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Abstract: The subject of the work was the evaluation of maize protein yield conditioned by various
agrotechnical factors. The test results are derived from two different field experiments covering a
total of seven years of observation. Protein yield was significantly dependent on changing weather
conditions in the growing seasons. Protein yield was significantly lower in the dry and hot years.
The sum of precipitation for the month of May was positively correlated with maize protein yield.
However, there was no correlation between the average air temperature and the amount of protein
yield. The sum of atmospheric precipitation for the entire growing season (IV–X) shaped maize protein
yield in over 96%. A non-linear relationship of the 2nd degree was determined between these traits.
Sowing maize into the soil cultivated traditionally (autumn tillage), “stay-green” type cultivars and
row fertilization positively influenced maize protein yield. Initial fertilization (regardless of depth)
with two-component NP fertilizer, in relation to broadcast fertilization, significantly increased maize
protein yield from 11.4% to 18%, respectively. The type of nitrogen fertilizer did not differentiate the
value of this trait. Pre-sowing nitrogen application was more effective compared to the top dressing,
and significantly increased protein yield. Row fertilization with two-component NP fertilizer clearly
affected the content protein in grain. The interdependence of genetic and agronomic progress is
an important factor shaping the potential of maize protein yield and cannot be attributed to either
breeding (cultivar) or agronomy.

Keywords: agrotechnical factors; maize; polynomial regression analysis; protein content and yield

1. Introduction

Cereals, including maize, are the basis of daily food [1,2]. Maize accounts for 15% of world protein
production and 19% of calories from vegetable crops [3]. To alleviate malnutrition, maize protein
content can be increased even up to 18% by increasing the prolamine (zein) fraction in the endosperm of
maize kernels [4]. Millions of people around the world, especially in developing countries, obtain part
of their protein and daily calories solely from maize [5].

In the conditions of food shortage in the world, particularly in developing countries, supplying
the right amount of energy is an important problem, and thus cereals that are a source of protein
become very important. Nutritional needs in terms of basic nutrients, including energy compounds
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and proteins, are mainly met by plant production. Plant raw materials are also a source of other
valuable components that are not energy materials, but they determine the bioavailability of food
macronutrients and affect health. Therefore, new raw materials, such as white mulberry (Morus alba),
are currently being sought to obtain or enrich food with polyphenols, vitamins and minerals [6].
Currently, optimal cultivars are also selected to achieve not only high yields but also high antioxidant
potential [7,8].

These activities are constantly accompanied by work on optimizing cultivation conditions,
including the selection of appropriate fertilization methods. The aim of modern maize breeding is
to obtain high-yielding cultivars with improved quality characteristics, high nutritional value and
disease resistance [9]. A very important task of breeding is to obtain high protein content in the grain.
Protein content in the grain is not only a cultivar trait, but also depends on climate and soil conditions,
fertilization and chemical protection. The main product of maize grain milling is thick groat, known
as grits, obtained from the vitreous part of the endosperm. Allergies and food intolerances are a
very big threat in the present world [10]. The only alternative for people on a gluten-free diet is to
consume modern products that are safe for them, which increasingly includes bread baked from flour
based on gluten-free cereals, e.g., maize. Cereal protein is often included in the so-called deficient
proteins due to a shortage of some essential amino acids—in the case of maize, these are lysine
and tryptophan [3,11]. However, according to recent findings of WHO and FAO 2007 [12] experts,
human demand for tryptophan currently amounts to 6 mg·g−1 protein. Thus, it can be concluded that
tryptophan is no longer an amino acid that limits the biological (nutritional) value of maize protein.
Rastogi and Shukla [13] also confirmed the low biological value of the protein, indicating tryptophan
and lysine as limiting amino acids.

The development of plant breeding techniques has enabled the acquisition of the so-called
quality protein maize (QPM) cultivars. QPM cultivars contain approximately twice as many of the
aforementioned amino acids as compared to standard cultivars, thanks to which their proteins are much
more similar to the amino acid composition of casein, and thus have a significantly higher nutritional
value [3,14]. Maize protein is characterized by a very high content of branched-chain amino acids
(isoleucine, leucine, valine) that play an important role in human metabolism [15]. Branched-chain
amino acids have distinct biological properties from other amino acids and are not catabolized in
the liver, but in skeletal muscles. For this reason, they are often used by athletes as supplements for
building muscle mass [16,17]. In addition to the beneficial effects of using supplements in athletes’
diets, some researchers point out the harmful effects of branched-chain amino acids on the health
of people with low physical activity. Many studies have shown an increased risk of obesity, type 2
diabetes and amyotrophic lateral sclerosis [18,19].

Demand for food is higher due to the growing population [1]. Therefore, maize can meet
nutritional needs as well as provide food for humans and a number of health benefits [2,20]. According
to long-term predictions, demand for maize will double by 2050, and its production by 2025 will
dominate cereal production, especially in developing countries [1]. There are few data in the literature
on the effect of agrotechnical factors on maize protein yield [3,21].

Therefore, field studies were conducted at the Department of Agronomy of the Poznań University
of Life Sciences to determine the effect of selected agrotechnical factors on maize protein content and
yield. The experimental hypothesis assumed that various agrotechnical factors: (i) method of soil
preparation for sowing, (ii) maize hybrid type, (iii) fertilization method, (iv) NP fertilizer application
depth, (v) nitrogen fertilizer type, and (vi) N application date would shape the size of maize content
and protein yield. The adopted assumptions were verified on the basis of two field experiments carried
out over a period of seven years.
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2. Materials and Methods

2.1. Experimental Field

2.1.1. Experiment I

The field experiment was carried out at the Department of Agronomy of Poznań University of
Life Sciences, on the fields of the Gorzyń Experimental and Educational Unit (52◦26′ N; 16◦45′ E),
in the years 2012–2014. It was carried out for three years in the same scheme in a split-split-plot design
with three factors in 4 field replicates. The study involved the following factors: A-1st order factor-two
methods of maize sowing: A1-sowing to the soil (traditional cultivation), A2-direct sowing to the
stubble after winter wheat (straw harvested); B-2nd order factor-two types of varieties: B1-traditional
variety SY Cooky, B2-stay-green variety Drim; C-3rd order factor-2 methods of supplying NP fertilizer:
C1-broadcast on the entire surface before seed sowing, C2-in rows simultaneously with seed sowing.
The same level of mineral fertilization (100 kg N·ha−1, 30.8 kg P·ha−1 and 107.9 kg K·ha−1) was applied
on all experimental objects. Fertilization was balanced against phosphorus, which was applied at the
whole required dose in the form of ammonium phosphate under the trade name of polidap NP. N
and K fertilization was performed before maize sowing using urea and potassium salt (60%). The N
dose was reduced by the amount of nitrogen present in the polidap. The assumed planting density in
the years of research was 7.95 pcs·m−2, with a spacing between rows of 70 cm and a sowing depth of
5–6 cm. The size of the plot area for harvesting was 14 m2.

2.1.2. Experiment II

A field trial was carried out at the Department of Agronomy of Poznań University of Life Sciences,
on the fields of the Gorzyń Experimental and Educational Unit (52◦26′ N; 16◦45′ E), in the years
2015–2018. It was conducted for four years in the same random block design (split-split-plot) with
3 factors and 4 field replicates. The following variables were tested: A-1st order factor-NP fertilizer
sowing depth [A1-0 cm (broadcast), A2-5 cm (in rows), A3-10 cm (in rows), A4-15 cm (in rows)]; B-2nd
order factor-type of supplementary nitrogen fertilizer [B1-ammonium nitrate, B2-urea]; C-3rd order
factor-date of supplementary nitrogen fertilization [C1-before sowing, C2-top dressing in the BBCH
15/16 stage]. The same level of mineral fertilization (100 kg N·ha−1, 30.8 kg P·ha−1 and 107.9 kg K·ha−1)
was applied in all experimental objects. Fertilization was balanced against phosphorus, which was
applied at the whole required dose in the form of ammonium phosphate (18% N, 46% P2O5), according
to the experimental design under the 1st order factor. K fertilization was performed before maize
sowing using potassium salt (60%). The fertilizer coulters (on objects with initial fertilization) were
set 5 cm aside from the seeds. The application depth of NP fertilizer was according to the 1st order
factor levels. Maize sowing was performed with a precision seeder, with a built-in granular fertilizer
applicator (Monosem). Gross plot size: 24.5 m2 (length-8.75 m, width-2.8 m). The net plot area for
harvesting was 12.25 m2.

2.2. Methods of Parameter Determination

In the present study nitrogen content in grain was assessed using the Kjeldahl method with
the KjeltecTM 2200 FOSS device. Next nitrogen content in grain was multiplied by 6.25, and protein
content in grain was thus calculated. Protein content was determined for the bulk sample from
four replications.

% Protein = %N × 6.25

Yield of protein [kg ha−1] = [(yield of dry grain kg·ha−1
× protein content in grain %)]/100.
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2.3. Soil Conditions

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’s 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 belongs to the black-earth order. According to the international classification of
WRB (World Reference Base), 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 part of the middle part of the soil profile. In the surface horizons, rainfall
and water management dominates, which can be modified to some extent by changing the water
properties of the deeper parts of the soil profile. The content of nutrients in the soil before sowing
maize is given in Table 1. The magnesium content in the soil was determined by the Schachtschabel
method, the content of potassium by the Egner-Riehm method, the content of phosphorus by the Olsen
method and the content of organic carbon with the Vario-Max autoanalyzer.

Table 1. Total nutrient contents and soil pH before establishing the experiment in maize growing seasons.

Specification
Years

2012 2013 2014 2015 2016 2017 2018

P [mg P kg dm soil] 112 38 127 40 104 83 49

K [ mg K kg dm soil] 95 111 261 111 97 108 116

Mg [mg Mg kg dm soil] 28 23 36 29 44 53 53

pH [w 1 mol KCl] 4.9 4.8 4.7 4.5 4.6 5.6 5.1

C [%] 1.01 1.00 0.98 1.03 1.07 1.04 0.99

2.4. Statistical Analysis

The statistical analyses, such as the analysis of variance (ANOVA) and Tukey’s HSD (honestly
significant difference) test for comparisons of pairs of means were performed separately in the
study years and over the years 2012–2014 and 2015–2018, according to the models of data obtained
from the experiment designed as a split-split-plot [22]. In a further step, analyses of variance were
supplemented with polynomial regression analyses [23] taking into account information from both
experiments. The aim of this study was to investigate whether maize protein and temperature and
humidity conditions during the maize growing season significantly affect the size of maize protein
yield. The average values of protein yield in individual years, the sum of atmospheric precipitation and
the average daily air temperature in maize growing seasons were taken into account. All calculations
were carried out using the Statistica 13 software package 2017 [24]. Statistical significance was defined
at p-value < 0.01 or p-value < 0.05 depending on the source of variation.

3. Results

3.1. Weather Conditions

The meteorological data came from the iMetot automatic station located in the experimental field.
Generally, it should be stated that the thermal and humidity conditions in the maize growing seasons
were very diverse (Figure 1). The most optimal conditions for maize growth and development were
recorded in the years 2012, 2016 and 2017. The worst meteorological conditions for maize growth and
development were recorded in 2015 and 2018. These were the years with the lowest precipitation,
below 300 mm.
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Figure 1. The sum of atmospheric precipitation and the average daily air temperature in maize
growing seasons.

3.2. Protein Content-Experiment I

From the analysis of the protein content in corn grain (g·kg−1) in Experiment I, it was found that
the applied agrotechnical factors, i.e., the methods of sowing maize, the varieties, and the methods
of applying NP fertilizer, as well as all interactions between them, did not significantly differentiate
the mean protein contents in the grain (Table 2). Table 3 presents the means for agrotechnical factors,
in spite of the statistically insignificant differences. These data only provide information about the
protein content in the grain in a given environment, subject to the factors specified in this experiment.

Table 2. Results of the three-stratum ANOVA for the protein content (2012–2014).

Source of Variation DF F-Value p-Value

R 2
Methods of sowing maize (A) 1 0.301 0.638

Error 1 2
Varieties (B) 1 0.735 0.440

A × B 1 0.243 0.648
Error 2 4

Methods of sowing NP fertilizer
(C) 1 0.257 0.626

A × C 1 0.447 0.523
B × C 1 0.325 0.584

A × B × C 1 0.125 0.733
Error 3 8
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Table 3. Mean values of the protein content for the factors (2012–2014).

Factors The Levels of the Factors Protein Content (g·kg−1)

A
sowing in the soil cultivated in the traditional way 96.48

direct sowing 95.85

B
traditional 94.93

stay-green type 97.40

C
broadcasting 96.85

in rows 95.48

3.3. Protein Yield—Experiment I

In the three-year study period (2012–2014), significant differences in protein yield (kg/ha) were
found depending on the interaction of methods of sowing maize, varieties, and methods of applying
NP fertilizer with those years (Table 4). The highest protein yield (irrespective of the agronomic factors)
was obtained in 2013 and 2014, which had average air temperatures close to the long-term temperature
and had the lowest amount of precipitation. Excessive precipitation and a temperature below the
long-term average in 2012 had an adverse effect on the mean protein yield, which was significantly
lower than the mean protein yield in 2013 (Table 5). The evaluated maize varieties differed significantly
in terms of protein yield (irrespective of the years and other agronomic factors). A significantly higher
mean yield was obtained by the stay-green variety compared with the traditional variety (Table 5).

Table 4. Results of the four-stratum ANOVA for the protein yield (2012–2014).

Source of Variation DF F-Value p-Value

Blocks 3 1.431 0.323
Years (Y) 2 6.634* 0.030

Error 1 6

Methods of sowing maize (A) 1 40.744 ** 0.000
Y × A 2 14.446 ** 0.002

Error 2 9

Varieties (B) 1 36.986 ** 0.000
Y × B 2 3.649 * 0.047
A × B 1 0.045 0.834

Y × A × B 2 25.538 ** 0.000

Error 3 18

Methods of sowing NP fertilizer
(C) 1 17.768 ** 0.000

Y × C 2 0.542 0.586
A × C 1 0.005 0.942
B × C 1 1.715 0.199

Y × A × C 2 4.490* 0.018
Y × B × C 2 1.683 0.200
A × B × C 1 0.190 0.666

Y × A × B × C 2 7.274 ** 0.002

Error 4 36

* p < 0.05, ** p < 0.01.
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Table 5. Mean values of the protein yield for the years and other factors (2012–2014).

Factors The Levels of the Factors Protein Yield (kg·ha−1)

Y
2012 847.8 b

2013 957.4 a

2014 889.1 a,b

A
sowing in the soil cultivated in the traditional way 952.5 a

direct sowing 843.7 b

B
traditional 858.3 b

stay-green type 937.9 a

C
broadcasting 869.0 b

in rows 927.2 a

a, b—homogeneous groups (α = 0.01 or α = 0.05).

During the three-year study period, the stay-green variety obtained the highest yields in 2013
and 2014 (irrespective of methods of sowing maize and applying NP fertilizer). The mean yields of
this variety were significantly higher than the mean yields of the traditional variety, especially in 2013
and 2014 (Table 6). The studies also showed the interactive impact of varieties, methods of sowing
maize and weather conditions in the years of the study on the protein yield (kg·ha−1). Significantly, the
highest protein yield (1163.1 kg·ha−1) was obtained from grain of the stay-green variety sown in soil
cultivated in the traditional way in 2013. Significantly, the lowest yield (757.6 kg·ha−1) was found for
the traditional variety with direct sowing in 2014 (Figure 2).

Table 6. Mean values for the combinations Y × A and Y × B (2012–2014).

Years (Y) Methods of Sowing Maize (A) Protein Yield (kg·ha−1)

2012
sowing in the soil cultivated in the traditional way 886.5 b

direct sowing 809.1 b

2013
sowing in the soil cultivated in the traditional way 1074.0 a

direct sowing 840.7 b

2014
sowing in the soil cultivated in the traditional way 896.9 b

direct sowing 881.3 b

Years (Y) Varieties (B) Protein Yield (kg·ha−1)

2012
traditional 829.5 d

stay-green type 866.0 c,d

2013
traditional 917.7 b,c

stay-green type 997.1 a

2014
traditional 827.6 d

stay-green type 950.7 a,b

a, b, c, d—homogeneous groups (α = 0.01 or α = 0.05).
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Figure 2. Mean values of the protein yield for the combinations of three years; two methods of sowing
maize and two types of varieties (YAB); a, b, c, d, e—homogeneous groups (α = 0.01).

The research also showed the interactive effect of the method of sowing maize, the method of
applying NP fertilizer and weather conditions in the years of the study on the protein yield (kg·ha−1).
A significant increase in protein yield (1134.0 kg·ha−1) was obtained (irrespective of the varieties) in
2013 when maize was sown in soil cultivated in the traditional way and NP fertilizer was applied in
rows. Significantly, the lowest mean yield (764.3 kg·ha−1) was found in 2012 when direct sowing and
broadcasting of NP fertilizer were used (Figure 3).
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Figure 3. Mean values of the protein yield for the combinations of three years; two methods of sowing
maize and two methods of sowing NP fertilizer (YAC); a, b, c, d—homogeneous groups (α = 0.01).
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A significant interaction of all agronomic factors with the years of research was also found (Table 4).
A significant increase in the protein yield was obtained for the stay-green type variety, when NP
fertilizer was applied in rows, while maize was sown in soil cultivated traditionally (in 2013) or through
direct sowing (2014).

3.4. Protein Content—Experiment II

In Experiment II, significant differences in the mean protein content were found only depending
on the depth of NP fertilization and on the interaction between the depth of NP fertilization and the
date of supplementary nitrogen fertilization (Tables 7 and 8). It was shown (Figure 4) that relative to
broadcast NP, the protein content in the grain increased significantly when NP fertilizer was sown
at a depth of 10 cm before the application of supplementary nitrogen (irrespective of its type, i.e.,
ammonium nitrate or urea). However, the other sowing depths (5 cm or 15 cm) did not significantly
change the protein content in the grain, relative either to broadcast NP or to sowing at a depth of 10 cm.

Table 7. Results of the three-stratum ANOVA for the protein content (2015–2018).

Source of Variation DF F-Value p-Value

R 3

Depth of NP fertilization
(A) 3 4.903 * 0.027

Error 1 9

Type of nitrogen
fertilizer (B) 1 0.029 0.867

A × B 3 2.783 0.087

Error 2 12

The date of nitrogen
application (C) 1 0.554 0.464

A × C 3 3.936 * 0.020

B × C 1 1.708 0.204

A × B × C 3 1.868 0.162

Error 3 24

* p < 0.05.

Table 8. Mean values of the protein content for the factors (2015–2018).

Factors The Levels of the Factors Protein Content (g·kg−1)

A

0 cm 87.86 b

5 cm 89.58 a,b

10 cm 93.58 a

15 cm 90.82 a,b

B
ammonium nitrate 90.59

urea 90.33

C
before sowing 90.00

top-dressing in the BBCH 15/16 90.92

a, b—homogeneous groups (α = 0.05).
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Figure 4. Mean values of the protein content for the combinations of four depths of fertilization and
two dates of nitrogen application (AC) in 2015–2018; a, b—homogeneous groups (α = 0.05).

3.5. Protein Yield—Experiment II

In the four-year research period (2015–2018), significant differences in protein yield (kg·ha−1) were
found depending on the interaction of agrotechnical factors—depth of fertilization, type of nitrogen
fertilizer and date of nitrogen application—with those years (Table 9). Significantly, the highest mean
protein yield was found in 2016 (irrespective of the agrotechnical factors) and the lowest mean protein
yield was obtained in 2018 (Table 10). A depth of fertilization of at least 5 cm significantly increased the
protein yield. However, further increasing the depth to 10 or 15 cm did not significantly increase the
yield (Table 10). No interaction was found between this factor and the year of research. No significant
differences in protein yield were obtained under the influence of the nitrogen fertilization method
(irrespective of years and other agrotechnical factors). On the other hand, mean protein yields differed
significantly due to the applied nitrogen fertilization methods in various years (the interaction is
significant). The highest yields were obtained in 2016, using both ammonium sulphate and urea.
In 2018, mean protein yields were significantly the lowest, while the methods of nitrogen fertilization
did not differentiate the means (Table 11). However, the studies showed the interactive effect of the
depth of fertilization, type of nitrogen fertilizer and weather conditions in the years of research on
the protein yield. The interaction of these factors was studied independently of the year (Figure 5).
A greater increase in yield was obtained using a depth of fertilization with urea of at least 5 cm.
Considering the years of research, the highest protein yields were obtained in 2016 using urea with a
fertilization depth of at least 5 cm. Studying the impact of the date of nitrogen application on protein
yield and the interaction of this factor with the years and other factors, a lack of interaction was found
only between the type of nitrogen fertilizer and the date of application. The other interactions are
highly significant (Table 9). Irrespective of the study year and other agrotechnical factors, the highest
protein yield was obtained using nitrogen application before sowing (Table 10). Considering the
interaction of the date of nitrogen application with the year, the highest yield was found in 2016, when
the date of application (before sowing, or top-dressing at BBCH 15/16) did not differentiate mean
protein yields. A similar situation was obtained in 2018, when mean yields were significantly the
lowest (Table 11). It was also shown (Figure 6) that protein yield increased significantly when nitrogen
was applied before sowing and a 10 cm depth of fertilization was used (irrespective of the study years).
Considering the significant interaction of both factors with the years of research (Table 9), the highest
yields were found in 2016. The highest mean yield was obtained for nitrogen application before sowing
and a 15 cm depth of fertilization.
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Table 9. Results of the four-stratum ANOVA for the protein yield (2015–2018).

Source of Variation Degrees of Freedom F-Value p-Value

Blocks 3 0.303 0.823

Years (Y) 3 33.874 ** 0.000

Error 1 9

Depth of fertilization (A) 3 10.513 ** 0.000

Y × A 9 0.873 0.557

Error 2 36

Type of nitrogen fertilizer (B) 1 0.799 0.376

Y × B 3 8.266 ** 0.000

A × B 3 8.603 ** 0.000

Y × A × B 9 5.268 ** 0.000

Error 3 48

The date of nitrogen
application (C) 1 4.813 * 0.031

Y × C 3 6.576 ** 0.000

A × C 3 21.102 ** 0.000

B × C 1 0.425 0.516

Y × A × C 9 9.934 ** 0.000

Y × B × C 3 5.287 ** 0.002

A × B × C 3 8.559 ** 0.000

Y × A × B × C 9 4.749 ** 0.000

Error 4 96

* p < 0.05, ** p < 0.01.

Table 10. Mean values of the protein yield for the years and other factors (2015–2018).

Factors The Levels of the Factors Protein Yield (kg·ha−1)

Y

2015 705.8 b

2016 854.7 a

2017 714.7 b

2018 538.7 c

A

0 cm 634.4 b

5 cm 723.7 a

10 cm 748.8 a

15 cm 706.9 a

B
ammonium nitrate 700.4

urea 706.5

C
before sowing 708.5 a

top-dressing in the BBCH 15/16 698.5 b

a, b, c—homogeneous groups (α = 0.01 or α = 0.05).
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Table 11. Mean values for the combinations Y × B and Y × C (2015–2018).

Years (Y) Type of Nitrogen Fertilizer (B) Protein Yield (kg·ha−1)

2015
ammonium nitrate 708.7 b,c

urea 702.9 b,c

2016
ammonium nitrate 838.6 a

urea 870.9 a

2017
ammonium nitrate 736.8 b

urea 692.6 c

2018
ammonium nitrate 517.7 d

urea 559.7 d

Years (Y) The Date of Nitrogen Application (C) Protein Yield (kg·ha−1)

2015
before sowing 723.6 b

top-dressing in the BBCH 15/16 688.1 c

2016
before sowing 860.5 a

top-dressing in the BBCH 15/16 849.0 a

2017
before sowing 704.2 b,c

top-dressing in the BBCH 15/16 725.2 b

2018
before sowing 545.5 d

top-dressing in the BBCH 15/16 531.8 d

a, b, c, d—homogeneous groups (α = 0.01).

Table 12. Mean values for the combinations of four depths of fertilization (A), two types of nitrogen
fertilizer (B) and two dates of nitrogen application (C) in 2015–2018.

Depth of
Fertilization (A)

Type of Nitrogen
Fertilizer (B)

The Date of Nitrogen
Application (C) Protein Yield (kg·Ha−1)

0 cm
ammonium nitrate

before sowing 593.91 e

top-dressing in the BBCH 15/16 659.26 c,d

urea before sowing 636.06 d,e

top-dressing in the BBCH 15/16 648.40 d

5 cm
ammonium nitrate

before sowing 732.92 a,b

top-dressing in the BBCH 15/16 742.68 a,b

urea before sowing 704.48 b,c

top-dressing in the BBCH 15/16 714.78 b

10 cm
ammonium nitrate

before sowing 775.40 a

top-dressing in the BBCH 15/16 744.15 a,b

urea before sowing 772.22 a

top-dressing in the BBCH 15/16 703.59 b,c

15 cm
ammonium nitrate

before sowing 713.42 b

top-dressing in the BBCH 15/16 641.61 d,e

urea before sowing 739.18 a,b

top-dressing in the BBCH 15/16 733.54 a,b

a, b, c, d, e—homogeneous groups (α = 0.01).
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Figure 5. Mean values of the protein yield for the combinations of four depths of fertilization (A) and
two types of nitrogen fertilizer (B) in 2015–2018; a, b, c—homogeneous groups (α = 0.01).
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Figure 6. Mean values of the protein yield for the combinations of four depths of fertilization (A) and
two dates of nitrogen application (C) in 2015–2018; a, b, c, d, e—homogeneous groups (α = 0.01).

In the four-year study period, the significantly highest yields were obtained for the combination
of type of nitrogen fertilizer and the date of nitrogen application in 2016 (irrespective of the depth
of fertilization). It was found that both ammonium sulphate and urea used before sowing or
with top-dressing at BBCH 15/16 did not significantly differentiate mean protein yields (Figure 7).
When considering (Table 12) a combination of three (A, B, C) factors (regardless of the year of research),
a significant increase in the mean values of the protein yield was observed when a sowing depth of at
least 5 cm was used. The highest means of the yields were observed for the ammonium nitrate and
urea used before sowing at a sowing depth of 10 cm. However, these means do not differ significantly
from many other means of the protein yield for A × B × C combinations with a sowing depth of at
least 5 cm. Considering the significant interaction of all factors with the years of research (Table 9),
the highest yields were found in 2016, wherein the significant highest mean yield was obtained for
urea application before sowing and a 15 cm depth of fertilization.
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Figure 7. Mean values of the protein yield for the combinations of four years; two types of nitrogen
fertilizer and two dates of nitrogen application (YBC); a, b, c, d, e, f—homogeneous groups (α = 0.01).

3.6. Functional Relationships

Functional relationships between the sum of precipitation and the average daily air temperature
and maize protein yield were calculated in the current study (Tables 13 and 14). It was shown that the
sum of precipitation in the 4th month affected protein yield in over 76%. The correlation coefficient
for this relationship was rxy = 0.8757 > 0, and thus the described relationship between these traits
was positive. For May, a linear relationship was found between the sum of precipitation and protein
yield, which was significant at the level of α = 0.01 (p = 0.009780). In turn, the sum of atmospheric
precipitation for the IV–X period had an effect on protein yield of over 96% (Table 13). A non-linear,
2nd degree relationship between the sum of precipitation and protein yield was found, which was
significant at the level of α = 0.01 (p = 0.000620). The average daily air temperature in the 4th month and
the IV-X period affected maize protein yield in over 91% and 89%, respectively (Table 14). A non-linear,
2nd degree relationship was demonstrated for May, which was significant at the level of α = 0.01
(p = 0.002699). In turn, for the entire growing season, a 3rd degree non-linear relationship was recorded
between the average daily air temperature and protein yield, which was significant at the level of
α = 0.05 (p = 0.045429).

Table 13. Functional relationships between the sum of precipitation and protein yield (kg·ha−1)
in 2012–2018.

Month rxy
Determination
Coefficient R2 Regression Equation p

IV - 83.77% y = 1471.323 − 56.587x + 0.906x2 0.011014 *

V 0.8757 76.68% y = 542.71 + 4.18x 0.009780 **

VI−X - - - ns

Sum of
precipitation IV–X - 96.83% Y = −1073.184 + 9667x − 0.012x2 0.000620 **

**—significant at p < 0.01, *—significant at p < 0.05, ns—not significant.
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Table 14. Functional relationships between the average air temperature and protein yield (kg·ha−1)
in 2012–2018.

Month Determination
Coefficient R2 Regression Equation p

IV - - -

V 91.66% y = −31311.49 + 4246.65x − 139.61x2 0.002699 **

VI−X - - ns

Average daily air
temperature IV−X 89.62% y = 1009848 − 199360x − 13105x2

− 287x3 0.045429 *

**—significant at p < 0.01, *—significant at p < 0.05, ns—not significant.

4. Discussion

Maize is one of the most important plant raw materials, with versatile applications, including
non-food and non-agricultural purposes [20]. The maximum grain yield (15% H2O) in the USA was
28.5 t/ha, i.e., 75% of the potential yield. Assuming that the harvest index (HI) is about 50% for maize,
the collected biomass can amount to 60 t dm·ha−1 [25].

Maize grain yield (also protein yield) is largely determined by the availability of water. Maize
crops are limited by a number of abiotic and biotic factors [26]. Hence, plant production may not
meet its goals without introducing new technological solutions. Water shortages in the plant limit the
supply of leaf assimilates, which are deposited in the form of starch already at the early stages of kernel
development, leading to ovary necrosis and discarding young kernels [27]. Water plays an important
role in the formation of starch granules during the growth of kernels [28]. Any disturbances in the
system of environmental factors cause an imbalance in the plant’s vital functions and become a cause
of stress. The above-mentioned functional relationships between humidity and thermal conditions and
protein yield show that maize malnutrition interferes with leaf, ear and ear element structure formation
processes at the initial period of the growing season [29,30]. These effects of nitrogen deficiency
are visible very early, already in the 8-leaf stage. According to Subedi and Ma [31], plant nitrogen
malnutrition before this phase leads to an irreversible reduction in the number of ears and formed
kernels by approximately 30%. Szulc and Bocianowski [32] also reported that maize grain yield was
significantly dependent on the plant nutritional status in the BBCH 15/16 leaf stage, regardless of the
type of maize hybrid.

The biological value of maize kernels is determined based on protein and fat content as well as the
composition of amino acids and fatty acids [33]. Their quality and content can be modified by ecological
and agrotechnical factors. Among the latter, the effect of nutrients (fertilization) on their content is the
most visible. Plants with better nitrogen nutrition increase protein content [11]. Climatic conditions,
mainly humidity, also have a great impact on protein content in maize kernels. It was found that
protein content in maize kernel was lower in wet years than in dry and warm years [21]. According to
Sulewska and Ptaszyńska [34], maize protein content was more strongly shaped by weather conditions
than by the genotype. Hopkins [35] also reported that weather conditions during the growing season
had a great impact on crop yielding and any deviation from the average values affected agricultural
production. Excess or no rainfall, as well as too low or too high air temperature largely determined crop
yielding stability. The aforementioned results were also confirmed in the present study. Significantly,
the lowest protein yield was obtained in 2018 (538.7 kg of protein·ha−1), which was characterized
by the lowest total precipitation for the maize growing season (230.3 mm), with the highest daily
air temperature (16.6 ◦C). Regardless of weather conditions in the successive years, a significantly
higher grain yield was obtained for maize sown in the cultivated soil compared to direct sowing in
stubble. The difference between sowing methods was 108.8 kg·ha−1. The results of other studies [36]
also have demonstrated that the tillage method has a strong impact on the level of maize yielding.
The view that the use of simplified cultivation, especially direct sowing [37], causes a significant
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reduction in grain yield prevails in the literature, as also shown by our own research. In the current
study, the highest protein yield was harvested by cultivating a “stay-green” type cultivar compared to
a traditional cultivar. The result obtained in our research confirmed earlier literature reports about
a significantly higher protein yield in case of growing a “stay-green” cultivar [21,38]. According to
Szulc et al. [21], this hybrid is more environmentally friendly and better suited to integrated maize
cultivation compared to a traditional hybrid due to its higher capacity to utilize soil nitrogen (Nmin)
and fertilizer. This was evidenced by a higher protein content in the grain and protein yield regardless
of nitrogen dose, type of nitrogen fertilizer and magnesium application.

Broadcast fertilization does not always ensure proper plant nutrition, because, depending on soil
properties, part of the ingredient introduced into the soil in the form of fertilizer will become fixed,
especially on soils with high immobilization propensity, or will land in places that are beyond the
reach of crop roots [39]. A much better way to increase phosphorus availability is to place the fertilizer
in close proximity to the seeds [40]. This type of fertilizer application is called row, initial or localized.
It results in a better supply of young plants with nutrients [41], accelerates their vegetation and has
a positive effect on grain yield [42]. Initial fertilization also allows to limit the dose of phosphorus
and nitrogen [22] due to their better utilization in the year of application and reduce the rate of its
fixation in soils with low abundance of this component. In addition, this method of application places
the nutrient in a deeper, wetter soil layer, resulting in better uptake. This is especially important for
nutrients that are not very mobile, such as phosphorus [43]. Both field experiments in the present
study confirmed the greater efficiency of the localized method of NP fertilizer spreading, expressed in
the obtained protein yield. In the first experiment, the difference was 6.7%, while in the second one it
was 5 cm–14.1%, 10 cm–18.0%, 15 cm–11.4%, respectively.

5. Conclusions

Changing temperature and humidity conditions during the maize growing season significantly
affects the size of maize protein yield. Protein yield is lower in dry and warm years. The sum of
precipitation for the month of May was positively correlated with maize protein yield. However,
there was no correlation between the average air temperature and the amount of protein yield. The sum
of atmospheric precipitation for the entire growing season (IV–X) shaped maize protein yield in over
96%. A non-linear relationship of the 2nd degree was determined between these traits. Sowing maize
into traditionally cultivated soil (autumn tillage) using “stay-green” cultivars and row fertilization
significantly increases maize yield. Row fertilization, regardless of the depth of fertilizer application,
significantly increases protein yield compared to traditional (broadcast) fertilizer sowing. A pre-sowing
application of nitrogen fertilizer, compared to the top dressing application of this component in the
BBCH 15/16 stage, is more effective, which is reflected in a higher protein yield. The condition for
obtaining a high maize protein yield is the utilization of biological progress in combination with
modern agrotechnical solutions. Row fertilization with two-component NP fertilizer clearly affected the
content protein in grain. Placing it at a depth of 10 cm should be an indication for agricultural practice.
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