
 

 

Theses for doctoral dissertation (PhD) 

 

 

PLANT HEALTH EFFECTS OF THE CROP PHYSIOLOGICAL 

CHANGES OF MAIZE HYBRIDS 

 

 

 

Csaba Bojtor 

PhD candidate 

 

 

Supervisor: 

Prof. Dr. Csaba L. Marton, DSc 

 

 

 
 

 

UNIVERSITY OF DEBRECEN 

 

KERPELY KÁLMÁN DOCTORAL SCHOOL 

 

 

 

 

 

 

 

Debrecen 

2023 



1. INTRODUCTION 

 

The different soil, nutritional, water, and other climatic conditions have a combined effect on 

plant development. The aim of crop production is to provide the best growing environment for 

plants throughout their development.  

 

Maize (Zea mays L.) is one of the most important crops grown around the world and increasing 

the quantity and quality of its yield is a major focus in crop production (Xin et al., 2016). 

Precision farming, which can ensure high yields and high-quality yields through precision 

nutrient replenishment, is coming to the fore in crop production practices, as climate change 

and climate variability increases. In his research, Nagy (2007) noted that the choice of the 

proper nutrient dose is particularly difficult in crop production, as many environmental and 

genotype-specific parameters have to be taken into account simultaneously. Field experiments 

provide a reliable basis for applied research, leading to the practical application of the results 

of crop production research, thus creating the opportunity to meet the challenge of increasing 

food and feed crop production necessitated by global population growth. 

 

Crop production systems around the world are diverse and can be divided into at least two 

different levels of intensity, low and high input fertilisation systems. The future of modern 

complex nutrient supply strategies is not clear (Fischer and Connor, 2018). Optimal nutrient 

supply is a essential for producing high yields with desirable quality parameters.  Plant health 

can be determined by interactions between the soil and plants and the complex nutrient use 

during the growing season, among other environmental factors. This has a significant impact 

on the quantitative and qualitative parameters of maize grain yield (Széles et al., 2019). 

 

Farmers are attempting to optimise crop nutrient supply and reduce environmental loads 

through the use of precision farming techniques, which they plan to apply while managing the 

soil and the region's environmental heterogeneity. The competitiveness of maize production can 

be successfully improved by adapting these technologies (Nagy and Széles, 2018). 

 

The precision implementation of crop nutrient supplementation, beginning with genotype 

selection, has several basic requirements that together can ensure the technology is implemented 

to a high standard. These include technical and IT innovations such as the use of geographic 

information systems, the renewal of agronomic methodology, the further development of 
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fertilisation - nutrient supply advice based on plant sampling, measurements, in situ non-

destructive instrumental analytical tests. In addition, the partial or complete plant analysis is an 

excellent tool for determining the availability of essential nutrients and their interactions 

(Kádár, 1992; Izsáki, 2009).  

 

The adequate availability of these essential nutrients for plants promotes the establishment and 

maintenance of plant health, which, through their role in physiological and metabolic processes 

and the structural organisation of plants, are essential for proper development, growth, as well 

as the tolerance to abiotic and biotic stresses, and thus for maximising yield quantity and quality 

(Achari and Kowshik, 2018; Souri and Hatamian, 2019). 

 

The development of conscious fertilisation and nutrient replenishment practices is of paramount 

importance for crop production to be sustainable economically and environmentally. 

Determining fertiliser doses and understanding the nutrient uptake dynamics of new maize 

genotypes provide the basis for this aim. 

 

Main objectives of my research: 

 

− Complex study of nutrient responses in maize, determining the optimal dose of nutrient 

replenishment. 

− Evaluation of the nutrient uptake and conversion characteristics of maize, with a primary 

focus on nitrogen. 

− Evaluation of dry matter accumulation, analysis of the effect of nitrogen supply on dry 

matter accumulation. 

− Determination of complex macro-, secondary- and micronutrient uptake characteristics 

of maize in each vegetative and generative part of the plant, to evaluate the complex 

effects of fertiliser supply on nutrient uptake. 

− Evaluation of the effects of macro-, secondary- and micronutrient supply of maize on 

yield and yield quality. 
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2. MATERIALS AND METHODS 

 

2.1 Experimental Area 

 

The experiment was performed on the Látókép Crop Production Experimental Site, Institutes 

for Agricultural Research and Educational Farm (IAREF), Farm and Regional Research 

Institutes of Debrecen (RID), University of Debrecen. The experimental site is located 13 km 

west of Debrecen, at latitude 47°33' N and longitude 21°26' E, at an altitude of 111 m above 

sea level. The calcareous chernozem soils of the area, formed on a loess ridge in the Hajdúság 

region, have soil physico-chemical properties provide favourable conditions for maize 

production. 

 

2.2. Weather conditions of the experimental area 

 

The experimental area has a typical continental climate, characterised by frequent weather 

extremes such as changes in rainfall and distribution, and temperature fluctuations both during 

and outside the growing season. In the growing season from 01/04 to 31/10 in 2019, only 311.8 

mm of rain fell. In contrast, the year 2021, saw an adequate water supply from rainfall at the 

time of maize sowing followed by a significant deficit in the later stages of vegetative and 

generative development, with a total of 90.7 mm of rainfall in the 4 months from June to 

September, which also contributed to the nationally observed decrease in yield in the 

experimental area. 

 

2.3. Experiment design and treatments 

 

The complex multifactorial long-term fertilisation experiment of the Látókép Crop Production 

Experimental Site, founded in 1983 by Prof. Dr. János Nagy, makes it possible to examine and 

evaluate the effects of applying the same nutrient supply technology for nearly forty years. The 

experiment provides a complex comparison of the fertiliser response of different maize 

genotypes in unfertilised control plots and five increasing fertiliser doses in both irrigated and 

non-irrigated conditions. The experimental design was a small plot field experiment with four 

replications, in which the main plots were the examined genotypes, and the split plots were the 

applied fertiliser doses. The plot size was 7.2 m2 and the genotype evaluated in the experiment 

was a medium maturity (FAO 420), dent type maize hybrid. 
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2.4. Research methodology  

 

2.4.1. Evaluation of dry matter accumulation 

 

In accordance with the different phenological stages, vegetative and generative parts of the plant 

were analysed in each sampling for a complex evaluation of dry matter accumulation and 

nutrient uptake of maize. In the vegetative stages of maize, individual tests were performed on 

the leaf and stem, and later, with the appearance of the cobs, at the 4-leaf- (V4), 8-leaf- (V8) and 

tasselling (VT) phenophases. The performed sampling method was supplemented with grain 

yield and cob tests at the physiological maturity (R6) phenophase. The dry matter content of the 

vegetative parts was determined with a thermometric method. After weighing the fresh samples, 

they were dried in a laboratory drying oven (ED 720, Binder GmbH, Tuttlingen, Germany) at 

65°C to constant weight. After cooling to room temperature, they were measured on an 

analytical balance (E10640, OHAUS Europe GmbH, Nänikon, Switzerland) to determine the 

dry matter content and the moisture content of the fresh plant samples. 

 

2.4.2. Analytical determination of essential nutrients 

 

An accredited laboratory performed the complex determination of the essential nutrient content 

of the samples. The following nutrient components were determined according to the relevant 

Hungarian standards: nitrogen content was determined with the Kjeldahl method (MSZ-08-

1783-6:1983) and phosphorus (MSZ-08-1783-28: 1985), potassium (MSZ-08-1783-29:1985), 

calcium (MSZ-08-1783-26:1985), magnesium (MSZ-08-1783-27:1985), zinc (MSZ-08-1783-

33:1985), copper (MSZ-08-1783-34:1985), iron (MSZ-08-1783-31:1985), sulphur (MSZ-08-

1783-38:1985), manganese (MSZ-08-1783-32:1985) were measured using ICP-OES (Thermo 

Scientific iCAP 7400, Thermo Fisher Scientific, Waltham, MA, USA) 

 

2.4.3. Evaluation of yield and yield quality 

 

After physiological maturity, the experimental plots were harvested with an SR2010 (Sampo 

Rosenlew Ltd., Pori, Finland) plot harvester. The harvester's built-in weight meter was used to 

determine the yield of the plot, which was converted to tons per hectare based on the plot area 

and plant density. After harvesting, 1 kg mean sample of grain yield from each experimental 

plot was used for subsequent evaluation of the main nutritional quality parameters (protein, 
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starch, oil, grain moisture), using a Perten DA7250 (PerkinElmer Inc., Waltham, MA, USA) 

NIR instrument. 

 

2.4.4. Statistical analysis 

 

Statistical evaluation of the experimental results was performed in the statistical environment 

R 3.2.4, using the graphical interface RStudio, and the statistical software GenStat (VSN 

International, Rothamsted, England) and Minitab (Minitab LLC., Pennsylvania, USA). The 

goodness of fit of the measured data was tested using the Kolmogorov - Smirnov normality test. 

Individual and combined effects of different nitrogen fertilisation and crop years were tested 

using single and multi-factor analysis of variance. Fisher's least significant difference (LSD) 

test was used to determine significant differences between individual values. Cluster analysis 

was performed to examine the interrelationship between nutrient analysis data, as well as 

quantitative and qualitative parameters of yield. GGE biplot analysis was used for graphical 

analysis. Graphs were generated using Ms Excel 365 and Datawrapper. 
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3. RESULTS 

 

Based on the results of the dry matter accumulation analysis, I found that the combined effect 

of nitrogen fertilisation, crop year, phenophase and phenophase x crop year significantly 

influenced dry matter uptake of the vegetative parts of the plant (P<0.001). In contrast, maize 

leaf dry matter growth was most significantly affected by nitrogen fertilisation, phenophase and 

phenophase x crop year (P<0.001). In addition, the combined effects of nitrogen fertilisation x 

crop year and phenophase x crop year (P<0.01) and nitrogen fertilisation x phenophase x crop 

year were also statistically significant (P<0.05).  

During the analysis of the dry matter uptake of generative plant parts, I found that, for both 

grain and cob, the interaction of nitrogen fertilisation, crop year and nitrogen fertilisation x crop 

year produced significant effects, the former at P<0.001, while the combined interaction 

produced a weaker effect at P<0.05. 

The dynamic processes of dry matter accumulation measured at the various phenological stages 

were different for each plant part. As regards the vegetative plant parts, stem dry matter 

accumulation at the V4 phenophase was significantly affected by all treatments except N1, 

resulting in a 60-80% increase in the accumulated dry matter content.  

The amount of leaf dry matter, as the primary provider of the assimilation surface for organic 

matter formation, significantly depended on increasing the amount of nitrogen fertilisation. In 

the initial V4 phenophase, all treatments significantly increased dry matter content, ranging 

from 39 to 64 %. As the vegetative development progressed, the values measured at the V8 

stage increased significantly with the performed treatments. The smallest increase was observed 

in the N1 treatment by 33.9 % and the largest increase in the N3 and N5 treatments by 96.4 % 

and 98.3 %, respectively.  

 

My research also focused on the nutrient accumulation characteristics of maize vegetative parts 

and the effects of different nitrogen fertilisation on macronutrient uptake dynamics. Of the three 

macronutrients in the vegetative parts of the plant, potassium was of primary importance for 

both the stalk and leaves. Nitrogen was used as a supplement, whereas phosphorus was not 

dominant. Of the different nitrogen fertilisation levels, the high-dose nitrogen treatments N4 - 

N5 resulted in the highest macronutrient accumulation (Fig. 1). 
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Figure 1. Analysis of the interaction between nitrogen supply and the accumulation of macronutrients (N, P, K) 

based on GGE Biplot analysis. A: Stem, B: Leaf, C: Grain, D: Cob. Debrecen - Látókép 

 

Based on the individual and combined effects of each examined experimental parameter, such 

as nitrogen fertilisation rates, crop year and phenological stages, I found that nitrogen 

fertilisation, crop year, phenophase (P<0.001) and phenophase x crop year (P<0.01) had a 

significant combined effect on maize stalk nitrogen accumulation. As regards phosphorus 

uptake, the individual and combined effects of each of the examined factors had a significant 

effect (P<0.001). During the evaluation of the specificity of potassium uptake, I found that 

nitrogen fertilisation, phenophase, phenophase x crop year, and nitrogen fertilisation x 

phenophase x crop year had significant effects, the former at P<0.001 and the latter at P<0.05.  

In addition to adequate stem vigour, the proper development of leaves is a key factor in the 

vegetative development of plants, providing maximum assimilation surface during 
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photosynthesis by ensuring maximum assimilation of organic matter. During the analysis of 

leaf macronutrient uptake, I found that nitrogen accumulation was significantly affected by 

phenophase, nitrogen fertilisation, phenophase x crop year and nitrogen fertilisation x crop year 

at P<0.001 and P<0.05, respectively. The individual and combined effect of each examined 

factor, except nitrogen fertilisation, resulted in a significant (P<0.001) change in leaf 

phosphorus content. Significant effects on potassium accumulation were measured in all cases 

except for nitrogen fertilisation x crop year. 

 

During the examination of macronutrient uptake in generative plant parts, I found that nitrogen 

fertilisation, year and nitrogen fertilisation x crop year significantly affected both the 

phosphorus and potassium uptake characteristics of the stover (P<0.001). In the grain yield, 

only the effect of nitrogen fertilisation x crop year resulted in a significant change in the 

concentration of both nutrients. 

In the generative parts, the grain yield nitrogen content increased the least (+3 %) with the N1 

treatment, while the N4 fertiliser dose resulted in a 56 % increase (+0.55 m/m % N). Each 

treatment resulted in a significant increase in the specific nitrogen content of cobs of more than 

10 %, but the changes were not significant in any of the cases due to sample variability.  

During the examination of the phosphorus concentration, I observed that increasing nitrogen 

doses resulted in significantly decreasing values in the stem and the generative parts, without 

significantly affecting the phosphorus supply to the leaves. The specific phosphorus content of 

the stem was most affected by the medium N3 treatment, causing 16 % reduction of about 572 

mg/kg P. Compared to the respective stem values, a more balanced effect on leaf potassium 

concentration was measured, with an increase between 19 and 31 %, with the greatest effect 

observed in the N5 treatment (+ 6706 mg/kg K). In contrast, the change in grain yield 

concentration, although not significant, showed a decreasing trend between 2 and 10 % with 

each treatment. 

 

The examination of secondary nutrient uptake revealed that magnesium accumulation in the 

leaves was less affected by increasing nitrogen fertilisation, resulting in a decrease between 8 

and 17 %. The high-dose N4 treatment caused the largest decrease (478 mg/kg) in magnesium 

concentration. In the generative parts of the plant, magnesium concentrations were not 

significantly different from the control values, except for the N4 treatment (7% decrease) (Fig. 

2). 
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Figure 2. Interaction analysis of nitrogen supply and the accumulation of secondary nutrients (Mg, Ca, S) based 

on GGE Biplot analysis. A: Stem, B: Leaf, C: Grain, D: Cob. Debrecen - Látókép 

 

There was no significant effect of increasing nitrogen fertilisation on the concentration of 

calcium in the vegetative parts of the plant. The amount of calcium uptake was evaluated as an 

independent factor of nitrogen supply, with only a slight decrease of 1-7 %.  

In the vegetative parts of the plant, the sulphur content of stems and leaves was increased by 20 

- 27 % and 38 - 54 %, respectively, with the highest increase observed in the N4 treatment, i.e., 

328 mg/kg in the stem and 800 mg/kg in the leaves. It was shown that high nitrogen doses (N3 

and N5 treatments) had a significant positive effect on grain sulphur content in the generative 

plant parts, with excess sulphur uptake of 18 and 15 %, i.e., 157.8 and 125.7 mg/kg, 

respectively. 
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During the micronutrient uptake evaluation, I investigated the dynamic processes of 

accumulation of the essential micronutrients zinc, iron, manganese and copper. In the separate 

evaluation of the vegetative and generative parts of the plant, I found that manganese was of 

primary importance in the micronutrient uptake of maize stalk, followed by zinc and copper, 

respectively. Of the different treatments, the control, N0 was found to be ideal for micronutrient 

uptake (Fig. 3). 

 

 

Figure 3. Interaction analysis of nitrogen supply and accumulation of micronutrients (Zn, Fe, Mn, Cu) based on 

GGE Biplot analysis. A: Stem, B: Leaf, C: Grain, D: Cob. Debrecen – Látókép 

 

The leaf zinc content was slightly negatively affected by increasing nitrogen supply. Again, the 

decrease ranged from 5 to 18 %. For the generative parts of the plant, grain zinc content 
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decreased significantly in all treatments. Again, the greatest negative change was observed in 

the N4 treatment, resulting in a 40 % (9.04 mg/kg) decrease in concentration.  

The iron content responded positively to the increase in nitrogen fertilisation. An increasing, 

and, in several cases, significant trend was observed for all plant parts. Significantly increased 

iron accumulation was found during maize leaf analysis under all fertiliser treatments, with the 

highest increase of 48 % under the N5 treatment.  

Based on the relationships between copper content and nitrogen supply in the vegetative parts, 

I found that increasing nitrogen fertiliser treatments resulted in significantly increased 

concentrations both in maize leaves and ears, ranging from 5 to 57 % and 8 to 39 %, 

respectively. During the examination of nitrogen fertilisation effects on manganese 

concentration in maize, the most notable change in manganese content was found in the leaf, 

which was a significant positive effect. The largest increases were obtained as a result of the N4 

and N5 treatments (31 – 33 %).  

 

I also evaluated quantitative and qualitative yield parameters of yield. I found that the N3 

treatment proved to be the ideal treatment in terms of quantitative and qualitative yield 

characteristics for the given hybrid concerning nitrogen supply, achieving 15.52 and 8.98 

tons/ha yield in the two examined years, respectively. This value was followed by the N2 and 

N4 nutrient levels, and then N5, indicating that fertiliser applied above N3, i.e., 180 kg*ha-1 

nitrogen fertilisation level, could not be utilised by the hybrid. 

A detailed analysis of yield quality characteristics showed that increasing nitrogen fertilisation 

resulted in the greatest change in protein content, with increases of 11 – 20 % in 2019 and 2 – 

25 % in 2021, compared to the control. Different crop year effects were shown in oil content, 

with increases of between 2 and 5 % in 2019 and decreases of between 1 and 6 % in 2021, 

compared to the control. Increasing nitrogen fertilisation had a minimal effect on starch content, 

with a slight decrease of between 0 and 2 % in both examined years. The moisture content also 

showed different seasonal effects, with changes of 0 – 1 % in 2019 and increases of 5 – 11 % 

in 2021, due to increasing nitrogen fertilisation compared to the control. 

 

Cluster analysis was used to examine and evaluate the relationship between the average 

accumulated essential macro-, meso- and microelement content of the vegetative parts of maize, 

as well as the quantitative and qualitative parameters of yield. While maximising yield is the 

primary objective of the farmers, quality is the main concern during extensive maize processing. 

Optimum nutrient supply is an important factor in achieving high yield of high-quality maize. 
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During the analysis of the relationship between yield and essential nutrient concentrations in 

the vegetative parts, the performed cluster analysis classified nutrients into three categories. 

The first cluster included nitrogen, sulphur, potassium, iron, copper and manganese, as well as 

yield. The iron, potassium, and sulphur content of maize were the most closely related to yield 

variation, with a similarity index of 79.94 %, i.e., a decisive determinant of potential available 

yield. A close correlation was also found with the values of nitrogen, copper, and manganese 

concentrations, with a similarity index of 75.1 %.  

 

The nutrient uptake characteristics of the vegetative parts of maize also had a significant effect 

on yield protein content. The closest significant correlation was measured between accumulated 

iron concentration and protein content, with a similarity index of 74.95 %, followed by the 

nutrient group of nitrogen, copper and manganese, with a similarity index of 62.45 %. Uptake 

values of potassium, sulphur, zinc and magnesium showed weaker interaction, with a similarity 

index of 46.88 %. 

 

The starch content of maize is of major importance for the processing industry as it represents 

most of the grain yield, i.e., 65 – 73 %. This value showed different characteristics when tested 

for correlation with essential nutrients. In the cluster analysis, the closest significant relationship 

was found for the phosphorus content of maize, with a similarity index of 79.68 %, followed 

by magnesium and zinc content, with a similar close similarity index of 73.31 %, and a 

significant relationship (53.53 %) between the calcium content of vegetative parts and the starch 

content of grain yield.  

 

The oil content of maize grain ranged between 3 and 5 %, showing a weaker correlation with 

the nutrient content of maize. The closest correlations were observed with the nutrient group of 

nitrogen, potassium, sulphur, copper, manganese and iron, although the similarity index for 

these relationships was also only 51.54 % in total. Grain moisture at harvest, as a fundamental 

determinant of the drying cost related to yield quality, was found to be most closely related to 

the uptake of nitrogen, copper and manganese, with a similarity index of 77.58 %, followed by 

the group of nutrients including potassium, sulphur and iron (70.04 % similarity index).   
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4. CONCLUSIONS AND RECOMMENDATIONS 

 

Optimum nutrient supply is essential in maize production technology to maximise yield 

parameters. In my research, the effects of nitrogen fertilisation on dry matter accumulation, 

nutrient uptake dynamics, and yield characteristics were evaluated. The obtained results were 

analysed using data from two years with different agrometeorological characteristics. 

Reliability of the effects of fertilisation was ensured by comparing the data with those from the 

non-fertilised control plots of the long-term field fertilisation experiment established in 1983. 

 

Based on the results of dry matter accumulation, I found that stem dry matter accumulation was 

influenced by the main examined factors (nitrogen fertilisation, crop year, phenophase) at 

P<0,001 each, apart from the non-significant effect of crop year on leaf dry matter 

accumulation. For both grain yield and stover, both nitrogen fertilisation and crop year factors 

resulted in significant effects at P<0.001. I found that, in the initial V4 phenophase, all 

treatments significantly increased maize leaf dry matter content between 39 and 64 %, whereas 

in the VT phenophase, only the high-dose N4 and N5 fertiliser treatments resulted in significant 

increases, 33.1 and 33.7 %, respectively. In the R6 phase, all treatments increased leaf dry matter 

content, with significant effects in the N3 (+36.7 %), N4 (+61.4 %) and N5 (+46.3 %) treatments. 

My results confirm the findings of Ma et al. (2021), who found that dry matter accumulation 

rate and yield were highest when the applied dose of nitrogen fertilisation was 306.5 kg*ha-1. 

 

During the evaluation of macronutrient uptake, I found different effects on element uptake in 

various parts of the plant. In the stem, the lowest increase (4 %) was observed at the N1 nutrient 

level and the highest (28 %) at the N4 treatment. In the leaves, the same positive changes were 

6% and 31%, respectively, with the highest changes observed at the N5 treatment. Changes in 

leaf N concentration values are in agreement with the results of Izsáki (2012) and Boomsma et 

al. (2009), based on which increasing N fertilisation resulted in increased plant N content. 

However, they are in contrast to the findings of Kincses et al. (2002), who found that the highest 

N concentrations were measured in control plants with the lowest N dose during initial plant 

development at the V3-4 and V6-7 stages. My results on phosphorus concentration are in 

accordance with the data measured in the study of Jakab (2003), who found that maize 

phosphorus content was the highest in non-fertilised treatments. Conversely, the decreasing 

phosphorus concentration values measured in my experiments are in contrast with the results 

of Kincses et al. (2002), who found that increasing nitrogen fertilisation had no effect on the 
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phosphorus uptake of the whole plant. The specific phosphorus content of the stalk was most 

affected by the medium-dose N3 treatment, resulting in 16 % reduction of about 572 mg/kg P. 

Increasing nitrogen dose in the grain yield resulted in a slight decrease in phosphorus 

concentration, with the greatest effect observed in the N4 treatment (-10 %). Individual nitrogen 

doses had different effects on stem potassium content, with the greatest increase (45 % (12392 

mg/kg K)) in the N4 treatment compared to the control. Leaf potassium concentration was 

affected to a lesser extent by nitrogen fertilisation, with an increase of between 19 and 31 %. 

The greatest effect was shown in the N5 treatment (+ 6706 mg/kg K).  

 

During the evaluation of secondary nutrient uptake, I found that nitrogen fertilisation reduced 

magnesium concentrations in both the stem (17-27 % reduction) and leaves (8-17 % reduction). 

In the leaves, the N4 treatment caused the greatest reduction of 478 mg/kg. In the generative 

parts, magnesium concentration in the grain yield was not significantly different from the 

control value, except in the case of the N4 treatment (7 % reduction). Thus, my results contrast 

with the findings of Izsáki (2011) that increasing nitrogen fertilisation positively affects the 

magnesium content of maize leaves. Increasing nitrogen fertilisation had no significant effect 

on the concentration of calcium in the vegetative plant parts. This result is in conformity with 

the study of Riedell (2010) study, who found that, in contrast to the N concentration in maize 

stalks, stalk calcium concentration in the V6 and V12 stages was not affected by nitrogen 

fertilisation treatments. In the generative parts of the crop, grain calcium concentration was 

significantly affected by increasing nitrogen doses, with the largest reduction found in the N2 

treatment (23%, 385 mg/kg). This result contradicts the research findings of Jakab (2003), 

according to which similar significantly higher calcium concentration was measured with 

applying a fertiliser dose of 120 kg*ha-1 N. However, I measured a significant increase in 

sulphur concentration with increasing nitrogen dose, both in the stalk (20 - 27 %), leaf (38 - 54 

%) and grain yield (N3 and N5 treatments +157.8 and 125.7 mg/kg applied S). 

 

During the microelement uptake evaluation, I found that increasing nitrogen supply resulted in 

a significant decrease in zinc concentration in all plant parts. The most significant of these 

effects was the decrease in the stem in the vegetative parts of the plant, amounting to least 40% 

in all treatments, with the greatest decrease in the N4 treatment at 18.71 mg/kg. These measured 

trends are in contrast to the research results of Izsáki (2011), who reported a reliable increase 

in several years following nitrogen fertilisation. The grain zinc content decreased significantly 

in all treatments, with the largest negative change also in the case of the N4 treatment, with a 40 
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% (9.04 mg/kg) decrease in concentration. The processes measured in the grain yield are in 

accordance with the results of Jakab (2003), who demonstrated a similar decrease in the zinc 

content of grain yield with increasing nitrogen fertilisation.  

I found that the N3 treatment, i.e., a nitrogen dose of 180 kg*ha-1, resulted in the highest yield 

increase in 2019 (81 %) and in 2021 (84 %) compared to the control. The obtained results 

confirm the findings of yield depressing effects in the case of nitrogen overfertilisation (Pepó, 

2001., Nagy, 2012; Széles et al., 2018). 

 

In the protein content analysis, it was found that increasing nitrogen fertilisation resulted in 

increasing protein content. The amount of protein content increase was between 11 and 20 % 

in 2019 and between 2 and 25 % in 2021, compared to control values. As regards oil content, a 

different crop year effect was shown, with an increase of between 2 and 5 % in 2019 and a 

decrease of between 1 and 6 % in 2021, compared to the control. Increasing nitrogen 

fertilisation had a minimal effect on starch content, with a slight decrease of 0 – 2 % in both 

examined years. Moisture content also showed different seasonal effects, with changes ranging 

from 0 – 1 % in 2019 and an increase of 5 – 11 % in 2021, due to increasing nitrogen fertilisation 

compared to the control. 

 

I found that the factors most closely correlated with yield were the accumulated iron, potassium 

and sulphur content in maize tissues, with a similarity index of 79.94 %, determining potential 

yield. The closest significant correlation in terms of the development of protein content was the 

concentration of accumulated iron, with a value of 74.95 %. The closest significant correlation 

with starch content in the cluster analysis was the phosphorus content of maize at 79.68 %. The 

oil content of maize yield showed a weaker correlation with the nutrient uptake of plants. The 

closest correlation was found with the macronutrients nitrogen and potassium, sulphur, and the 

micronutrients copper, manganese and iron. However, the similarity index for these correlations 

was also 51.54 % in total. 
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5. NEW SCIENTIFIC RESULTS  

 

1. I have demonstrated that significantly increased dry matter accumulation at the 

beginning of the generative development stage (VT phenophase) can only be achieved 

with high nitrogen fertiliser doses (+33.1 and +33.7 %) of 240-300 kg*ha-1. The increase 

in 2019, a year with more favourable rainfall characteristics, was +51.8 % and +57.5 %, 

respectively, which is significantly higher than the increase in 2021. 

 

2. I have shown that increasing nitrogen fertilisation significantly reduced phosphorus 

concentration in both stalk and the generative plant parts of maize. The maximum 

reduction was 16% in the stalk, 10 % in the grain and 52 % in the cob. In contrast, there 

was no significant effect on the phosphorus content of maize leaves. 

 

3. I confirmed the potassium uptake enhancing effect of increasing nitrogen fertilisation. 

The N4 (240 kg*ha-1 N) treatment increased potassium the most (45% - 12392 mg/kg 

K) compared to the control, each treatment resulting in at least a 20 % increase in 

concentration. The increase was higher in 2019, a year with more favourable rainfall 

characteristics, resulting in +4082 mg/kg of additional potassium uptake. 

 

4. I have demonstrated the effect of increasing nitrogen fertilisation on enhancing sulphur 

accumulation in both the vegetative parts of the plant and in the yield. On average, 

increasing nitrogen supply resulted in an increase in stem and leaf sulphur content of 

between 20 and 27 % and between 38 and 54 %, respectively, with the highest increases 

observed in the case of the N4 treatment (+ 328 mg/kg and + 800 mg/kg). High nitrogen 

doses (N3 and N5 treatments) had a particularly positive effect on grain sulphur content, 

with an increase of 18 and 15 %, or 157.8 and 125.7 mg/kg, respectively, of additional 

sulphur uptake. 
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5. Zinc concentrations decreased in all examined plant parts as a result of increasing N 

fertilisation. The decrease was predominant in the grain yield and the vegetative parts, 

with the highest decrease observed in the N4 treatment. In 2019, the decrease was 50.4 

% in the stem, 35.2 % in the leaf and 39.8 % in the grain, while in 2021, the decrease 

was 58.2 % in the stem, 10.3 % in the leaf and 40.2 % in the grain.  

 

6. I confirmed the effect of iron content in plant tissues on yield and protein content, with 

similarity index values of 79.94 % and 74.95 %, respectively, indicating a relationship 

between iron concentration and yield, as well as the protein content of yield. 
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6. PRACTICAL USE OF RESULTS 

  

1. Based on my research results, the 180 kg/ha dose of nitrogen fertilisation is the most 

favourable for achieving maximum yield and yield quality in a medium maturity maize 

hybrid of the FAO 400-450 maturity group. 

 

2. My results suggest that the effects of increasing nitrogen fertilisation on macro-, 

secondary- and micro-nutrient accumulation will assist producers in determining the 

need for additional fertiliser treatments in addition to nitrogen fertilisation and fertiliser 

composition. 

 

3. Determination of the dry matter content of vegetative and generative parts of the plant 

in the VT and R6 phenophases, in addition to other parameters of the applied crop 

production technology, can be used to determine the yield of the area, thus helping to 

properly schedule the harvesting process. 

 

4. Knowing the essential nutrient content of yield and the green parts of the plant, and 

appropriate nitrogen fertilisation practices, will help to produce high quality feed and 

base materials for processing. 

 

5. Sampling at development stages crucial for plant development and the resulting data, 

once evaluated, can be used as a baseline database for decision support systems for on-

farm nutrient supply in maize, contributing to the efficient, system-wide development 

and implementation of precision nutrient supply. 
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