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Abstract

Sustainable agriculture, particularly efficient nitrogen management, is essential for main-
taining soil fertility, improving crop quality, and reducing the environmental footprint of
agricultural production. This study evaluated the effects of reduced soil-applied nitrogen
and foliar application of the nitrogen—sulfur fertilizer Nitron-S on the quality of silage maize
(Zea mays L.). A field experiment was conducted using a single-factor design with four fer-
tilization treatments differing in nitrogen supply and foliar fertilization intensity. The silage
maize cultivar Farmmortiz was grown under uniform manure application (30 t ha=!) ap-
plied in autumn. The control treatment received the full soil-applied nitrogen rate, whereas
experimental treatments received 50% of the conventional nitrogen dose supplemented
with foliar Nitron-S at doses of 20, 40, and 60 dm3 ha™, applied twice during the grow-
ing season. After harvest, plant yield and selected quality parameters were determined,
including dry matter, crude protein, sugars, starch, ash, neutral detergent fiber (NDEF),
acid detergent lignin (ADL), ammonia fraction, and organic matter digestibility (VOS).
Fertilization treatments significantly affected most quality traits. The highest Nitron-S rate
increased starch concentration (up to approximately 30% under N4) but also elevated ADL
content (by about 25%) and slightly reduced VOS (only by about 1-3%. Partial replacement
of soil-applied nitrogen with foliar nitrogen—sulfur fertilization improved the nutritional
quality of maize silage and reduced nitrogen input. This approach may contribute to more
sustainable maize production.

Keywords: silage maize; yield; dry matter; crude protein; sugars; ash; fiber fractions;
ammonia fraction; organic matter digestibility; foliar fertilization

1. Introduction

Silage maize is one of the most important forage crops in both intensive and sus-
tainable agricultural systems, playing a central role in dairy and beef cattle nutrition
worldwide [1,2]. As a major component of total mixed ration (TMR) diets, it provides
substantial amounts of energy and structural fiber, directly influencing dry matter intake,
milk yield, and animal performance [3]. Its widespread use is also attributed to its high
biomass productivity. Maize produces relatively stable yields across diverse environmental
and agronomic conditions, making it one of the most efficient crops in terms of output
per unit area [4]. The quality of maize silage, determined by its chemical composition,
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digestibility, and fermentation characteristics, is a key factor affecting livestock productivity.
High-quality silage enhances nutrient utilization and contributes to improved production
parameters, including dry matter intake, milk yield, and milk quality [2]. Maize silage
quality is determined by key nutritional parameters, including dry matter, crude protein,
water-soluble sugars, ash, fiber fractions (NDF and ADF), ammonia nitrogen, and organic
matter digestibility. These parameters directly affect fermentation quality, nutrient avail-
ability, feed intake, and animal performance [5]. High-quality silage is characterized by an
optimal dry matter content, high crude protein concentration and digestibility, adequate
water-soluble sugar content, lower fiber fractions, and low ammonia nitrogen levels, all
of which improve its feeding value for ruminants [6]. Therefore, optimizing agronomic
practices that influence silage quality, particularly fertilization management, remains an
important research priority in modern sustainable agriculture.

Sustainable nitrogen (NN) management is a key component of modern precision agri-
culture, aiming to improve nitrogen use efficiency (NUE) while minimizing environmental
impacts. Excessive or poorly synchronized nitrogen application contributes to N,O emis-
sions, nitrate leaching, and water eutrophication, highlighting the need for more efficient
fertilization strategies [7]. Increasing attention is being given to site-specific nutrient
management, which accounts for the spatial and temporal variability of crop nitrogen
demand. This approach is supported by remote sensing technologies, crop growth models,
and advanced monitoring systems [8]. In addition, stabilized and organic fertilizers can
better synchronize nitrogen release with plant uptake, thereby reducing nutrient losses
and improving fertilizer efficiency [9]. Simultaneously, the integration of advanced crop
monitoring technologies, including nitrogen sensors, unmanned aerial vehicles (UAVs),
and decision support systems (DSS), enables real-time adjustment of fertilizer application
to crop nutrient demand. Such an approach enhances nutrient use efficiency and supports
the sustainable intensification of agricultural production [10].

Nitrogen fertilization is one of the primary factors determining maize productivity, as
nitrogen plays a crucial role in protein synthesis, chlorophyll formation, and photosynthetic
activity. Maize is highly sensitive to nitrogen availability, and deficiency can restrict growth,
reduce leaf area development, and decrease biomass yield [11,12]. Consequently, nitrogen
is considered a major yield-forming factor in silage maize production [11]. The effectiveness
of nitrogen fertilization depends not only on the application rate but also on the fertilizer
form and timing of application [13]. Optimizing these factors can improve nitrogen uptake
efficiency while reducing environmental losses, which is particularly important in modern
agricultural systems [14]. Compared with conventional soil fertilization, foliar application
provides a rapid and efficient method for supplying nutrients, particularly during periods
of increased demand or limited root uptake. It can enhance nutrient use efficiency (NUE)
while reducing nutrient losses. However, its effectiveness depends on nutrient form, leaf
surface characteristics, plant developmental stage, and environmental conditions during
and after application [15,16]. Nutrients applied to leaves are absorbed mainly through
the cuticle and stomata, allowing their rapid transport into leaf tissues and metabolically
active organs. This pathway bypasses soil-related limitations, including nutrient fixation,
immobilization, and leaching. Foliar nitrogen application combined with sulfur can further
improve nitrogen use efficiency, as sulfur promotes nitrogen assimilation and the synthesis
of nitrogen-containing compounds [17]. Nitrogen supply also affects the nutritional quality
of silage maize. Increased nitrogen doses generally enhance crude protein content; however,
their effects on other quality traits, such as dry matter concentration and fiber digestibility,
are often variable. Excessive nitrogen fertilization may reduce fiber digestibility and
adversely affect silage fermentation characteristics despite increasing protein levels [18].
In contrast, balanced nitrogen management can improve the energy value of forage and
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enhance nutrient concentration, contributing to greater livestock production efficiency [19].
Therefore, sustainable fertilization strategies should aim to optimize both biomass yield
and silage quality.

To date, research aimed at identifying an optimal balance between silage maize yield
and forage quality under reduced nitrogen fertilization remains limited. In particular,
there is a lack of evidence regarding the potential to reduce soil-applied nitrogen inputs
through the use of foliar fertilization. Within the framework of sustainable agriculture, a
comprehensive evaluation of this approach is warranted, considering both its agronomic
performance and environmental implications, while accounting for the specific characteris-
tics of local agroecological conditions. We hypothesized that reducing soil-applied nitrogen
(N) fertilization could be offset by foliar N application, thereby maintaining the yield and
quality of silage maize while improving nitrogen use efficiency. The aim of this study was
to evaluate the effects of different soil and foliar nitrogen fertilization strategies on the
yield and quality of silage maize (Zea mays L.) cultivar ‘Farmmortiz’ and to assess whether
soil-applied nitrogen rates could be reduced without compromising crop performance.

2. Materials and Methods
2.1. Study Site

The field experiment was conducted in the village of Wielkie Radowiska (53°13’ N,
19°01" E), located in the Debowa Eaka municipality, Wabrzezno County, Kuyavian—

Pomeranian Voivodeship, Poland (Figure 1). The research was carried out over two growing
seasons, from 2024 to 2025.

Figure 1. Location of the field experiment.

According to the agricultural-climatic regionalization of Poland, the Debowa Laka
municipality is situated within the Masurian agricultural-climatic region. The local climate
is classified as temperate, warm, and transitional, influenced by the moderate effects of
the Baltic Sea. It is characterized by relatively short and mild summers and longer, cooler
winters compared with many other regions of the country. The mean annual precipitation is
approximately 550 mm, while the growing season lasts between 220 and 225 days. Average
air temperatures are approximately —2 °C in January and 18 °C in July, resulting in a mean
annual temperature of about 8 °C (Figure 2).
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Figure 2. Hydrothermal conditions in the study area during the 2024-2025 growing seasons.

2.2. Materials

The experimental material consisted of fresh biomass of the silage maize cultivar
‘Farmoritz’. Farmoritz is a medium-early to medium-late maize hybrid (FAO maturity
group approximately 240-260) characterized by broad adaptability and versatile utilization.
The cultivar is distinguished by its high and stable productivity for grain, silage, and
biogas production. It exhibits strong early vigor, good tolerance to adverse environmental
conditions, including temporary drought and low spring temperatures, and a pronounced
stay-green effect, allowing plants to maintain physiological activity for an extended period.
The hybrid produces flex-type ears, enabling partial compensation for environmental
stress or reduced plant density. In addition, it demonstrates good disease resistance and
relatively low soil requirements, contributing to stable performance under diverse growing
conditions. The field experiment was established on a medium-textured soil classified as
quality class IVa and belonging to the very good rye complex. According to the classification
of the IUSS Working Group WRB, the soil was identified as a Haplic Luvisol (Cutanic)
with a near-neutral pH [20]. The soil contained moderate levels of available phosphorus
(58 mg P kg ! soil), potassium (134 mg K kg ! soil), and magnesium (65 mg Mg kg ! soil).
The concentration of sulfate sulfur (S-SO4%~) was 16.4 mg SO42~ kg~ ! soil, indicating a low
sulfur status according to established agronomic criteria [21]. Winter wheat served as the
preceding crop in both years of the study. A single-factor field experiment was conducted
using a randomized complete block design (RCBD) according to the treatment scheme
presented in Table 1. The experiment included four fertilization treatments, each with a
plot area of 20 m?, arranged in three field replications.

Table 1. Scheme of experience.

Experimental Fertilizer Form Dose NITRON-S NITRON-S
Plot I Dose II Dose
N1 CAN fertilizer ~ 80 kg N ha~! - -
N2 CAN fertilizer =~ 40 kg N ha~! 10 dm® ha~! 10 dm3® ha™!
N3 CAN fertilizer =~ 40 kg N ha~! 20 dm® ha™! 20 dm® ha!
N4 CAN fertilizer ~40kgNha=!  30dm3ha~! 30 dm® ha~!

CAN—Calcium Ammonium Nitrate; I dose—the application rate applied on June 7; II dose—the application rate
applied on June 22.

In early spring, farmyard manure was applied uniformly across the entire experimen-
tal area at a rate of 30 t ha~! and subsequently incorporated into the soil by ploughing.
Cattle manure was obtained from a dairy farm where cattle were kept in a bedding system.
It was assumed that this application rate supplied 146 kg N, 82 kg P,0Os, 182 kg K,0, 100 kg
CaO, 55 kg MgO, 22 kg S, and approximately 2.88 t of organic carbon per hectare. In
addition, the manure supplied the following micronutrients: 16.2 kg Fe, 9.0 kg Mn, 2.64 kg
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Zn, 0.54 kg Cu, 0.24 kg B, and 22.2 g Mo per hectare. Prior to sowing, all plots received a
basal application of 15 kg N ha~! in the form of the multi-component fertilizer Polifoska
6 (NPK 6-20-30), followed by soil harrowing. Identical agronomic practices and plant
protection measures, consistent with standard maize cultivation recommendations, were
implemented across all experimental treatments. The foliar fertilizer Nitron-S was applied
in two equal doses. The first application was performed at the six-leaf stage (BBCH 16)—the
plants reached the six-leaf stage 35 days after emergence, while the second was carried out
14 days later. The chemical composition of the foliar fertilizer Nitron-S was as follows: total
nitrogen (N)—25% (w/w), including nitrate nitrogen (N-NO3)—3.4% (w/w), ammonium
nitrogen (N-NH4)—5.0% (w/w), and amide nitrogen (N-NH;)—16.0% (w/w). The sulfur
(S) content was 68 g L~!. The applied fertilizer rates were diluted in 300 L of water per
hectare. Foliar spraying was carried out in the afternoon under calm weather conditions.
The spray droplet diameter was 300 um. The first application was performed on June 7, and
the second on June 22. Nitron-S was developed through a collaborative initiative involv-
ing Bydgoszcz University of Science and Technology, the Biostyma company (Zasutowo,
Poland), and Micromix (London, UK). Nitron-S is a highly effective nitrogen—sulfur foliar
fertilizer intended for use throughout the growing season. It contains stabilized nitrogen
(300-320 g dm~3) in nitrate, amide, and ammonium forms, as well as sulfur (60-70 g dm 3
expressed as SO3). Sulfur plays an important role in improving nitrogen metabolism within
plants, thereby contributing to increased yield and enhanced crop quality [22]. Calcium
ammonium nitrate (CAN; 27% N) was applied manually, whereas Nitron-S was sprayed
foliarly using a backpack sprayer (Stihl, Waiblingen, Germany).

Maize seeds were sown during the third decade of April and the first decade of May
at a seeding rate of 30 kg ha~!, with a row spacing of 70 cm. Harvesting was performed at
the full wax maturity stage of the grain on 11 September and 15 September in the respective
years of the study. Samples of fresh biomass were collected from each experimental plot for
subsequent laboratory analyses.

2.3. Methods

Following harvest, fresh biomass yield was determined for each plot. The collected
plant material was subsequently analyzed for dry matter content using the oven-drying
method; crude protein content using the Kjeldahl method, with total nitrogen converted
to crude protein [23]; ash content by incineration in a muffle furnace at 550 °C [24]; car-
bohydrate and starch concentrations using near-infrared spectroscopy (NIRS) calibrated
against reference samples [25]; neutral detergent fiber (NDF) according to the detergent
extraction method of Van Soest [26]; acid detergent lignin (ADL) using the detergent and
acid extraction procedure of Van Soest [27]; and organic matter digestibility (VOS) by NIRS
calibrated with reference samples [25].

The values of the analyzed parameters were additionally expressed as percentage
change (relative change) relative to the control treatment (N1) [28]:

RCh = (PO - 1) % 100 (1)
Co

where Py is the content of the tested parameters in the control (N1); Cy is the content of the
tested parameters (N2-N4).

2.4. Statistics

Statistical analyses were performed using STATISTICA 13 software (StatSoft Polska,
Krakéw, Poland). To evaluate the effects of nitrogen fertilization treatments on the analyzed
parameters of silage maize, a one-way analysis of variance (ANOVA) was conducted using
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a randomized complete block design. Results are presented as means =+ standard deviation
(SD). When significant treatment effects were detected, differences among means were
assessed using Tukey’s post hoc multiple comparison test. Statistical significance was
determined at p < 0.05.

3. Results and Discussion
3.1. The Fresh Biomass Yield

The fresh biomass yield of maize intended for silage production was significantly
(p < 0.05) affected by nitrogen (N) application doses, showing a clear increase with increas-
ing N doses (N1-N4). This trend was observed in both years of the study (Figure 3). The
lowest yield was obtained under the lowest N rate (N1), whereas the highest yield was
recorded following the application of N4, reaching 56.09 t ha~! in 2024 and 55.20 t ha™!
in 2025. These results indicate a strong maize response to increasing N doses, suggesting
that further optimization of N supply may be required to achieve maximum yield potential
under the tested conditions [29].
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Figure 3. The fresh biomass yield of maize intended for silage [t ha~!] in the study years (2024-2025).
Different small letters indicate a compare on between the fertilization variants (N1-N4) at p < 0.05;
N1-N4—doses nitrogen.

The response of maize to N fertilization has been extensively documented in the
literature, as N is a key factor determining plant growth, chlorophyll synthesis, and crop
productivity [30]. A comparison of yields obtained in 2024 and 2025 revealed only minor
differences between growing seasons. Fresh biomass yields were slightly higher in 2024
than in 2025, particularly at higher N application doses, which may be attributed to more
favorable thermal and precipitation conditions (Figure 2). Environmental factors are known
to influence maize response to N fertilization and modify the efficiency of nitrogen use
under field conditions [9]. During the 2024 growing season, air temperatures gradually
increased from spring until July, when the highest values (approximately 24-25 °C) were
recorded, followed by a gradual decline. Simultaneously, cumulative precipitation dur-
ing the critical summer months (June-August) remained relatively high, with a peak of
approximately 70-75 mm in July, creating favorable conditions for intensive maize growth
and development. In contrast, hydrothermal conditions in 2025 were less favorable for
maize cultivation. Summer temperatures were considerably lower, reaching a maximum
of only 16-18 °C, which may have reduced plant growth rates and metabolic activity.
Although precipitation was distributed more evenly throughout the growing season, its
temporal pattern did not fully coincide with the period of greatest water demand by maize.
Furthermore, the absence of a distinct precipitation peak during the summer months may
have limited the crop’s yield potential. Consequently, the hydrothermal conditions pre-
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vailing in 2024 should be considered more favorable for silage maize production. These
conditions may also have contributed to more favorable development of plant quality and
structural traits, resulting from improved growth conditions, enhanced metabolic activity,
and more efficient nutrient utilization. Similar year-to-year relationships were reported by
Jarecki et al. [31], who demonstrated that meteorological conditions strongly influenced
both maize yield and N use efficiency. Foliar fertilization may have further supported N uti-
lization and improved yield quality parameters, which is consistent with previous findings
indicating that foliar application of micronutrients and N in various forms enhances nutri-
ent use efficiency and may increase yield by approximately 0.2-1.5 t ha=! [31]. However,
the magnitude of this effect depends on the applied rate and environmental conditions,
and under optimal mineral fertilization its contribution may be reduced or statistically
insignificant [32]. The obtained results indicate that increasing N fertilization intensity was
the main factor influencing maize yield. Foliar fertilization had a complementary effect by
improving selected yield-related traits and supporting maize performance under the tested
environmental conditions.

3.2. Dry Matter and Ash Content of Maize Intended for Silage

The dry matter content of maize intended for silage production was significantly
influenced by both N application doses and foliar fertilization treatments (Table 2). The
lowest dry matter content in 2024 and 2025 was recorded in treatment N1 (soil fertilization
only, 80 kg N ha~1), reaching 333.7 and 332.2 g kg !, respectively. Significantly (p < 0.05)
higher values were obtained in treatments where soil fertilization was combined with foliar
application (N2-N4). Increasing the rate of the NITRON-S fertilizer from 20 to 60 dm3 ha~!
resulted in a significant increase in maize dry matter content compared with treatment
N2, amounting to 3.6 and 4.4% in 2024 and 4.4 and 4.0% in 2025, respectively. However,
differences between treatments N3 and N4 were not statistically significant. Dry matter
production increased with increasing N doses, indicating a positive response of maize
biomass to N availability. However, at higher application levels, further fertilization did not
result in additional biomass accumulation. Only minor differences were observed between
the two experimental years, indicating a high stability of this parameter despite varying
weather conditions. Slightly higher values recorded in 2024 for the higher N treatments
(N3-N4) may be attributed to more favorable moisture and temperature conditions during
the plant maturation period. The obtained results confirm that balanced N fertilization,
applied both to the soil and foliarly, enhances dry matter accumulation in maize plants. This
effect is associated with improved photosynthetic efficiency and more effective nutrient
utilization [33,34]. Similarly, Bai et al. [13] reported a positive response of maize to N
fertilization; however, the highest dry matter accumulation was achieved at optimal rather
than maximum N doses.

Table 2. Dry matter content and ash content [g kgfl] in maize dry matter for silage in the study years
(2024-2025).

Experimental Dry Matter Ash
Plot 2024 2025 2024 2025
N1 333.7c£554 3322c+625 2426bc+0.75 2216d +0.86
N2 359.7b +£5.11 3574b£401 2359c£096 23.09c=+1.29
N3 3727a+£408 3732a+051 2494b+1.02 2411b=+0.93
N4 3754a+531 3718a+316 2714a+£1.05 2699a+1.01

Different small letters indicate a compare on between the fertilization variants (N1-N4) at p < 0.05; + Standard
Deviation.

https://doi.org/10.3390/su18157625


https://doi.org/10.3390/su18157625

Sustainability 2026, 18, 7625

8 of 19

The present study also demonstrated significant (p < 0.05) differences in ash content of
maize dry matter depending on N application rate. In 2024, the lowest ash content was
recorded in treatment N2 (23.59 g kg~ 1), whereas the highest value was observed in N4
(2714 g kgfl). In 2025, the lowest ash content was found in N1 (22.16 g kg’l), while the
highest value was again recorded in N4 (26.99 g kg~!). Overall, an increasing trend in
ash content was observed with increasing N doses, particularly within the N2-N4 range
(Table 2). This finding confirms a consistent and repeatable pattern of mineral nutrient
accumulation in maize plants under more intensive N fertilization. The observed increase
in ash content may be attributed to enhanced uptake and translocation of macronutrients
under improved N supply, as nitrogen stimulates root system activity and plant metabolism.
Consequently, greater concentrations of mineral nutrients are accumulated in plant tissues,
leading indirectly to increased ash content in biomass [35,36]. Ash content in plants is
considered an indicator of the total concentration of mineral elements (e.g., K, Ca, Mg, P, and
Fe) and reflects the degree of their accumulation, which depends on both environmental
conditions and fertilization practices [37]. The relatively small differences observed between
years suggest that the effect of N fertilization on ash content was stronger than the influence
of variable environmental conditions. From a silage quality perspective, crude ash content
in maize dry matter is also important because it may affect silage pH and, consequently,
the fermentation process.

The Relative Change (RCh) index for dry matter content, calculated in relation to
treatment N1, indicated a clear effect of foliar fertilization in both years of the study
(Figure 4). The highest RCh values were recorded for treatment N3, whereas a further
increase in the fertilizer rate (N4) did not result in any substantial improvement, showing
either stabilization or a slight decline in relative values. This finding confirms the occurrence
of a saturation effect [38]. The application of foliar fertilization (NITRON-S) increased
dry matter content by approximately 8-12% compared with N1, with the most favorable
response observed for treatment N3. Similar results were reported by Lu et al. [34], who
found that dry matter content was highest following the application of 180 kg N ha~!,
reaching a value 28.4% greater than that of the control treatment. However, further increases
in N doses reduced biomass production efficiency. A substantially greater response was
observed for crude ash content (Figure 4). In 2024, ash content in treatment N2 was 2.76%
lower than in N1, whereas in treatment N4 it increased by nearly 12%. In 2025, differences
among treatments were even more pronounced, with ash content in N4 exceeding that of
N1 by almost 22%. These results suggest that more intensive foliar fertilization promoted
the accumulation of mineral nutrients in plant tissues, likely due to improved uptake and
translocation of both macro- and micronutrients. Comparable relationships were reported
by Wang et al. [39], who demonstrated that enhanced N metabolism contributes to greater
biomass production and increased mineral nutrient accumulation in maize plants.

3.3. Conventional Nutritional Components of Maize Intended for Silage
3.3.1. Content of the Ammonium Fraction and Crude Protein

The ammonium fraction (NH4*) in plants, including maize, represents a direct nitro-
gen source for the rapid synthesis of amino acids, primarily glutamine and glutamate. This
is a key step in nitrogen assimilation, determining the synthesis of nitrogen compounds
essential for plant growth [40,41]. The NH4* content was significantly (p < 0.05) influenced
by both soil nitrogen application doses and foliar fertilization (Table 3). The lowest val-
ues of this fraction were recorded in treatment N1 (9.23 g kg~!), whereas significantly
(p < 0.05) higher values were observed in treatments N2-N4, reaching 10.48-12.33 g kg 1.
The highest values were obtained in treatments N3 and N4; however, no statistically sig-
nificant differences were found between these two treatments. The results were highly
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stable across both years (2024-2025), confirming the reproducibility of plant responses to
nitrogen fertilization. The increase in the ammonium fraction with increasing nitrogen
supply can be attributed to greater NH4* availability and its accumulation in plant tissues.
At higher N doses, a stabilization of this parameter was also observed, which may be
related to limitations in nitrogen uptake and metabolic conversion. Similar relationships
were reported by Dawar et al. [14], who demonstrated that ammonium content and NHj3
emission in maize are strongly dependent on nitrogen rate and fertilizer form. Increasing
nitrogen availability led to higher levels of these parameters, simultaneously affecting
nitrogen use efficiency (NUE).

RCh
25.00
20.00
15.00
10.00
o
5.00
0.00
-5.00
2024 2025 2024 2025
Dry matter Ash

N2 N3 = N4

Figure 4. Relative changes (RCh, %) in dry matter and ash content of maize silage biomass under
different nitrogen fertilization treatments (N2, N3, and N4) during two consecutive study years
(2024-2025). The RCh values represent the percentage change in relation to the control treatment
(N1).

Table 3. Content of the ammonium fraction (NH,*) and crude protein [g kgfl] in maize dry matter
for silage during the study years (2024-2025).

Experimental Ammoniacal Nitrogen Fraction Crude Protein
Plot 2024 2025 2024 2025
N1 923c¢+£0.009 920c+£0.008 71.08c+0.21  69.82bc & 0.68
N2 10.48b +£0.011 1041b £0.009 85.77a+£0.68 83.99a 4 0.82
N3 11.95a £0.008 11.92a+0.009 73.12b+£152 71.36b 4 1.08
N4 1233a£0.010 12.01a+£0.011 6952d+£096 70.72b +1.12

Different small letters indicate a compare on between the fertilization variants (N1-N4) at p < 0.05; + Standard
Deviation.

A significant effect of N doses and foliar application on crude protein content in
maize dry matter was also observed (Table 3). The lowest crude protein content was
recorded in treatment N1 in both years (71.08 and 69.82 g kg’l). A significant (p < 0.05)
increase in this parameter, compared with N1, was observed in treatment N2 in both
2024 and 2025, by 20.7% and 20.3%, respectively. Further increases in N doses (N3 and
N4) resulted in a decrease in crude protein content. Similar trends were reported by
Liu et al. [42], who showed that increasing N doses enhanced crude protein content up to
an optimum level, beyond which further increases led to stabilization or a decline. Crude
protein content represents total nitrogen content converted into a protein equivalent and
includes both true proteins and non-protein nitrogen compounds [43]. It is a variable
trait, typically ranging from approximately 7% to 16% of dry matter, and is strongly
influenced by cultivar, environmental conditions, and nitrogen fertilization level [44].
Wang et al. [39] demonstrated that nitrogen fertilization significantly enhances protein
synthesis in maize through the activation of nitrogen metabolism enzymes; however, this
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effect is nonlinear and depends on the applied N dose. The response to Nitron-S may be
attributed to the complementary roles of nitrogen and sulfur in plant metabolism. Sulfur
supplied with the foliar fertilizer supports cysteine and glutathione biosynthesis, thereby
enhancing nitrogen assimilation and improving nitrogen use efficiency. This occurs because
glutathione maintains cellular redox homeostasis and regulates the activity of enzymes
involved in sulfate reduction and nitrogen metabolism, facilitating the incorporation of
inorganic nitrogen into amino acids and proteins [45,46].

The RCh index revealed a stronger response of the ammonium nitrogen (NH4") frac-
tion than of crude protein to foliar fertilization with NITRON-S (Figure 5). The NH,*
content increased consistently with increasing fertilizer doses, rising from approximately
13% in treatment N2 to more than 33% in treatment N4 in 2024 and to approximately 31%
in 2025. This pattern indicates enhanced accumulation of mineral nitrogen forms in plant
tissues. Similar relationships have been reported in studies on nitrogen metabolism in
maize, demonstrating that increased nitrogen availability intensifies nitrogen uptake and
redistribution within the plant, leading to higher concentrations of mineral nitrogen forms
and enhanced activity of nitrogen transformation processes [47]. A different response
pattern was observed for crude protein content. The greatest increase in crude protein
concentration, reaching approximately 20% in both years, was recorded in treatment N2.
However, higher N doses reduced this effect, and in treatment N4 a decline in crude protein
content was observed in 2024. These findings indicate a nonlinear response of maize to
nitrogen fertilization and suggest a possible shift in plant metabolism toward the accumu-
lation of mineral nitrogen forms under conditions of excessive nitrogen supply. Such a
response may reflect a reduced efficiency of nitrogen assimilation into organic compounds,
resulting in greater retention of inorganic nitrogen within plant tissues.

RCh
35.00
30.00
25.00
20.00
15.00
® 1000
5.00
0.00
-5.00
2024 2025 2024 2025
Ammoniacal nitrogen fraction Crude protein
N2 = N3 N4

Figure 5. Relative changes (RCh, %) in ammonium nitrogen fraction and crude protein content of
maize silage biomass under different nitrogen fertilization treatments (N2, N3, and N4) during two
consecutive study years (2024-2025). The RCh values represent the percentage change in relation to
the control treatment (N1).

3.3.2. Content of the Carbohydrate and Starch

Carbohydrates content in maize intended for silage showed a clear positive response
to increasing nitrogen fertilization in both years of the study (2024-2025). The lowest
carbohydrates concentrations were recorded under the lowest nitrogen rate (N1), reaching
4.88 and 3.88 g kg~ !, respectively, whereas the highest values were observed under the
highest N fertilization level (N4), reaching 20.75 and 21.11 g kg !, respectively (Table 4).
At the same time, very similar values between years indicate a stable plant response to this
factor. Carbohydrates, primarily in the form of sucrose, glucose, and fructose, play a key
role as products of photosynthesis as well as transport and regulatory compounds. They
govern plant growth and development by controlling carbon allocation among different
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organs [48]. This pattern of changes is consistent with studies reporting that N fertilization
significantly increases the content of soluble carbohydrates (sucrose, glucose, and fructose)
in maize [49-51]. The application of N intensifies photosynthetic activity, carbohydrate
metabolism, and the activity of enzymes involved in carbohydrates synthesis, leading
to greater accumulation of these compounds in plant tissues during crop development.
Soluble carbohydrates in maize represent a key substrate for lactic acid fermentation. Their
increased concentration improves silage quality by enhancing lactic acid production and
promoting faster pH stabilization during ensiling [52].

Table 4. Content of the carbohydrate and starch [g kg_l] in maize dry matter for silage during the
study years (2024-2025).

Experimental Carbohydrates Starch
Plot 2024 2025 2024 2025
N1 4.88d £+ 0.52 3.88d £ 0.66 298.7c=£3.17 281.6d£4.22
N2 1236c£ 085  11.23c¢+0.82  3053c£358  304.7c+3.58
N3 1730b+0.76 1712b+£0.89 334.1b+£4.08 329.1b +4.06
N4 20.75a£1.08 21.11a+093 3719a+383 366.5a+4.12

Different small letters indicate a compare on between the fertilization variants (N1-N4) at p < 0.05; = Standard
Deviation.

The results presented in Table 4 indicate a significant effect of varying N application
doses on starch content. A clear linear increase in starch content was observed with increas-
ing N doses from N1 to N4. In both years of the study, the lowest statistically significant
(p < 0.05) starch content was recorded in treatment N1 (298.7 and 281.6 g kg ~!), whereas
the highest values were found in treatment N4 (371.9 and 366.5 g kg !, respectively). These
results demonstrate a highly consistent response of maize to increasing N supply across
both experimental seasons. The increase in starch content in maize dry matter with higher
N doses can be attributed to the stimulation of photosynthesis and the activity of enzymes
involved in carbohydrate metabolism.

This enhances assimilate transport to the kernels and intensifies the grain-filling pro-
cess. High nitrogen fertilization also promotes the activity of key starch biosynthesis
enzymes (including ADP-glucose pyrophosphorylase (AGPase) and granule-bound starch
synthase (GBSS)), leading to greater accumulation of storage polysaccharides in the maize
endosperm and more efficient kernel filling [49,52,53]. Starch represents the primary stor-
age form of carbohydrates, serving as a key reserve energy source. It is also a fundamental
energetic component of feed and food, particularly in dairy cattle nutrition [54]. Although
the N4 treatment increased starch concentration, its nutritional advantage may have been
offset by the concurrent increase in ADL and NDE Lignin forms cross-links with structural
polysaccharides within the cell wall, restricting microbial access to cellulose and hemicellu-
lose and thereby reducing NDF degradability in the rumen. Consequently, increased starch
concentration does not necessarily improve the overall digestibility of maize silage when
accompanied by greater lignification [55].

Figure 6 presents RCh in carbohydrates and starch content compared with treatment
N1, depending on increasing N application rates (N2-N4). A clear dose-dependent relation-
ship was observed, with a gradual increase in RCh values for both analyzed fractions as N
fertilization levels increased. In the case of carbohydrates, a strong and consistent increase
in RCh was recorded, particularly under the highest N rate (N4), where values reached
approximately 320% in 2024 and over 400% in 2025. This indicates a substantial stimulation
of soluble sugar accumulation with increasing nitrogen supply, with an even stronger
response observed in 2025 [56,57]. For starch, RCh values were considerably lower, ranging
from small to moderate increases (up to approximately 30% under N4). Nevertheless, a
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positive trend was also observed with increasing N doses, suggesting a beneficial, albeit
much weaker, effect of nitrogen fertilization on starch accumulation. The pronounced dif-
ferences among treatments observed in this study are most likely associated with improved
nitrogen use efficiency resulting from partial foliar application rather than exclusive soil
fertilization. This aligns with the concept of sustainable fertilization strategies aimed at
enhancing nutrient use efficiency (NUE) and reducing nitrogen losses to the environment.
Foliar-applied nitrogen acts rapidly and directly supports the photosynthetic apparatus,
which may enhance photosynthetic intensity and assimilate production. Consequently, an
increase in dry matter content was observed, indicating improved crop maturation and
a greater proportion of carbohydrate-rich fractions, thereby confirming the potential of
sustainable fertilization strategies for improving yield quality [58,59].

RCh
450.0
400.0
350.0
300.0
250.0
2000
150.0
100.0
50.0
0.0
2024 2025 2024 2025
Carbohydrate Starch
N2 mN3 wmN4

Figure 6. Relative changes (RCh, %) in carbohydrate and starch content of maize silage biomass
under different nitrogen fertilization treatments (N2, N3, and N4) during two consecutive study years
(2024-2025). The RCh values represent the percentage change in relation to the control treatment (N1).

3.4. Fiber Components and Digestibility of Maize Silage
3.4.1. Content of the Crude Fiber and Neutral Detergent Fiber

Table 5 presents the crude fiber content of maize as affected by the applied fertilization
treatments. In both years of the study, a statistically significant (p < 0.05) decrease in
crude fiber content was observed with increasing nitrogen application rates. The highest
crude fiber content was recorded in treatment N1 (234.9 and 232.1 g kg’l in 2024 and
2025, respectively), whereas the lowest values were found in treatment N4 (199.8 and
195.6 g kg~ !, respectively). These results indicate a consistent decline in crude fiber content
with increasing N fertilization intensity. Differences between years were relatively small,
suggesting that the effect of N fertilization was more pronounced than the variability in
weather conditions between growing seasons. Feng et al. [49] reported that N fertilization
affects the dynamics of carbohydrate deposition and cell wall component formation through
changes in enzyme activity and assimilate partitioning, which may indirectly influence
crude fiber content. In maize, crude fiber content is primarily associated with structural cell
wall polysaccharides, including cellulose, hemicellulose, and, to some extent, lignin, and
is therefore considered an approximate indicator of structural cell wall constituents [56].
Increasing N fertilization alters carbon and nitrogen (C/N) metabolism in maize, directing
a greater proportion of assimilates toward protein and starch synthesis. This process occurs
at the expense of the relative contribution of cell wall structures, leading to a reduction in
constituents associated with crude fiber content [57].
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Table 5. Content of the crude fiber and neutral detergent fiber (NDF) [g kg '] in maize dry matter for
silage during the study years (2024-2025).

Experimental Crude Fiber NDF
Plot 2024 2025 2024 2025
N1 2349a+417 2321a+3.35 4041 c+6.17 403.2d +4.86
N2 2249b +£359 2158b+4.02 411.8b+6.05 410.3b +5.53
N3 206.2 ¢ £ 3.86 198.7 ¢ £ 3.12 416.3b £+ 5.52 4152 a £ 6.12
N4 199.8d + 2.11 195.6 ¢ - 2.89 4215a+746  416.8a +4.47

Different small letters indicate a compare on between the fertilization variants (N1-N4) at p < 0.05; & Standard
Deviation.

Statistical analysis of the obtained results demonstrated that increasing nitrogen
fertilization levels promoted a gradual increase in NDF content in maize during both years
of the study (Table 5). The highest NDF content was recorded in treatment N4 (421.5 and
416.8 g kg~ ! in 2024 and 2025, respectively), whereas the lowest values were observed in
treatment N1 (404.1 and 403.2 g kg1, respectively). These findings suggest that a more
intensive nitrogen supply may have stimulated the development of structural tissues and
increased the proportion of cell wall components in plant dry matter. The observed increase
may be related to enhanced cellulose and hemicellulose synthesis under higher nitrogen
rates. Additionally, greater vegetative biomass production may contribute to increased
NDF content. In maize and maize silage, NDF content (neutral detergent fiber) comprises
the structural components of the cell wall, including cellulose, hemicellulose, and lignin.
Consequently, NDF content is considered a key indicator of fiber concentration and plant
maturity, strongly influencing the nutritional value of forage [14]. NDF content affects
digestibility and ruminal fermentation dynamics, as a higher proportion of structural fiber
fractions reduces energy availability and may limit feed intake by ruminants [58]. Nitrogen
fertilization may indirectly influence NDF content in maize by modifying plant growth rates
and the proportion of structural constituents, thereby affecting silage quality and its energy
value [59]. Similar relationships were reported by Ferreira et al. [60], who demonstrated
that agronomic management practices significantly modify cell wall structure and the
composition of NDF fractions in silage maize, thereby influencing forage nutritional value
and digestibility.

Figure 7 presents the RCh values of crude fiber content and NDF content relative to
treatment N1. In the case of crude fiber content, a clear decrease compared with the control
treatment (N1) was observed across all fertilization variants. In 2024, the reduction ranged
from approximately —4% in N2 to around —15% in N4. An even greater decrease was
recorded in 2025, particularly in the higher fertilization treatments (N3 and N4), where
values reached approximately —15 to —16%. These results indicate that intensification
of nitrogen fertilization, especially when combined with foliar application, reduced the
proportion of crude fiber content in the plant material. An opposite trend was observed for
NDF content. All fertilization treatments resulted in an increase in NDF content relative to
N1. In 2024, the increase ranged from approximately 2% (N2) to over 4% (N4). A similar
pattern was observed in 2025, although with slightly lower variation, as values increased
by approximately 2% to 3.5%. The greatest increase in NDF content was recorded under
the highest nitrogen fertilization level (N4). The obtained results suggest that increasing
nitrogen application rates altered the fiber composition of maize, reducing crude fiber
content while simultaneously increasing NDF content. These trends are consistent with the
literature, which indicates that nitrogen fertilization can significantly influence the chemical
composition of plant biomass and cell wall structure [61,62].
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Figure 7. Relative changes (RCh, %) in crude fiber and NDF (neutral detergent fiber) content of
maize silage biomass under different nitrogen fertilization treatments (N2, N3, and N4) during two
consecutive study years (2024-2025). The RCh values represent the percentage change in relation to
the control treatment (N1).

3.4.2. Content of the Lignin and Organic Matter Digestibility

Lignin content (ADL) in maize showed a clear increasing trend with rising N fertil-
ization doses. In both 2024 and 2025, the significantly (p < 0.05) lowest ADL values were
recorded in treatment N1, amounting to 16.40 and 15.71 g kg~ !, respectively (Table 6). The
highest values were observed in treatments N3 and N4, where ADL content remained at
a comparable level, with no statistically significant differences between these treatments
in either year. According to Podkéwka [63], the effect of nitrogen fertilization on the
composition of plant fiber fractions, including lignin content, is indirect in nature. The
observed relationships may be explained by enhanced formation of secondary cell walls
and increased synthesis of phenolic compounds responsible for lignification of vascular
and mechanical tissues. Higher lignin content in maize silage negatively affects nutritional
value by limiting fiber degradation in the rumen. This reduces the digestibility of struc-
tural feed fractions and lowers the energy availability for ruminants. Similar relationships
regarding changes in fiber digestibility and the proportion of lignified cell wall structures
in silage maize were reported by Ferreira et al. [57]. Increased lignin content limits fiber
degradation in the rumen and reduces the digestibility of structural feed fractions, thereby
decreasing the energy value of forage for ruminants [55]. This effect results from the
formation of lignin—carbohydrate complexes, which restrict the accessibility of cell wall
carbohydrates to microbial enzymes and reduce the degradation of cellulose and hemicellu-
lose, ultimately lowering fiber digestibility and energy availability [64]. The organic matter
digestibility (VOS) value of maize was significantly (p < 0.05) influenced by the applied
nitrogen fertilization (Table 6). In both years of the study, the highest VOS values were
recorded in treatment N2 (759.2 and 751.2 g kg ! in 2024 and 2025, respectively), whereas
the lowest values were observed in treatment N1 (739.8 and 729.9 g kg, respectively).
These differences were statistically significant and amounted to 2.6 and 2.9%, respectively.
Further increases in N application (N3 and N4) led to a decrease in VOS values compared
with treatment N2, which was statistically confirmed in 2024. This trend may be attributed
to increased tissue lignification and a higher proportion of structural fiber fractions in
plants subjected to intensive N fertilization. Moderate N fertilization promotes the devel-
opment of photosynthetically active tissues and increases the proportion of more digestible
cellular components, whereas excessive N doses may enhance lignin deposition and reduce
fiber degradability in the digestive tract of ruminants. Similar relationships between N
fertilization, cell wall lignification, and organic matter digestibility in silage maize have
been reported by Ferreira et al. [57], Khan et al. [65], and Hlisnikovsky et al. [66].
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Table 6. Content of the lignin (ADL) and organic matter digestibility (VOS) [g kg~!] in maize for
silage during the study years (2024-2025).

Experimental ADL VoS
Plot 2024 2025 2024 2025
N1 1640c+086 1571c¢+075 7398c+746 7299b £8.84
N2 18.57b +0.44 1843b+£0.62 7592a+812 7512a+7.34
N3 19.54a£056 1999a+079 750.0b+836 748.8a+7.61
N4 19.89a+1.06 1976a+0.87 7495b+726 7455a+6.46

Different small letters indicate a compare on between the fertilization variants (N1-N4) at p < 0.05; & Standard
Deviation.

For the ADL fraction, a clear increase in its content was observed with increasing
N fertilization levels. In 2024, the RCh value increased from approximately 13% for N2
to over 21% for N4 (Figure 8). An even stronger effect was recorded in 2025, when ADL
increased by approximately 17% for N2 and by more than 25% for treatments N3 and N4.
The greatest changes were observed at higher N doses, indicating a significant effect of
intensive fertilization, including foliar application, on the increased proportion of lignin in
plant biomass. In the case of organic matter digestibility (VOS), the observed changes were
considerably smaller. In 2024, a slight increase in RCh values relative to N1 was recorded,
ranging from approximately 1% to 3%. In 2025, a similar trend was observed; however,
differences among fertilization treatments were small and more uniform. These results
suggest that N fertilization had a limited effect on VOS compared with the strong response
observed for ADL. Previous studies on maize indicate that N fertilization may modify
cell wall composition, including ADL content, and influence organic matter digestibility.
In maize, changes in ADL levels and fiber structure have been shown to be closely asso-
ciated with biomass degradability and digestibility, thereby affecting forage nutritional
value [67,68]. Moreover, in silage maize and forage biomass, cell wall chemical parameters,
particularly lignin (ADL) content, remain important indicators of organic matter and fiber
digestibility. Studies on maize have shown associations between ADL, NDF content, and
in vitro digestibility parameters (IVDMD and IVNDFD). Higher lignification may reduce
fiber degradability, thereby decreasing the nutritional value of maize biomass [69].

RCh
30.00
25.00
20.00
15.00

0,
o

10.00
5.00

0.00
2024 2025 2024 2025

ADL VOS
N2 N3 N4

Figure 8. Relative changes (RCh, %) in lignin (ADL) and organic matter digestibility (VOS) content of
maize silage biomass under different nitrogen fertilization treatments (N2, N3, and N4) during two
consecutive study years (2024-2025). The RCh values represent the percentage change in relation to
the control treatment (N1).

4. Conclusions

Differentiated nitrogen fertilization significantly influenced the quality of silage maize
by modifying dry matter and starch contents, fiber fractions (NDF and ADL), organic
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matter digestibility (VOS), and ammonium fraction. The most favorable balance between
forage quality and nitrogen use efficiency was achieved with moderate foliar applications of
NITRON-S (2040 L ha ') combined with reduced soil-applied nitrogen. This fertilization
strategy maintained silage quality while reducing mineral nitrogen inputs. In contrast,
the highest nitrogen rate increased lignin content and the ammonium fraction while re-
ducing organic matter digestibility, indicating that excessive nitrogen supply does not
further improve silage quality. These results support applications of optimized nitrogen
management strategies to enhance nutrient use efficiency and promote more sustainable
forage production. The study was conducted at a single location over two growing seasons
using one maize cultivar; therefore, further multilocation and long-term studies involving
different cultivars, soil types, and climatic conditions are required to validate the broader
applicability of the proposed fertilization strategy.
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