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Abstract

:

A strict field experiment with maize was carried out in the years 2009–2011 at the Experimental Station of the Poznań University of Life Sciences. The impact of mineral fertilization levels on the nutritional status of plants at an early development stage 5–6 leaves (BBCH 15/16) was assessed, as well as the possibility of using biomass and the current state of nutrient supply to predict grain yield. The adopted assumptions were verified on the basis of field experiments with nine variants of mineral fertilization and two maize varieties (EURALIS Semences, Lescar, France) (ES Palazzo and ES Paroli SG—“stay-green” (SG)). Regardless of the variety tested, the plants were under-nutritioned with calcium and magnesium. Plant nutritional status and the accumulation of minerals at the BBCH 15/16 stage were the main factors determining the variability of maize grain yields. In addition, it was shown that maize biomass in the BBCH 15/16 stage, calcium content and the N:K ratio significantly determined grain yield of traditional variety. The yield of the “stay-green” hybrid was largely shaped by plant biomass in the BBCH 15/16 stage, potassium, calcium, magnesium contents and N:Mg ratio. Regression analysis showed that grain yield of the tested maize varieties was determined by plant biomass and its content from 59% to 69%.
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1. Introduction


Correct recognition of cereal nutritional status during vegetation provides the possibility to predict yield at a very early stage [1]. For proper growth, a plant needs a certain amount of mineral components in a specific developmental phase [2]. Initial growth stages of this plant, i.e., until the 8th leaf formation, are particularly important. At this stage of development, maize is very sensitive to the deficiency of phosphorus, whose uptake depends on the concentration of orthophosphate ions in soil solution as well as on the temperature and nutrition of other minerals [3]. Thus, to achieve the assumed grain yield one should aim to: (1) increase the content of ingredients in the plant above the critical value, and (2) maintain the defined balance of mineral components in the plant. Water and lack of mineral balance in relation to plant nutritional needs are most often encountered among the factors limiting the size of possible yields [4]. The effect of phosphorus and potassium on the yield results mainly from the functions of these elements in reducing the effects of biotic and abiotic stress. Well-supplied plants in phosphorus and potassium better tolerate water shortages, low temperatures and are less susceptible to pathogen infections [5]. Failure to adapt the fertilization system to quantitative needs, and especially the dynamics of mineral component uptake by plants growing in the field, is the cause of disturbances in the functioning of individual components, their low utilization by the plant and an increase in the risk of environmental pollution [6]. Therefore, it is necessary to have knowledge about the effectiveness of individual components, while controlling the yield of the crop [7]. Hence, new agrotechnical solutions are sought, aimed at, on the one hand, optimizing nutrient application in maize, while limiting the eutrophication of the natural environment. The improvement of agrotechnics for the application of mineral fertilizers should always be aimed at increasing the use of a component of the mineral fertilizer. On the other hand, breeding new varieties that for example, utilize nitrogen more efficiently, and thus better absorb the component from the soil and manage the uptake of nitrogen more effectively, is a complementary strategy for administering this compound in modern agriculture. Knowledge about genetics, physiology, nutrient uptake and utilization is necessary in the process of breeding new varieties characterized by effective nitrogen metabolism, etc. High population variability of maize, according to Paponow et al. [8], gives the opportunity to find efficient genotypes, thanks to which it will be possible to obtain varieties that also will produce efficiently under conditions of moderate nitrogen deficiency stress. From an agronomic point of view, nitrogen utilization by a specific plant genotype (variety) refers to the size of grain yield obtained with the available resources of soil nitrogen (Nres) and mineral fertilizers [9]. High variation in nitrogen utilization among maize genotypes indicates that this trait is genetically determined and can be improved through breeding works. New maize varieties, for example the “stay-green” type, better utilize nitrogen [10], because their physiological features related to crop production are comprehensively improved.



The adopted hypothesis in the work assumes that in conditions of low and medium availability of absorbable component forms in soil, varied mineral fertilization does not affect the nutritional status of maize in the initial growth phase and grain yield.



The aim of the study was to evaluate the yield-forming reaction of two maize varieties and the nutritional status and accumulation of ingredients in the stage 5–6 leaves (BBCH 15/16), considered in terms of the optimal dose and reduced level of mineral fertilization with nitrogen, phosphorus, potassium, magnesium and sulfur.




2. Materials and Methods


2.1. Field Experiments


Field experiments were conducted (2009–2011) at the Department of Agronomy at Poznań University of Life Sciences on the fields of the Research Institute in Swadzim (52°26′20″ N 16°44′58″ E). They were conducted using the split-plot block with two research factors, in four field replications. The first factor was established as a nine fertilizer combination (control—no fertilization, NPK, N, NMg, NS, NP, NK, NMgS, NPKMgS), but the second factor was characterized as two cultivars of maize: ES Palazzo (FAO 230–240) and ES Paroli (FAO 250) “stay-green” SG type (ES Paroli SG). Nitrogen at a dose of 120 kg N ha−1 was applied in the form of ammonium nitrate and ammonium sulfate, phosphorus at a dose of 70 kg P2O5 ha−1 in the form of granular triple superphosphate 46% P2O5, potassium at a dose of 130 kg K2O ha−1 in the form of potassium salt 60% K2O, magnesium at a dose of 25 kg MgO ha−1 in the form of dolomitic lime 15% MgO, while sulfur at a dose of 20 kg S ha−1 in the form of ammonium sulfate. Sulfur in nitrogen-sulfur (NS) objects was used in the form of ammonium sulfate, while nitrogen was supplemented with ammonium nitrate to a final dose of 120 kg N ha−1. All mineral fertilizers were applied before sowing maize. The cultivars used in the experiment came from EURALIS Semences Breeding and Seed Production Company (Lescar, France). ES Palazzo cultivar (single hybrid, flint grain type, use for grain and silage, effective temperature sum, 1600 °C). ES Paroli SG cultivar (single hybrid, flint-dent grain type, use for grain and silage, effective temperature sum, 1665 °C). All plot sizes were 30.8 m2 (width 2.8 m, length 11.0 m). The yield of maize grain was determined at BBCH 89 stage on the area of 15.4 m2 (two central rows). The total grain yield value was adjusted to 14% moisture content. The soil with acidic reaction (pH KCL 5.1–5.4) was characterized by low contents of available phosphorus, potassium and magnesium. Soil properties are summarized in Table 1. The morphological structure of the experimental field is typical of the bottom moraine of the North Polish (Baltic) glaciation, the Poznań stadium. The parent materials of the soil are clay or sandy-loam formations. The terrain configuration shows little differentiation, the dominant terrain is flat and low undulating. Typologically, the soils of the test field belong to the black-earth type, a subtype of cambic black-earth, which belong to the black-earth order. According to the international classification of WRB, the studied soils should be classified as Phaeozemes, and according to the US Soil Taxonomy as Mollisols. In terms of soil valuation, the experimental field was classified as IIIb class. The black earth type includes soils where the direct influence of groundwater or heavy rainfall covers the lower and partly middle parts of the soil profile. In the surface horizons, rainfall and water management dominates, which can be modified to some extent by changing water properties of the deeper parts of the soil profile. Maize was seeded with the use of seeding machine equipped in a seed drill (rows spaced 0.75 m). All cultivation and harvest practices were carried out in accordance with agricultural requirements for maize.




2.2. Thermal and Humidity Conditions


Total atmospheric precipitation and the average daily air temperature in individual years of research are shown in Figure 1. It was shown that the years of field experiments were very diverse in terms of thermal and humidity conditions. The lowest amount of precipitation was recorded in 2011 (424.2 mm), while the highest in 2010 (500.7 mm). In turn, the average daily air temperature measured at 2 m height ranged from 14.5 °C (2010) to 15.9 °C (2011).




2.3. Chemical Analysis


Plant yield and N, P and K concentrations were assessed every year study of the study. Maize grain yield was determined in plants harvested manually from two adjacent central rows (11 m long). During nutrient concentration assessments, 5 maize plants were randomly chosen (on each treatment) and divided into the sets of leaves, stems, husks, grain and cob cores. Plant samples were dried out at 65 °C to the constant weight and ground for further analyses. Nitrogen concentration in the plant material was determined by the Kjeldahl method (Auto Distillation unit Kjeltec 2200, FOSS, Hillerød, Denmark). P and K concentrations were assessed in ground plant material and mineralized at 550 °C for 6 h. Next, the ash obtained was mixed with 2 cm3 of diluted HNO3 (concentrated nitric acid and distilled water 1:1). Phosphorus was determined calorimetrically with vanadium-ammonium molybdate. Potassium concentration was assessed using atomic absorption spectroscopy (SpectrAA-250Plus, Varian, Markham, ON, Canada). Concentrations of all the nutrients examined were expressed based on dry weights. Nutrient uptake was calculated based on dry weight values multiplied by nutrient concentration in plant organs (information on dry weights available from the authors).




2.4. Statistical Analysis


Statistical analysis of the experiment began with the assessment of three factors: years, variety and fertilization, using analysis of variance ANOVA of a split-plot design. Because the ANOVA test showed that the objects in the groups differ statistically significantly, Tukey’s HSD (honestly significant difference) test investigated, which objects they were. Statistical analyses were performed separately for varieties. Then, the dependence of the corn grain yield of the tested varieties on the plant biomass and the content of selected components was determined using backward stepwise multiple linear regression. In the last stage of the experiment analysis, path analysis was used. The result of path analysis was presented as a plot path diagram. The R software, version 3.6.2, was used for statistical calculations [11].





3. Results and Discussion


3.1. Grain Yield


Maize grain yield showed great variability under the influence of experimental factors and ranged from 8.50 to 11.03 t ha−1. A detailed assessment of the experimental factors showed significant differences between the tested varieties (Table 2). Higher yields were recorded for the ES Paroli SG variety and the difference in yield between the varieties was 1.06 t ha−1. Yields also varied between the research years (Table 3). The lowest grain yield for both varieties was found in 2010 and it was significantly different from the other two years of the study.



The level of yields also varied depending on the mineral fertilization variant applied. Regardless of the year of research, a significant increase in grain yield was noted in all fertilized objects compared to the control variant (Table 4 and Table 5). Significant differences were also found between fertilized objects, which means that the variant of mineral fertilization under the conditions of the experiment significantly influenced the differences in maize grain yield, although its effect varied depending on the variety and was more pronounced in the variety ES Paroli SG. The risk of a lower yield can be reduced by using balanced mineral fertilization of all nutrients, which has been confirmed by the results of the present research recorded for the tested varieties in NPKMgS variants, which amounted to 10 t ha−1 and 11.26 t ha−1, respectively. Maize grain yield reflects the state of ingredient imbalance during plant growing period. The amount of the main nutrients used in fertilizers is highly unbalanced both on a global and national scale [12]. In the last decade, the N:P2O5:K2O ratio was approximately 1:0.3:0.40, while the physiologically determined ratio of these nutrients in the biomass of high-yielding maize at harvest was 1:0.45:1.0 (1.2) [13]. The role of nitrogen in maize yielding is very well recognized, but at the same time the intensity of the discussion on the yield-forming efficiency of this mineral in maize fertilization does not decrease [14,15]. Particularly noteworthy are variants where no phosphorus or potassium was applied (Table 4 and Table 5). Lack of fertilization with these components caused a decrease in yield compared to the optimally balanced variant with respect to the nitrogen dose. Lack of phosphorus in the fertilizer dose compared to the variant optimally fertilized with NPKMgS, resulted in a decrease in maize grain yield by an average of 4.1% (ES Palazzo) and 8.7% (ES Paroli SG). The above relationship confirms the general view that maize is a species with specific phosphorus requirements [16]. According to Shenoy and Kalagudi [17] insufficient amount of available P may cause a yield reduction in the range from 10 to 15% compared to maximum yield. In the field experiments, maize was grown in sites with low available phosphorus content. Banaj et al. [18] have indicated that phosphorus fertilization can increase maize grain yield, but on the other hand, excessive application of this ingredient usually does not cause additional yield increases [19] and can lead to environmental pollution [20,21] and contribute to micronutrient deficiencies in maize plants [22,23]. Yi et al. [24] have proved that high maize performance when soil fertility is low would likely depend on other factors such as seeding density and application of additional complementary fertilizers during the growing season, and particularly during the grain formation phase. Huang et al. (1) reported that unbalanced mineral fertilization increased maize yield in a short period of time but had a negative effect on soil fertility in a longer perspective. This regularity has also been confirmed in studies of Gaj [25] and Bąk and Gaj [16]. The yield response of maize to the lack of potassium fertilization compared to objects without phosphorus was weaker and showed dependence on the tested variety. The reduction of yield due to the lack of potassium in fertilization was more pronounced in the variety ES Palazzo, for which the decrease in grain yield was 2.4% as compared to the NPKMgS object. The role of potassium in shaping the size of maize yield was emphasized by many researchers while pointing to the importance of utilization of this ingredient from sub-arable layers [26]. In order to increase the effectiveness of nitrogen, apart from the dose, attention should be paid to other nutritional factors that determine nitrogen utilization from fertilizers, i.e., phosphorus, magnesium and sulfur. In the current study, the highest maize grain yields, regardless of the variety, were recorded in variants optimally balanced in terms of nitrogen (NPKMgS). The introduction of magnesium and sulfur caused a slight increase in grain yield, which was below 1% compared to NPK objects. Salvagiotti et al. [4] showed that the average grain yield response to S and P addition was approximately 13% and 20%, respectively.




3.2. Assessment of Maize Nutritional Status


It is assumed that the initial growth phase of the 4–5th leaf is important for maize growth and development [27]. The first ear buds appear in the period from the leaf stage 3 to 6. The assessment of plant nutritional status during vegetation is performed in order to diagnose the current state of mineral nutrition and predict the final yield. The prognostic value increases when the content of components is referenced to their current content in the plant. Nutritional status of plants in the stage of 5–6 developed maize leaves, based on the average ingredient contents from 2009–2011, showed nitrogen malnutrition in control variants of the tested varieties (Table 4 and Table 5). Lower nitrogen content compared to normative values was also recorded in NPKMgS objects for the variety ES Palazzo and NK, NMg, NMgS for the variety ES Paroli SG. The remaining variants were characterized by optimal nitrogen and potassium contents compared to the normative values. It can therefore be assumed that maize plants were well nourished with these ingredients at the beginning of the growing season and were prepared for intensive CO2 assimilation and had sufficient resources of this component, both from soil and fertilizers. An insufficient amount of nitrogen when maize reaches a height of 20 cm reduces the number of grain rows in the ear bud and, consequently, reduces the final yield [28]. According to Subedi and Ma [29], plant nitrogen malnutrition before the 6–8 leaf stage leads to an irreversible reduction in the number of ears and potential kernels by up to 30%.



Mineral fertilization significantly differentiated potassium content in maize leaves of the variety ES Paroli SG at the BBCH 1516 stage. Omission of potassium in fertilization (objects: Control, N, NMg, NMgS, NP, NS) resulted in a significant decrease of this component in plants compared to the NPKMgS object (Table 5). Many literature data [30,31,32] indicate that the genetic factor is an element that significantly differentiates potassium content in plants and not the K dose used in the fertilizer. Askegaard et al. [33] emphasized that the assessment of potassium content in plants is a key factor in the effective management of this element and is a complement to soil tests. The analyzed varieties were cultivated in conditions of low abundance in available potassium (87.9–165.2 mg kg−1). Every agricultural process or procedure that interferes with potassium plant nutrition reduces the plant’s metabolic activity, and thus contributes to the reduction of nitrogen yield-forming efficiency. Moreover, Yang et al. [32] has emphasized that potassium content in maize organs was significantly dependent on the cultivation system and application technique of this ingredient. Maize is a very sensitive plant to potassium supply, especially in the period from 5/6 leaves to flowering. Appropriate plant nutrition in the critical growth phase results in a reduced risk of lodging (better developed mechanical tissue), higher grain number in the ear, higher weight of kernels (longer grain filling stage), even maturation and lower water content during the maturation stage [34].



Irrespective of the analyzed variety, a significant deficiency of phosphorus, magnesium and calcium was noted in maize leaves (Table 4 and Table 5). Except for the control object, the plants were well-fed with nitrogen. Maize nutrition with phosphorus, magnesium and calcium was significantly below the critical value, which in the case of phosphorus is 4.0 g kg−1, 3–6 g for Mg kg−1 and 5–16 g for Ca kg−1 [35]. At this stage of development, phosphorus determines the rate of growth of the root system and thus the plant’s ability to absorb water and nutrients from the soil. In the period from emergence to the BBCH-12 leaf stage, maize builds a root system, and the basic factors determining the conditions of its formation is the availability of phosphorus as well as the lack of limiting factors. Modern approach to fertilization requires balancing all ingredients, including secondary ones. Magnesium and sulfur play a specific role in this context. In addition to the specific physiological functions in the plant, both elements play an important role in nitrogen metabolism [36]. In the BBCH 15/16 stage, no significant differences were found in magnesium and calcium content under the influence of variable levels of mineral fertilization. Calcium and magnesium content was 1.01–2.05 Ca g·kg−1 and 2.0–2.7 Mg g·kg−1, respectively (Table 1). The obtained contents of ingredients, regardless of the analyzed experimental variant, were significantly below the normative values (Ca: 5.1–16 g·kg−1; Mg: 3–6 g·kg−1) set by Schulte and Kelling [37]. The causes of Ca and Mg deficiency in plants can be complex and result from both a deficiency of soil components, acidic soil reaction, excess of other cations as well as disruption of their uptake and translocation in the plant during develops [38,39]. Literature data shows that intensive potassium fertilization can sometimes affect the content not only of potassium [40,41], but also other ingredients in crop yields, causing their excessive or deficient concentration, especially in relation to two elements i.e., calcium and magnesium [42]. The issue of interaction between potassium and magnesium has been discussed in many studies [43,44,45]. Magnesium ions passively translocate through the cytoplasmic membrane with the electrochemical gradient of cation concentration and are first exposed to competition with actively taken up potassium ions [46]. Secondly, Mg2+ ions compete with calcium ions, which are also passively taken up by the plant [47].



A comprehensive analysis of the assessment taking into account the dependence of maize grain yield of the tested varieties on the produced biomass of plants in the BBCH 15/16 stage and component contents (N, P, K, Ca, Mg, Na) in leaves and N:K, N:P and N:Mg ratios was performed using multiple retrograde linear regression. Regression analysis showed that a strong relationship between the yield size and produced biomass as well as calcium content and N:K ratio was found in the variety ES Palazzo at the initial growth stage (BBCH 15/16). These variables determined the yield of ES Palazzo maize in 69%. The above relationship is expressed by the following regression Equation (1):


Grain yield (GY) = 3.82 ** + 0.03 Bp *** + 64.23 Ca ** + 1.85 N:K; R2 = 69.1



(1)







Significant codes—***: p-value < 0.001; **: p-value < 0.01.



In the present study, maize was grown on acidic soil (pH 5.1–5.4), which in consequence resulted in a low Mg and Ca content in the plant at the early developmental stage. Low calcium and magnesium content in plants at the BBCH 15/16 stage showed a significant impact on the grain yield and this relationship was confirmed by regression Equations (1) and (2).



As regards the second variety ES Paroli SG, the yield was largely shaped by plant biomass and the content of potassium (K), calcium (Ca), magnesium and N:Mg ratio (Equation (2)). These variables determined maize grain yield in 59.7%.


Grain yield (GY) = −1.80 + 0.02 Bp *** + 3.57 K * + 107.54 Ca * − 37.08 Mg * + 11.99 N:K * − 0.05 N:Mg *



(2)







Significant codes—***: p-value < 0.001; *: p-value < 0.05.



The relationships found prove that the more disturbed nutritional homeostasis, the greater the role of the analyzed ingredients in shaping the yield. The content of individual components changes with plant age, thus the relationships between the components that provide more information about the physiological state of plants are more useful for diagnostic purposes [48,49]. Confirmation of this thesis were path analyses (Figure 2 and Figure 3), which indicated a number of interactions between ingredients in maize leaves at the BBCH15/16 stage. In the case of the variety ES Paroli SG, interactions between Ca and Mg, Ca and N:Mg, Ca and N:P and Ca and Na were found. For the variety EC Palazzo, relationships between P and Mg, P and Ca and N:Mg and Na were observed. In addition, it should be noted that the yield of the variety ES Paroli SG (Figure 2) was mainly influenced by the content of potassium, phosphorus and N:K and N:P ratios, while nitrogen content and N:Mg ratio had a significantly lower effect. Yield of the variety ES Palazzo (Figure 3) was most strongly dependent on potassium content and N:K ratio, while the content of nitrogen, phosphorus, N:P ratio and plant biomass in the BBCH 15/16 phase had a lower effect. The issue of interaction between nitrogen and phosphorus has been raised in many works [50,51,52,53] emphasized that the prolonged phosphorus deficiency in the plant reduced the ATP energy pool and, as a result, nitrate nitrogen (N-NO3) uptake was reduced. Excess nitrogen, during the lack of phosphorus, causes the first sign of phosphorus deficiency.




3.3. Component Accumulation in Plants at the BBCH 15/16 Stage


The accumulation of components in maize biomass at the BBCH 15/16 stage was significantly dependent on the action of experimental factors (Table 6). Regardless of the experimental variant, an increase in the accumulation of macronutrients under the influence of mineral fertilization was found in comparison to the control object, but significant differences were noted only in phosphorus and potassium accumulation for the variety ES Palazzo and calcium and magnesium for the variety ES Paroli SG (Table 7 and Table 8). Nitrogen needs are minimal in the initial period of maize growth, they increase at a later stage of development and reach maximum between the beginning of flowering and grain formation [54]. Until the 6–8 leaf stage, maize absorbs about 3% of the total amount of nitrogen, while 85% of this component is taken up from the 6–8 leaf stage to the silk drying stage. Potassium removal from fertilization resulted in a significantly greater reduction in the accumulation of this component in the biomass of ES Palazzo plants compared to ES Paroli SG. A significant decrease in potassium uptake compared to the optimally fertilized variant NPKMgS was observed in N and NS positions for both varieties, but significant differences were found only for the variety ES Palazzo and on average they amounted to 36% for the mentioned objects (Table 7).



Particular attention should be paid to NMg objects for both tested cultivars, where the highest reduction in leaf potassium accumulation was noted, which indicated antagonistic effect of the components.



Analysis of the path diagram (Figure 4) showing the dependence of ES Paroli SG grain yield on component accumulation in leaf biomass at the BBCH 15/16 stage indicated that grain yield largely depended on the accumulation of nitrogen, potassium and calcium in the leaves. In addition, strong interactions between phosphorus, sodium, potassium, nitrogen and magnesium accumulation were found.



In the case of the second variety tested, path analysis (Figure 5) expressing the dependence of maize grain yield on component accumulation in the BBCH 15/16 stage showed that the yield largely depended on the accumulation of potassium, magnesium and calcium in the leaves in the initial growth phase. Strong interactions have also been noted between the accumulation of phosphorus and nitrogen and potassium and sodium, as well as between the accumulation of potassium and phosphorus, magnesium and sodium (Figure 5).





4. Conclusions


	
Experimental factors significantly differentiated the level of maize grain yield irrespective of the year of research. The “stay green” variety showed a higher yield-forming reaction to varied mineral fertilization than the classical variety and this difference was particularly evident in the reaction to the lack of phosphorus fertilization.



	
The nutritional status of plants was assessed in the initial growth stage of maize. Plant calcium and magnesium malnutrition was observed regardless of the analyzed fertilization variant and variety.



	
There was a significant relationship between the nutritional status of maize in the BBCH 15/16 stage, plant biomass and grain yield. Regression analysis showed that grain yield was determined by plant biomass and its component content from 59% to 69%.
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Figure 1. The average daily air temperature and the sum of atmospheric precipitations in maize growing seasons. 






Figure 1. The average daily air temperature and the sum of atmospheric precipitations in maize growing seasons.



[image: Agriculture 10 00404 g001]







[image: Agriculture 10 00404 g002 550] 





Figure 2. Path analysis expressing the dependence of maize grain yield (GY) of the variety ES Paroli SG on component contents and plant biomass in the BBCH 15/16 stage. GY—grain yield of maize; Bp—plant biomass at BBCH 15/16; N, P, K, Mg, Ca, Na—nutrients concentration in leaves at BBCH 15/16; N:K—nutrient ratio of N to K contents in maize leaves at BBCH 15/16; N:P—nutrient ratio of N to P contents in maize leaves at BBCH 15/16; N:Mg—nutrient ratio of N to Mg contents in maize leaves at BBCH 15/16. Green line: positive parameter estimates; red line: negative parameter estimates. 
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Figure 3. Path analysis expressing the dependence of maize grain yield of the variety ES Palazzo on component contents and plant biomass in the BBCH 15/16 stage. GY—grain yield of maize; Bp—plant biomass at BBCH 15/16; N, P, K, Mg, Ca, Na—nutrients concentration in leaves at BBCH 15/16; N:K—nutrient ratio of N to K contents in maize leaves at BBCH 15/16; N:P—nutrient ratio of N to P contents in maize leaves at BBCH 15/16; N:Mg—nutrient ratio of N to Mg contents in maize leaves at BBCH 15/16. 
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Figure 4. Path analysis expressing the dependence of maize grain yield of the variety ES Paroli SG on component accumulation in plant dry weight at the BBCH 15–16 stage. GY—grain yield of maize; UN, UK, UMg, UCa, UNa—nutrients accumulation in leaves at stage BBCH15/16 of plant development. 
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Figure 5. Path analysis expressing the dependence of maize grain yield of the variety ES Palazzo on component accumulation in plant dry weight at the BBCH 15–16 stage. GY—grain yield; UN, UK, UMg, UCa, UNa—nutrients accumulation in leaves at stage BBCH 15/16 of plant development. 
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Table 1. Soil fertility indicators before the experimental setup.
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Indicators

	
Years




	
2009

	
2010

	
2011






	
Phosphorus mg P kg−1 of soil

	
66.7

	
40.5

	
37.8




	
Potassium mg K kg−1 of soil

	
87.9

	
130.3

	
165.2




	
Magnesium mg Mg kg−1

	
60.0

	
35.0

	
55.0




	
pH in 1 mol dm−3 KCl

	
5.2

	
5.4

	
5.1




	
Nmin (kg ha−1) in soil, layer 0–60 cm

	
68.5

	
79.2

	
71.4




	
C, org. %

	
1.01

	
0.99

	
0.99




	
Texture %

	
Sand 2–0.05 mm

	
83

	
83

	
83




	
Silt 0.05–0.02 mm

	
6

	
6

	
6




	
Salt 0.02–0.002 mm

	
7

	
7

	
4




	
Clay <0.002 mm

	
4

	
4

	
4




	
Textural group

	
loamy sand

	
loamy sand

	
loamy sand
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Table 2. Analysis of variance for the split-plot design.
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Source of Variation

	
Grain Yield

	
Plant Biomass at BBCH15–16

	
Nutrients Concentration in Maize Leaf at BBCH 15/16

	
Nutrient Ratio




	
N

	
P

	
K

	
Ca

	
Mg

	
Na

	
N:K

	
N:P

	
N:Mg






	
Year

	
7.3 *

	
3642

	
0.13 *

	
0.09 **

	
0.05

	
0.03 *

	
0.025

	
0.012 **

	
0.012

	
326.3 **

	
109.9 *




	
Variety

	
15.1 *

	
2220

	
0.13 *

	
0.001

	
0.01

	
0.01

	
0.007

	
0.001

	
0.013

	
0.8

	
19.2




	
Ea

	
0.3

	
927

	
0.01

	
0.001

	
0.03

	
0.01

	
0.0007

	
0.001

	
0.002

	
1.7

	
1.5




	
Fertilization

	
1.7 ***

	
1044 ***

	
0.05 *

	
0.001

	
0.23 ***

	
0.01 *

	
0.0015

	
0.0002 *

	
0.032 ***

	
2.3 *

	
5.5




	
Variety: Fertilization

	
0.1

	
67

	
0.02

	
0.001

	
0.07

	
0.01

	
0.0003

	
0.0001

	
0.004

	
0.7

	
3.4




	
Eb

	
0.1

	
198

	
0.02

	
0.001

	
0.05

	
0.01

	
0.0005

	
0.0001

	
0.006

	
0.9

	
2.6








Numerical values correspond to “mean square” (Msq). Ea—error for big plot. Eb—error for small plot. Significant codes—***: p-value < 0.001; **: p-value < 0.01; *: p-value < 0.05.
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Table 3. Tukey’s multiple comparison test for years.
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Year

	
Grain Yield

t ha−1

	
Plant Biomass at BBCH 15/16 kg ha−1

	
Nutrients Concentration in Maize Leaf at BBCH 15/16 g kg−1

	
Nutrient Ratio




	
N

	
P

	
K

	
Ca

	
Mg

	
Na

	
N:K

	
N:P

	
N:Mg






	
ES Palazzo




	
2009

	
9.81 a *

	
91.39 a

	
4.13 ab

	
0.34 a

	
3.71

	
0.01 b

	
0.23 b

	
0.06 a

	
1.12

	
12.13 c

	
17.74 a




	
2010

	
8.75 b

	
69.40 b

	
4.19 a

	
0.25 b

	
3.86

	
0.01 b

	
0.25 b

	
0.07 a

	
1.09

	
16.66 b

	
16.96 a




	
2011

	
10.06 a

	
93.61 a

	
4.01 b

	
0.19 c

	
3.81

	
0.02 a

	
0.31 a

	
0.02 b

	
1.06

	
20.63 a

	
12.81 b




	
ES Paroli SG




	
2009

	
11.03 a

	
118.01 a

	
4.07

	
0.32 a

	
3.83

	
0.01 b

	
0.22 b

	
0.06 a

	
1.08

	
12.72 c

	
18.25 a




	
2010

	
9.92 b

	
83.30 b

	
4.05

	
0.25 b

	
3.87

	
0.01 b

	
0.22 b

	
0.07 a

	
1.05

	
16.20 b

	
18.48 a




	
2011

	
10.83 a

	
91.57 b

	
3.92

	
0.18 c

	
3.77

	
0.02 a

	
0.28 a

	
0.02 b

	
1.05

	
21.24 a

	
14.35 b








* Means with the same letter are not significantly different (separately for column and variety); α = 0.05 (Tukey’s test).
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Table 4. Tukey’s multiple comparison test of the variety ES Palazzo depending on mineral fertilization level.
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Treatments

	
Grain Yield t ha−1

	
Plant Biomass at BBCH 15/16 kg ha−1

	
Nutrients Concentration in Maize Leaf at BBCH 15/16, g kg−1

	
Nutrient Ratio




	
N

	
P

	
K

	
Ca

	
Mg

	
Na

	
N:K

	
N:P

	
N:Mg






	
Control

	
8.50 b *

	
75.73 b

	
39.8 ab

	
2.9

	
38.5

	
1.01

	
2.7

	
0.5

	
1.03

	
14.88

	
14.95




	
N

	
9.53 a

	
77.80 b

	
42.5 a

	
2.7

	
38.2

	
2.03

	
2.6

	
0.4

	
1.12

	
16.43

	
16.69




	
NK

	
9.59 a

	
82.56 ab

	
40.1 ab

	
2.5

	
38.7

	
1.03

	
2.5

	
0.6

	
1.03

	
16.80

	
16.34




	
NMg

	
9.46 ab

	
74.38 b

	
41.2 ab

	
2.6

	
35.2

	
2.04

	
2.8

	
0.4

	
1.18

	
16.52

	
15.37




	
NMgS

	
9.41 ab

	
79.17 ab

	
40.8 ab

	
2.5

	
38.4

	
2.03

	
2.7

	
0.6

	
1.06

	
17.21

	
15.45




	
NP

	
9.76 a

	
89.46 ab

	
41.9 ab

	
2.6

	
35.7

	
2.08

	
2.7

	
0.5

	
1.18

	
16.98

	
15.94




	
NPK

	
9.94 a

	
97.66 ab

	
42.0 ab

	
2.7

	
38.5

	
1.91

	
2.7

	
0.4

	
1.10

	
16.09

	
15.74




	
NPKMgS

	
10.00 a

	
111.23 a

	
39.5 b

	
2.7

	
40.2

	
1.85

	
2.5

	
0.5

	
0.98

	
15.75

	
16.15




	
NS

	
9.66 a

	
75.21 b

	
42.0 ab

	
2.5

	
37.8

	
1.96

	
2.7

	
0.5

	
1.11

	
17.61

	
15.89








* Means in column with the same letter are not significantly different; α = 0.05.
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Table 5. Tukey’s multiple comparison test of the variety ES Paroli SG depending on mineral fertilization level.
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Treatments

	
Grain Yield

t ha−1

	
Plant Biomass at BBCH 15/16 kg ha−1

	
Nutrients Concentration in Maize Leaf at BBCH 15/16 g kg−1

	
Nutrient Ratio




	
N

	
P

	
K

	
Ca

	
Mg

	
Na

	
N:K

	
N:P

	
N:Mg






	
Control

	
9.21 d *

	
88.68

	
39.8

	
2.6

	
38.7 ab

	
1.06

	
2.5

	
0.4

	
1.03 ab

	
16.51

	
16.59




	
N

	
10.67 abc

	
88.33

	
40.6

	
2.5

	
35.2 b

	
2.10

	
2.5

	
0.5

	
1.15 a

	
17.09

	
16.92




	
NK

	
10.28 c

	
86.21

	
37.5

	
2.4

	
42.2 a

	
1.82

	
2.1

	
0.6

	
0.89 b

	
16.54

	
17.71




	
NMg

	
10.65 abc

	
80.35

	
39.9

	
2.4

	
35.2 b

	
2.52

	
2.4

	
0.5

	
1.14 a

	
17.26

	
16.77




	
NMgS

	
10.44 bc

	
99.73

	
39.6

	
2.4

	
37.1 ab

	
2.33

	
2.7

	
0.5

	
1.07 ab

	
17.50

	
15.05




	
NP

	
11.25 a

	
114.56

	
41.2

	
2.7

	
37.6 ab

	
1.52

	
2.5

	
0.5

	
1.10 ab

	
16.20

	
16.63




	
NPK

	
11.16 ab

	
107.25

	
40.2

	
2.6

	
37.8 ab

	
1.02

	
2.5

	
0.4

	
1.06 ab

	
16.12

	
15.95




	
NPKMgS

	
11.26 a

	
123.58

	
41.1

	
2.7

	
43.1 a

	
1.63

	
2.0

	
0.5

	
0.95 ab

	
15.91

	
20.93




	
NS

	
10.44 bc

	
89.96

	
41.1

	
2.5

	
36.9 ab

	
2.02

	
2.5

	
0.5

	
1.11 ab

	
17.36

	
16.69








* Means in column with the same letter are not significantly different; α = 0.05.
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Table 6. Multiple comparisons Tukey’s test of component accumulation in the years 2009–2011.
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Variety

	
Year

	
Nutrients Accumulation, kg ha−1




	
UN

	
UP

	
UK

	
UCa

	
UMg

	
UNa






	
ES Palazzo

	
2009

	
3.76 ± 0.61 a *

	
0.32 ± 0.06 a

	
3.40 ± 0.77 a

	
1.01 ± 0.2 b

	
0.21 ± 0.04 b

	
0.05 ± 0.04 a




	
2010

	
1.90 ± 0.53 b

	
0.17 ± 0.04 b

	
2.69 ± 0.48 b

	
1.01 ± 0.1 c

	
0.17 ± 0.02 c

	
0.03 ± 0.01 ab




	
2011

	
4.55 ± 2.14 a

	
0.16 ± 0.03 b

	
3.58 ± 0.81 a

	
1.02 ± 0.3 a

	
0.29 ± 0.04 a

	
0.02 ± 0.01 b




	
ES Paroli SG

	
2009

	
4.81 ± 0.95 a

	
0.38 ± 0.08 a

	
4.53 ± 0.96 a

	
1.01 ± 0.2 b

	
0.26 ± 0.05 a

	
0.10 ± 0.06 a




	
2010

	
2.94 ± 1.93 b

	
0.21 ± 0.07 b

	
3.25 ± 0.89 b

	
1.01 ± 0.2 c

	
0.18 ± 0.03 b

	
0.05 ± 0.03 b




	
2011

	
4.01 ± 2.43 ab

	
0.17 ± 0.05 b

	
3.49 ± 1.04 b

	
1.02 ± 0.3 a

	
0.25 ± 0.04 a

	
0.02 ± 0.01 b








* Means in column with the same letter are not significantly different; α = 0.05. Numerical values: mean ± SD, U: uptake.
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Table 7. Multiple comparisons Tukey’s test of component accumulation in the leaves in the variety ES Palazzo at the BBCH 15/16 stage depending on the mineral fertilization factor.
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Treatments

	
Nutrients Accumulation, kg ha−1




	
UN

	
UP

	
UK

	
UCa

	
UMg

	
UNa






	
Control

	
2.56 ± 0.61

	
0.21 ± 0.10 ab *

	
2.91 ± 0.25 b

	
1.01 ± 0.4

	
0.21 ± 0.05

	
0.02 ± 0.012




	
N

	
3.02 ± 1.17

	
0.20 ± 0.08 ab

	
2.98 ± 0.60 b

	
1.06 ± 0.4

	
0.21 ± 0.08

	
0.02 ± 0.007




	
NK

	
2.80 ± 1.26

	
0.23 ± 0.07 ab

	
3.20 ± 0.28 ab

	
1.05 ± 0.5

	
0.21 ± 0.05

	
0.03 ± 0.008




	
NMg

	
2.94 ± 1.28

	
0.17 ± 0.05 b

	
2.60 ± 0.32 b

	
1.09 ± 0.5

	
0.21 ± 0.08

	
0.02 ± 0.007




	
NMgS

	
2.69 ± 1.72

	
0.21 ± 0.15 ab

	
3.05 ± 1.18 ab

	
1.03 ± 0.3

	
0.21 ± 0.08

	
0.05 ± 0.054




	
NP

	
4.06 ± 1.62

	
0.22 ± 0.08 ab

	
3.18 ± 0.53 ab

	
1.07 ± 0.7

	
0.24 ± 0.08

	
0.04 ± 0.014




	
NPK

	
4.44 ± 1.96

	
0.24 ± 0.06 ab

	
3.76 ± 0.73 ab

	
1.01 ± 0.3

	
0.27 ± 0.07

	
0.04 ± 0.002




	
NPKMgS

	
5.31 ± 3.28

	
0.29 ± 0.13 a

	
4.47 ± 1.09 a

	
1.08 ± 0.3

	
0.27 ± 0.07

	
0.07 ± 0.056




	
NS

	
2.72 ± 0.79

	
0.19 ± 0.08 ab

	
2.85 ± 0.30 b

	
1.09 ± 0.3

	
0.20 ± 0.03

	
0.03 ± 0.012








* Means in column with the same letter are not significantly different; α = 0.05. Numerical values: mean ± SD, U: uptake.
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Table 8. Multiple comparisons Tukey’s test of component accumulation in maize leaves in the variety ES Paroli SG depending on the mineral fertilization factor.
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Treatments

	
Nutrients Accumulation, kg ha−1




	
UN

	
UP

	
UK

	
UCa

	
UMg

	
UNa






	
Control

	
2.75 ± 1.40

	
0.23 ± 0.12

	
3.45 ± 1.14

	
1.01 ± 0.7 ab *

	
0.21 ± 0.04 abc

	
0.04 ± 0.04




	
N

	
3.12 ± 1.17

	
0.22 ± 0.10

	
3.11 ± 0.51

	
1.01 ± 0.5 ab

	
0.22 ± 0.05 abc

	
0.03 ± 0.02




	
NK

	
2.70 ± 1.02

	
0.22 ± 0.08

	
3.65 ± 0.66

	
1.01 ± 0.3 b

	
0.18 ± 0.03 c

	
0.04 ± 0.03




	
NMg

	
2.75 ± 1.07

	
0.20 ± 0.09

	
2.80 ± 0.20

	
1.01 ± 0.4 ab

	
0.20 ± 0.04 bc

	
0.03 ± 0.02




	
NMgS

	
3.43 ± 2.65

	
0.27 ± 0.22

	
3.77 ± 2.11

	
1.02 ± 0.6 ab

	
0.26 ± 0.08 abc

	
0.09 ± 0.12




	
NP

	
5.31 ± 1.37

	
0.30 ± 0.16

	
4.27 ± 0.70

	
1.02 ± 0.7 a

	
0.29 ± 0.06 a

	
0.07 ± 0.05




	
NPK

	
5.22 ± 2.20

	
0.26 ± 0.06

	
4.07 ± 0.73

	
1.01 ± 0.3 ab

	
0.27 ± 0.03 ab

	
0.05 ± 0.01




	
NPKMgS

	
6.73 ± 1.55

	
0.33 ± 0.06

	
5.32 ± 0.19

	
1.01 ± 0.3 ab

	
0.25 ± 0.03 abc

	
0.10 ± 0.05




	
NS

	
3.28 ± 1.63

	
0.28 ± 0.14

	
3.34 ± 1.05

	
1.01 ± 0.4 ab

	
0.22 ± 0.06 abc

	
0.04 ± 0.03








* Means in column with the same letter are not significantly different; α = 0.05 (Tukey’s test). Numerical values: mean ± SD, U: uptake.
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