30–60

	
21.53 ± 13.01

	
23.63 ± 3.21

	
35.00 ± 0.10

	
29.47 ± 22.76




	
60–90

	
25.53 ± 22.68

	
22.97 ± 15.47

	
7.91 ± 3.84

	
15.00 ± 3.83




	
Year

	
p = 0.006

	
p = 0.18

	
p = 0.004

	
p = 0.719




	
Sampling place

	
p = 0.192

	
p = 0.013

	
p < 0.0001

	
p = 0.881




	
Time of the sampling

	
p = 0.002

	
p = 0.395

	
p = 0.001

	
p = 0.052




	
Soil layer

	
p < 0.0001

	
p < 0.0001

	
p = 0.002

	
p < 0.0001




	
Year × sampling place

	
p = 0.079

	
p = 0.876

	
p < 0.0001

	
p = 0.484




	
Year × time of the sampling

	
p = 0.018

	
p = 0.979

	
p = 0.851

	
p = 0.639




	
Year × soil layer

	
p = 0.652

	
p = 0.005

	
p = 0.425

	
p = 0.358




	
Sampling place × time of the sampling

	
p = 0.018

	
p = 0.979

	
p = 0.851

	
p = 0.639




	
Sampling place × soil layer

	
p = 0.322

	
p = 0.079

	
p = 0.259

	
p = 0.598




	
Time of the sampling × soil layer

	
p = 0.156

	
p = 0.183

	
p = 0.185

	
p = 0.206




	
Year × sampling place × time of sampling

	
p = 0.907

	
p = 0.196

	
p = 0.424

	
p = 0.941




	
Year × sampling place × soil layer

	
p = 0.437

	
p = 0.680

	
p = 0.524

	
p = 0.430




	
Year × sampling place × soil layer × time of sampling

	
p = 0.271

	
p = 0.996

	
p = 0.871

	
p = 0.0006
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Table 3. Effect of year and nitrogen fertilization on macroelements content in apple leaves, expressed in % of dry mass (% d.m.—mean ± SD).
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Macroelement

	
Year

	
Nitrogen Fertilization




	
N-0

	
N-50

	
N-100

	
N-100G






	
N

	
2010

	
a 1.91 ± 0.11 A

	
a 2.11 ± 0.07 B

	
a 2.15 ± 0.10 B

	
a 2.11 ± 0.03 B




	
2011

	
a 1.92 ± 0.29 A

	
b 2.32 ± 0.09 B

	
b 2.37 ± 0.08 B

	
a 2.28 ± 0.11 B




	
2012

	
a 1.81 ± 0.07 A

	
ab 2.23 ± 0.06 B

	
ab 2.26 ± 0.07 B

	
a 2.21 ± 0.08 B




	
P

	
2010

	
a 0.29 ± 0.001 B

	
a 0.16 ± 0.01 A

	
a 0.15 ± 0.002 A

	
a 0.17 ± 0.01 A




	
2011

	
a 0.30 ± 0.07 B

	
a 0.18 ± 0.01 A

	
a 0.16 ± 0.01 A

	
a 0.17 ± 0.01 A




	
2012

	
a 0.29 ± 0.03 B

	
a 0.17 ± 0.01 A

	
a 0.16 ± 0.002 A

	
a 0.17 ± 0.008 A




	
K

	
2010

	
a 1.54 ± 0.04 B

	
b 1.22 ± 0.10 A

	
b 1.31 ± 0.11 A

	
a 1.34 ± 0.18 AB




	
2011

	
a 1.56 ± 0.17 B

	
a 1.06 ± 0.08 A

	
a 1.24 ± 0.03 A

	
a 1.14 ± 0.17 A




	
2012

	
a 1.55 ± 0.09 B

	
ab 1.15 ± 0.06 A

	
ab 1.28 ± 0.07 A

	
a 1.24 ± 0.17 A




	
Mg

	
2010

	
a 0.18 ± 0.01 A

	
a 0.27 ± 0.01 B

	
a 0.24 ± 0.02 B

	
a 0.24 ± 0.03 B




	
2011

	
b 0.25 ± 0.02 A

	
b 0.30 ± 0.02 B

	
b 0.29 ± 0.02 B

	
b 0.30 ± 0.03 B




	
2012

	
ab 0.22 ± 0.02 A

	
ab 0.28 ± 0.01 B

	
ab 0.27 ± 0.01 B

	
ab 0.27 ± 0.02 B




	
Ca

	
2010

	
a 2.14 ± 0.04 A

	
a 2.14 ± 0.03 A

	
a 2.14 ± 0.06 A

	
a 2.12 ± 0.03 A




	
2011

	
a 2.18 ± 0.05 A

	
a 2.15 ± 0.05 A

	
a 2.13 ± 0.04 A

	
a 2.16 ± 0.06 A




	
2012

	
a 2.17 ± 0.02 A

	
a 2.14 ± 0.01 A

	
a 2.15 ± 0.01 A

	
a 2.15 ± 0.02 A








Note: lowercase letters before the means indicate significant differences between years, and uppercase letters indicate significant differences between different nitrogen fertilization (at p ≤ 0.05, according to the Newman–Keuls test).
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Table 4. Effect of year and nitrogen fertilization on yielding of apple trees, expressed in kg per tree −1 ± SD.
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Year

	
Nitrogen Fertilization




	
N-0

	
N-50

	
N-100

	
N-100G






	
2010

	
a 9.52 ± 2.61 A

	
a 12.01 ± 1.62 A

	
a 13.25 ± 2.23 A

	
a 11.31 ± 1.41 A




	
2011

	
ab 16.77 ± 6.97 A

	
ab 20.13 ± 8.48 A

	
b 18.27 ± 3.13 A

	
b 18.21 ± 6.51 A




	
2012

	
b 24.60 ± 5.62 A

	
b28.25 ± 3.90 A

	
c 30.79 ± 2.84 A

	
c 28.46 ± 3.22 A








Note: lowercase letters before the means indicate significant differences between years, and uppercase letters indicate significant differences between different nitrogen fertilization (at p ≤ 0.05, according to the Newman–Keuls test).
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Table 5. Effect of year and nitrogen fertilization on macroelements content in apple fruits, expressed in % of dry mass (% d.m.—mean ± SD).
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Macroelement

	
Year

	
Nitrogen Fertilization




	
N-0

	
N-50

	
N-100

	
N-100G






	
N

	
2010

	
a 0.27 ± 0.044 A

	
a 0.32 ± 0.024 BC

	
a 0.33 ± 0.0095 C

	
a 0.28 ± 0.011 AB




	
2011

	
a 0.21 ± 0.069 A

	
a 0.32 ± 0.032 B

	
a 0.34 ± 0.024 B

	
a 0.28 ± 0.017 AB




	
2012

	
a 0.24 ± 0.055 A

	
a 0.32 ± 0.029 B

	
a 0.33 ± 0.011 B

	
a 0.32 ± 0.010 B




	
P

	
2010

	
b 0.10 ± 0.0047 A

	
a 0.094 ± 0.0067 A

	
b 0.096 ± 0.0084 A

	
b 0.095 ± 0.0046 A




	
2011

	
a 0.086 ± 0.0043 A

	
a 0.085 ± 0.0065 A

	
a 0.080 ± 0.0026 A

	
a 0.083 ± 0.0064 A




	
2012

	
b 0.098 ± 0.0029 B

	
a 0.089 ± 0.0061 AB

	
ab 0.089 ± 0.0042 A

	
ab 0.090 ± 0.054 AB




	
K

	
2010

	
a 0.78 ± 0.071 A

	
a 0.68 ± 0.047 A

	
a 0.71 ± 0.066 A

	
a 0.67 ± 0.016 A




	
2011

	
a 0.74 ± 0.031 A

	
b 0.75 ± 0.011 A

	
a 0.69 ± 0.016 A

	
a 0.72 ± 0.075 A




	
2012

	
a 0.76 ± 0.022 B

	
ab 0.72 ± 0.019 AB

	
a 0.70 ± 0.039 A

	
a 0.69 ± 0.035 A




	
Mg

	
2010

	
a 0.033 ± 0.0022 A

	
a 0.032 ± 0.0019 A

	
a 0.036 ± 0.0079 A

	
a 0.031 ± 0.0013 A




	
2011

	
a 0.032 ± 0.0030 A

	
a 0.035 ± 0.00033 A

	
a 0.033 ± 0.002 A

	
a 0.034 ± 0.0021 A




	
2012

	
a 0.033 ± 0.0043 A

	
a 0.032 ± 0.00016 A

	
a 0.035 ± 0.0064 A

	
a 0.032 ± 0.0011 A




	
Ca

	
2010

	
a 0.043 ± 0.0012 A

	
a 0.036 ± 0.0067 A

	
a 0.037 ± 0.0024 A

	
a 0.035 ± 0.0065 A




	
2011

	
a 0.035 ± 0.0074 A

	
a 0.031 ± 0.0037 A

	
a 0.032 ± 0.0059 A

	
a 0.032 ± 0.0087 A




	
2012

	
a 0.041 ± 0.0035 A

	
a 0.034 ± 0.0010 A

	
a 0.036 ± 0.0029 A

	
a 0.033 ± 0.0042 A








Note: lowercase letters before the means indicate significant differences between years, and uppercase letters indicate significant differences between different nitrogen fertilization (at p ≤ 0.05, according to the Newman–Keuls test).
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