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Abstract: The aim of the study was to verify whether a 20 and 40% reduction of nitrogen (N) fertilization rate
will be sufficient to maintain soil basic chemical features, fertility, and yielding in monoculture maize
cultivation in the no-tillage (NT) system versus the traditional plowing (PL) system. In addition, it was
examined which tillage system (PL, NT) allows reduction of fertilization while maintaining good yields of the
tested soils. Two fields (10 ha each) were established for PL and NT maize cultivation and soils (0-20 cm) were
sampled two times per year—in spring (before maize sowing) and in autumn (after maize harvesting). A broad
range of chemical and biological parameters (i.e. pH, forms of nitrogen, phosphorus and carbon, content of
selected macronutrients and humic substances, respiration activity) were monitored during the experiment. It
was evidenced that the 20% reduction in N fertilization does not have an adverse effect on the chemical and
biological characteristics of soils. In turn, the maize yield was mainly the result of both the tillage system and
the N rate, i.e. it was significantly higher in the PL system.

Keywords: nitrogen; reduced fertilization; maize; soil chemical and biological properties; season

1. Introduction

The current study was inspired by the latest scientific reports clearly indicating that the soil
ecosystem is under threat due to over-fertilization [1-4]. It should be mentioned that the increase in
the use of fertilizers on farm fields over the past 50 years has contributed to increased yields but also
caused serious environmental problems. Farmers are the primary decision-makers in chemical
fertilizer application [5]. Nonetheless, one of the main goals of the European Commission’s “Farm to
Folk” strategy to ensure a sustainable food value chain adopted recently is to reduce fertilizer use by
at least 20% by 2030. The technological progress and changing climatic conditions also cause farmers
to constantly seek new (optimal) agrotechnical solutions [5]. One of them is the no-till (NT) system,
which combines elements of environmental protection with the improvement of economic and
organizational factors on the farm [6-9] and mitigates negative climate change (less CO2 and fumes
are released into the atmosphere) [6,7]. The use of NT has increased in agricultural systems over the
last 30 years [10]. In contrast to NT, many researchers have proved that conventional intensive
agricultural practices (primarily excessive use of fertilizers and pesticides as well as plowing-PL
system) in agricultural areas have already led to a significant decline in the quality and biodiversity
of these soils [9,11-14].

Indeed, an excess of nitrogen (N) fertilizers in particular causes a reduction in the amount of
plant metabolites and a decrease in the biological activity of soils. These two factors contribute to
maintaining the stability of soil structure and guaranteeing its proper functioning [9,11,15]. Therefore,
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some studies have recently been focused on the reduction of chemical fertilization through the
replacement thereof by bio-organic fertilizers as a solution that can limit the use of chemical fertilizers
while maintaining soil fertility [16]. Fachini et al. [17] have evidenced that biochar fertilizers are an
excellent alternative to traditional chemical fertilizers due to their poor solubility and minimal risk
of contaminating groundwater through leaching.

The biological activity of soils, which is directly related to fertility, is largely influenced by
anthropogenic activities, primarily unskillful and irrational agricultural cultivation. Thus, to obtain
information about the current biological state of soils and their potential fertility, it is recommended
that e.g. respiration activity (RA) [18,19] and the concentration of humic acids (HA-like) [20,21]
should be measured. Respiration is a universal process carried out by all soil-dwelling heterotrophic
organisms using available carbon derived from organic matter [19]. Simply, the higher the RA, the
higher the abundance of living organisms in the soil environment, which is linked to the occurrence
of so-called hot spots in soils [22] characterized by the greatest abundance of microorganisms and the
fastest rate of metabolic processes (the most fertile areas). HA-like are organic molecules playing an
essential role in improving both soil properties and plant growth [20]. Humic acids are a natural
ingredient of the soil and may contribute to improved biological properties of soil. The sources of
HA-like include coal, lignite, soils, and organic materials [20]. It has been evidenced that HA-like can
have a positive effect on soil physical, chemical, and biological characteristics, including texture,
structure, water holding capacity, cation exchange capacity, pH, carbon, enzymes, N cycling, and
nutrient availability [20,21]. Consequently, the knowledge of HA-like in agricultural soils is
extremely important but there are currently no studies investigating the relationship of HA-like
content with reduced nitrogen fertilization, term in the vegetation season (beginning and end), and
their correlation with yields, which is one of the aspects of the present paper.

Moreover, understanding and assessing the impact of reduced fertilizer application rates on soil
fertility is not possible without recognizing the most important chemical characteristics of soils (e.g.,
pH, carbon and nutrient element content). The pH of agriculturally exploited soils is generally acidic,
limiting the uptake of nutrients, which are converted into a form inaccessible to plant roots and
microorganisms [4,5,13,22,23]. This usually results in a decrease in yields [9,16]. Importantly, N
fertilization is well known for its impact on soil acidity in the arable layer (0-15 cm topsoil) [10,23].
Additionally, agroecosystems intensively fertilized with N may act as a source of acidifying gaseous
pollutants [23]. However, it has been revealed that the reduction of chemical fertilizers combined
with the use of bio-organic fertilizers prevents soil acidification and effectively improves soil
chemical properties [16]. Concurrently, the carbon and nutrient contents in arable (mineral) soils are
not high, which is also reflected in the quality of the soil and its crop yields [14,16,23]. Therefore, the
knowledge of individual environmental parameters allows specific activities to be undertaken to
reduce the adverse effects of individual factors and mitigate the worsening environmental problem
(e.g. soil acidification, nutrient depletion).

In the present study, the most important chemical-physical and biological parameters were
monitored before maize sowing and after harvesting. This approach facilitated the verification of the
hypothesis that, in addition to the economic aspect, reduced fertilization rates combined with proper
tillage systems (PL, NT) may be sufficient to maintain fertility and good quality of agriculturally
exploited soils and guarantee high yields of maize.

Consequently, the main objective of the study was to check whether the 20% lower N
fertilization (in agreement with the EU “Farm to Folk” directive) may ensure good yields on the one
hand and, on the other hand, may contribute to maintenance of soil fertility in monoculture maize
cultivation in the NT system versus the traditional PL system.

2. Materials and Methods

The field experiment was carried out in the arable fields of the Potulicka Foundation Group
located in Janin (53°17'02"N 17°43'36"E) in NW Poland (kujawsko-pomorskie voivodeship).
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Two neighboring fields (10 ha each) were established for plowing (PL) and no-tillage (NT) maize
cultivation. Both tillage systems had the same maize variety, sowing date, rates, and applied
fertilizers and were harvested with the same combine on the same day.

The scheme of a single field with a description of the reduced fertilization pattern and rules of
soil sampling is presented in Figure 1. The large-scale area of agricultural soils (20 ha) managed by
the Potulicka Foundation and dedicated to the current experiment is a guarantee of the
representativeness of the obtained results (taking into account the heterogeneity of the soil
environment). Moreover, the Potulicka Foundation agricultural acreage is predominantly (>95%)
mapped using GPS, and the precision farming system is successfully applied in the whole area [24];
hence, precise doses of fertilizers were applied and samples for analysis were collected from the same
places.

F \— 2,5 ha — 5 samples

PN-R-04031:1997

Sha —5 s
[- 2,5 ha — 5 samples

25-30 soil sub-samples
from each of 0.5 ha

Fertilisation rate (FR)
\- 2,5 ha — 5 samples

FR_1-115kgN+ha! (100%)*
FR_2-92kgN-hal (-20%)*
FR_3-69kgN-ha' (-40%)*
FR_4-0kgN-ha'l (0%)*

|- 2,5 ha — 5 samples

*recommended dose by the manufacturer

0,5 ha 10 ha

Figure 1. Scheme of the experimental field with marked fertilization rates and rules of soil sampling.

Within each of the 10 ha fields (Figure 1), 2.5-ha plots were exposed to the following N
treatments: (1) control sites with no fertilization (0.0 kg ha™!, FR_4) from which 5 composite samples
were taken and variable N rates: (2) amount based on soil properties and crop requirements (115.0
kg ha™, FR_1) represented by 5 composite samples, (3) standard fertilizer rate reduced by 20% (in
agreement with the EC directive, FR_2) represented by 5 composite samples, and (4) standard
fertilizer rate reduced by 40% (also 5 composite samples, FR_3). The greatest possible
representativeness of the soil material was guaranteed by the single soil sub-sampling from 25-30
randomly selected sites from each experimental “microplot” (0.5 ha area) separated from the 2.5 ha
plot (Figure 1) at a surface soil depth of 0-20 cm. Finally, twenty soil samples represented the PL
system, whereas another twenty samples pertained to the NT maize cultivation system.

The soil (according to the Food and Agriculture Organization of the United Nations-FAO
classification: Haplic Podzol) was collected according to PN-R-04031:1997, using an automatic
sampler (Wintex 100, AgroTechnology, Poland) with an Egner stick [25]. Soil samples were taken in
two periods: (1) before maize sowing (April 2022) and (2) after harvesting the crop (November 2022).
Importantly, pre-sowing soil samples were taken before the fertilizer application so that the freshly
applied fertilizer could not disturb the tested values. The kujawsko-pomorskie voivodeship is
characterized by a moderately continental climate with an average temperature of 8.7°C and rainfall
of approx. 600 mm in spring and 12.2°C and approx. 400 mm in autumn. The study site represented
soils classified into class V.

Phosphorus fertilization (Super FOS DAR 40™-superphosphate enriched with 40% P:0s) at a
rate of 170 kg ha™' (68 kg P20sha™) and multi-nutrient fertilization (ICL PotashpluS™) at a rate of 150
kg ha were applied in the studied fields. The composition of the ICL PotashpluS™ fertilizer is 37%
K20, 9% S (24% SOs), 3% MgO, and 8% CaO. It is worth mentioning that ICL PotashpluS™ contains
boron, and 100% of sulfur, magnesium, and calcium in this fertilizer are in the form of sulfate (5Os).
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Since 2015, the fields have remained in a monoculture of maize planted for grain (except in 2019,
when maize was harvested for silage). The fertilizer reduction in the studied fields has been
implemented since 2019. The maize variety grown in the experimental fields is Dekalb DKC 3730
from Bayer (Monsanto). In the studied fields, basal fertilization with urea 46% N (with urease
inhibitors F.2.1) was applied at NT sowing and dosed directly by a cultivator aggregated with a
seeder to a depth of about 20 cm. In the PL sowing variant, a traditional fertilizer spreader was used
before tillage and the fertilizer was mixed with an approximately 5-10 cm soil layer with a cultivator.
In both technologies, the doses of 0.0, 150.0, 200.0, and 250.0 kg ha™ of urea corresponded to the N
content of 0.0, 69.0, 92.0, and 115.0 kg N ha-'.

Soil acidity (pH) was determined from a 1:2.5 soil suspension (10 g of soil, 25 mL of water)
prepared in distilled water. An automatic multifunctional potential meter HQ40d equipped with a
glass measuring electrode pHC301 (Hach, Loveland, CL, USA) was applied [13].

Water Holding Capacity (WHC) was determined using the under-bed (suction) method.
Approximately 10-cm high plastic cylinders, onto which permeable nylon fabric membranes were
placed and attached with a rubber band, were used for the measurements. The cylinders were
weighed, filled with soil, and then weighed again. The determination of WHC was carried out after
preparation of a cuvette. Its bottom was covered with sand at such a height that the sand covered the
filler of the bottle turned upside down, thus regulating a constant water level. The cylinders of soil
were placed in the cuvette prepared in this way and incubated for at least 10 days until a constant
mass was obtained. After completion of the incubation, WHC was calculated using the following
formulas: Mw = Mt-Ms, where, Mw is the mass of water in grams, Mt is the total mass of the container
and wet soil in grams, Ms is the total mass of the container and dry soil in grams (1 g of water is equal
to 1 milliliter of water, therefore, Vw = Mw). Consequently, the percentage of holding capacity
(WHC%) = (Vw/Vt) x 100, where Vw is the volume of water and Vt is the total volume of saturated
soil.

The total carbon (TC) content was measured using an automatic carbon analyzer TOC-Vcst SSM
5000 A (Shimadzu, Kyoto, Japan). 150 mg of soil was pulverized, dried, and combusted at 900-C in a
column containing a platinum and cobalt oxide catalyst. All carbon compounds were converted into
carbon dioxide and detected by an infrared detector [24].

Easily Degradable Carbon (EDC) was measured spectrophotometrically (A = 550 nm, UV-1800,
Shimadzu, Kyoto, Japan) in extracts prepared (2.5 g of air-dry soil sample (dw) mixed with 2 mL of
0.2 KMnOsin 1 M CaCl: (pH 7.2) and diluted to 20 mL using distilled water) according to the Weil et
al. [26] method. Details are described in [22].

The content of N forms (NHs-N and NOs:-N) and biologically available phosphorus (Olsen P)
were determined colorimetrically using an AutoAnalyser 3 System (Bran+Luebbe, Norderstedt,
Germany) in the prepared soil extracts (35 g of fresh soil (fw) and 100 mL of water). More
methodological details are presented in our previous work [27].

The total concentrations of potassium (K), magnesium (Mg), and calcium (Ca) were established
using the flame atomic absorption spectrometry (FAAS) technique (ZA-3300 Hitachi, Tokyo, Japan)
after microwave mineralization of the soil material (Ethos One, Milestone, Sorisole, BG, Italy) in a
mixture of HNOs:HCLHF (2:1:5 mL).

Total Sulfur (TS) content was determined at the District Chemical and Agricultural Station in
Lublin. The determination was carried out using the nephelometric technique. The principle of the
method is to oxidize organic sulfur to SO: and determine its content nephelometrically as BaSO4. The
oxidation process while maintaining sulfur as SOs was carried out in an electric muffle furnace
(Nabertherm) at 500°C in the presence of sodium bicarbonate and oxygen from the air. Readings were
taken on a spectrophotometer capable of measuring absorbance at 490 nm (Specol 11, Carl Zeiss, Jena,
Germany).

Respiration Activity (AR) in the studied soils was determined with the gas chromatography
(GC) technique. Briefly, 5 g of each soil sample was placed in 60-mL dark sterile bottles, tightly closed,
and incubated at 20°C for one week [27]. Both at the beginning of the experiment and after 7 days,
the level of accumulated CO: was monitored in the headspace of the soil samples (GC CP-3800,
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Varian, Palo Alto, CL, USA). Based on the differences between the concentration of CO: at the start
and end of the experiment, AR was calculated and expressed as the mass of produced CO: per the
mass of fresh soil used in the experiment and per unit of time (mg CO: per kg of fresh soil per day).

The chemical preparation of HA-like materials was based on the Kononova and Belchikova [28]
method with modifications. Briefly, the soil samples were incubated with 0.1 M NaOH in a ratio of
10 mL of liquid per g soil for 4 h with shaking at 180 rpm-min-! (25°C). The supernatant was separated
by centrifugation (10 min, 4000 rpm), acidified with 1 M HCI to set pH < 2, and allowed to stand
overnight (HA-like precipitate). The HA-like precipitate was obtained by centrifugation at 12,000 rpm
(10 min), after which it was washed with water at pH 1. The decantation process was then performed.
The HA-like precipitate was stored (4°C, dark) until use. The susceptibility of the HA-like solution
(0.02% HA-like, in 0.5M NaHCOs with 5% H202) precipitates to 5% H20: oxidation was determined
by measuring the absorbance (at A=465 and A=665 nm, BioSpectrometers, Eppendorf) of the HA-like
solutions [28]. The absorbance [29] was measured after 1, 6, and 24 h of oxidant treatment with
simultaneous measurement of HA-like material absorbance without oxidant treatment (0.02% HA-
like, in 0.5M NaHCO:s). The measured absorbance values and indices [29] were used as proxies for
estimating the degree of humification (E4/E6). All the above-mentioned measurements were taken in
triplicate. The E4/E6 ratio (ratio of the absorbances at 465 nm and at 665 nm) has been widely used to
study the HA fraction [30]. The E4/E6 ratio is considered to be inversely related to the degree of
condensation and aromaticity of the humic substances and to their degree of humification [31]. In our
study the E4/E6 ratio was used to characterize the organic compounds in the HA-like fraction of the
SOM in agricultural soil.

The yield was determined based on the weight of the harvester, previously calibrated with a
legalized scale. The harvester saves a yield map; next, in the Climate FieldView™ platform [The
Climate Corporation, San Francisco, USA], the selected area of the field is marked and finally a yield
summary is received. The obtained data are precise because the CFV software also shows the paths
of the harvester’s travel, and an operator is involved during harvesting to supervise that the harvester
harvests grain strictly from a given plot (in this study corresponding with the N rate) in one pass.

The data were statistically processed by means of SPSS 27 PL (IBM, Armonk, NY, USA). The
requirements of parametric tests were checked using Shapiro-Wilk and Levene’s statistics. In order
to assess the effects of the tillage system and the level of fertilization and to compare changes over
time, a MANOVA with Tukey’s post hoc test was used. Then correlation analysis was conducted by
calculating either Person’s r or Spearman’s rho coefficient, depending on data normality. A
correlation matrix was prepared using R software [32]. Significance was accepted at p <0.05, and all
Figs present average values of the given parameter + standard deviation (SD). For the correlation
analysis, the significance of the r-values was indicated as follows: *~p < 0.05, **~p < 0.01. In order to
examine the relationship between the studied soil properties and the yield obtained (after maize
harvesting, Table 1), a correlation analysis was performed for the seasons separately (Figure 16, 17)
and for the entire data set (Figure 18). In the description of the data, the measure of the correlation
and its strength and direction are given, and statistical significance is denoted as follows: * p < 0.05,
** p <0.01. To avoid duplication of the correlations, they are presented based on half of the matrix.

3. Results

The soil pH value in the studied fields ranged from 5.69 to 6.77 (mean 6.31+0.23), as illustrated
in Figure 2. There were no statistically significant differences in the pH values between the fields
depending on the farming method (pH-approx. 6.35+0.22 in the PL variant and approx. 6.28+0.24, p
=0.131 in NT). However, the analysis of the effect of reduced fertilization revealed a significant effect
of the fertilizer dose on the pH in the PL field (p < 0.001). When comparing the first season, it was
noted that the pH decreased in PL in a statistically significant manner to 6.09 only at the highest
fertilizer dose, compared to the value of 6.37-6.46 in the NT variant. Taking into account three factors
(tillage system, fertilizer application rate, and the two terms of the vegetation season), homogeneity
in the pH of soils sampled after maize harvesting was revealed (exception: PL system with 115.0 kg
of N ha™, FR_1). In turn, significant variation was observed in the soils sampled before maize sowing

doi:10.20944/preprints202311.0125.v1
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in spring, as their acidity ranged from the lowest pH (6.09) in the PL system with the application of
115.0 kg N ha™ (FR_1) to the highest acidity (6.46) in the control non-fertilized soils (p < 0.001, Figure
2). In general, irrespective of the N dose, the acidity was by approx. 0.4 pH unit higher (close to
neutral conditions) at the end of the maize vegetation season than at the start of vegetation (Figure
2).
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Figure 2. Variation in soil acidity in each tillage system and level of fertilization in the two terms of
the vegetation season. Letters on the top of the graph show differences between both systems in time,
while letters in the second row show differences between all treatments (fertilization effect in each
system and time period). Values marked by the same letter do not differ between each other at a =
0.05).

A similar trend was confirmed in the WHC level (Figure 3). A significant increase in WHC from
28.21+2.51% in spring (before maize sowing) to 34.97+2.79% in autumn was recorded after maize
harvesting (p < 0.001). In fact, this was the only factor differentiating the soils without differences
within the groups (fertilizer dose) or between the tillage system (PL, NT) in a given season (before
sowing, after harvesting). The lowest WHC values were recorded in spring in the PL variant (26-27%)
and the highest values of the parameter were noted in autumn without the addition of fertilizer in
both tillage systems of maize cultivation (36%).
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Figure 3. Variation in water holding capacity in each tillage system and level of fertilization in the
two terms of the vegetation season. See the caption of Figure 2 for more details.

The analysis of the macronutrient abundance in the PL and NT fields resulted in the
determination of Ca, Mg, and K levels at the beginning and end of the maize vegetation season and
with reference to the fertilizer dose. The Ca content in the studied field conditions presented in Figure
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4. In spring, the soils contained an average of 95.89+57.62 mg Ca kg™ dw irrespective of the tillage
system and the fertilizer dose. After the maize harvest, significantly higher Ca levels were recorded,
i.e. on average 869.8+477.3 mg kg dw (p < 0.001). Soil samples taken from the two different tillage
systems in autumn exhibited variation, with higher levels in the PL variant (c.a. 1025 mg kg dw)
than in the NT system (c.a. 713 mg kg™ dw, p <0.001). The analysis of the complete set-up indicated
lower Ca content in the NT and 92 kg N ha! (FR_2) variant (at both the beginning and end of the
maize vegetation season), and the highest content in autumn in the unfertilized part of the PL field
(1224 mg kg dw). In general, there was a trend towards the lowest Ca values in spring and the
highest concentration in autumn in both the PL and NT systems (p < 0.001, Figure 4).
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0

Before-PL Before-NT After-PL After-NT

Figure 4. Changes in Ca levels in each tillage system and level of fertilization in the two terms of the
vegetation season. See the caption of Figure 2 for more details.

The soil Mg level at both the beginning and end of the maize vegetation season and at the various
N rates is presented in Figure 5. Similar to the content of Ca, the Mg concentration in the arable fields
was significantly higher in autumn (1529.2+402.2 mg kg~' dw) than in spring (711.3+235.2 mg kg dw,
p <0.001). The analysis of the effect of reduced N fertilization on Mg levels both before maize sowing
and after harvesting showed that the 20 and 40% fertilization reduction resulted in a slight although
statistically significant decrease in the content of this element, which was particularly evident in
autumn (Figure 5).
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Figure 5. Changes in Mg levels in each tillage system and level of fertilization in the two terms of the
vegetation season. See the caption of Figure 2 for more details.
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The K content in the maize monoculture soils exhibited a similar trend of changes to that of the
elements reported above (Figure 6). From spring to autumn, the K levels increased from
10343.1+1936.9 mg kg dw to 14623.36+1315.96 mg kg dw (p < 0.001). The K content displayed
variation between the seasons and tillage systems (two-factor system). The lowest values were
recorded before maize sowing in NT, followed by PL, and higher values were noted after harvesting
in NT and PL (p < 0.001). The detailed analysis revealed the lowest K content (before sowing) in the
range of 8386-9438 mg kg dw, and the highest level in the PL system and the 69.0 kg ha' N dose
(FR_3) variant (16310 mg kg' dw). Summarizing, the reduction of the N fertilization dose
undoubtedly does not reduce the potassium levels in soils (Figure 6).
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Figure 6. Changes in K levels in each tillage system and level of fertilization in the two terms of the
vegetation season. See the caption of Figure 2 for more details.

The entire TC pool was constituted by total organic carbon (TOC), whose concentration did not
exceed the level of 1% (due to the mineral character of the soils), with an average content of about
0.532+0.127% (Figure 7). The soils in the NT system showed statistically significantly higher TC
content (mean 0.594+0.109%) than in the PL system, both collected before maize sowing (mean
0.471+0.113%, p < 0.001). A statistically significant effect of the fertilization level was only observed
in the NT field (after harvesting), with the lowest TC content of 0.534% at 92.0 kg N ha! (FR_2) and
the highest level (0.666%) at 115.0 kg N ha™ (FR_1, p <0.01).
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Figure 7. Changes in total carbon levels in each tillage system and level of fertilization in the two
terms of the vegetation season. See the caption of Figure 2 for more details.
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To complement the data on the content of carbon in the tested soils, its bioavailable (useful)
fraction for microorganisms and plants was determined (Figure 8). It was found that the EDC
concentrations varied mainly between the sampling time points (before sowing and after harvesting).
The pool of bioavailable carbon was significantly higher in autumn (mean 796.996+114.102 mg kg
dw) than in spring (mean 172.012+114.10 mg kg dw, p <0.001). No differences were noted between
the cultivation systems in spring (170.5 and 173.5 mg kg dw), while in autumn EDC reached
maximum values in the PL system (average 832 mg kg' dw) and in NT (761.8 mg kg-! dw, p <0.001).
It was revealed that, at the end of the growing season, the reduced fertilizer application rates did not
significantly affect the level of the bioavailable form of carbon (Figure 8).
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Figure 8. Changes in the easily degradable carbon pool in each tillage system and level of fertilization
in the two terms of the vegetation season. See the caption of Figure 2 for more details.

As part of the comprehensive characterization of the chemical traits of the studied soils, their
content of N (nitrate, ammonium) and P forms was also determined, focusing on their bioavailable
(and therefore most useful) form for plants (called Olsen P). The NOs-N (Figure 9) decreased from
5.59+2.13 mg kg fw in spring to 1.44+1.03 mg kg fw in autumn (p < 0.001). This trend was
maintained at every N fertilization rate tested. The highest values of NOs-N were recorded before
maize sowing in the PL system (6.39 mg kg! fw), followed by significantly lower values in NT (4.78
mg kg fw), whilst the lowest values were noted after harvesting (p < 0.001) with no significant
variation between the tillage systems during this period (1.1-1.78 mg kg fw). This trend was also
confirmed by the full factorial analysis indicating the lowest nitrate values at the end of the growing
season in NT with the N dose addition of 92.0 kg ha™, FR_2 (0.637 mg kg fw), and the highest levels
were recorded in PL at the beginning of vegetation with the application of 115.0 kg N ha!, FR_1 (7.42
mg kg fw, p <0.001, Figure 9).
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Figure 9. Changes in the availability of nitrates (V) in each tillage system and level of fertilization in
the two terms of the vegetation season. See the caption of Figure 2 for more details.

The ammonium N content increased from spring to autumn in a statistically significant manner
(Figure 10) from 1.054+0.837 to 5.685+2.067 mg kg™ fw (p < 0.001). After harvesting the maize (in
autumn), significant differences were found between the cultivation methods (p < 0.001), i.e. there
were higher NHs-N levels (7.038 mg kg™ fw) in NT than in PL (4.33 mg kg™ fw). This trend was
maintained regardless of the N fertilization rate (Figure 10).
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Figure 10. Changes in ammonium availability in each tillage system and level of fertilization in the
two terms of the vegetation season. See the caption of Figure 2 for more details.

However, it should be noted that the 40% reduction (FR_3) of fertilization in the PL system (in
autumn) resulted in a significant decrease in the soil ammonium N content in comparison to higher
fertilization rates. In contrast, this relationship was not confirmed in the NT system.

After harvesting the maize crop in autumn, the pool of bioavailable Olsen P (Figure 11) increased
from the initial (spring) values from 12.764+4.155 to 30.331+7.857 mg kg fw (p <0.001). Soils collected
in spring differed significantly (p <0.001) in the Olsen P content between the fields studied (PL, NT);
however, no such differences were found between the samples collected in autumn. The analysis of
all the variables revealed that there were no significant differences in soil samples exposed to the
different levels of fertilization and collected before maize sowing, while samples taken after maize
harvesting seemed to be more diverse in this respect (p <0.001). In the PL system, the Olsen P level
was significantly lower in the control soils (without fertilization) and in the low fertilization variant,
while a significantly lower content of the bioavailable P was recorded at 92.0 kg N ha™ (FR_2) in NT
as compared to the values of other fertilization rates. At the same time, the Olsen P level was
significantly higher in samples taken in autumn than in spring (Figure 11).
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Figure 11. Changes in the availability of Olsen P in each tillage system and level of fertilization in the
two terms of the vegetation season. See the caption of Figure 2 for more details.

There was also a significant increase in the TS content (Figure 12) from spring to autumn
(0.009+0.001% in spring and 0.012+0.003% in autumn, p < 0.001) with no significant differences
between the cultivation methods at each sampling date. The sulfur levels were similar in spring
(0.0088-0.009%), slightly higher in autumn in the PL system (0.01-0.011%), and the highest in the NT
system (0.012-0.015%, p < 0.001). Taking into account the N fertilization rate, it was found that the
reduced N doses did not affect the TS level (Figure 12).
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Figure 12. Changes in total sulfur levels in each tillage system and level of fertilization in the two
terms of the vegetation season. See the caption of Figure 2 for more details.

The respiratory activity (AR) of the tested soils (Figure 13) was significantly higher after maize
harvesting in autumn (48.9+16.7 mg CO2 kg fw d-') than before maize sowing in spring (20.7+7.7 mg
CO:z kgt fw d, p <0.001), showing no variation between the cropping systems in the two terms of
the vegetation season. It was shown that the highest N dose recommended by the manufacturer (115.0
kg hal, FR_1) in the PL system resulted in a decrease in AR, whereas the reduced doses (in
accordance with the UE suggestion: by 20% (FR_2) and even by 40%-FR_3) had a positive impact on
the level of AR. Unfortunately, this trend was insignificant (Figure 13). In the NT system, the 20%
reduction in N fertilization (FR_2) was shown to have no statistically significant effect on AR.
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Figure 13. Changes in soil respiration activity in each tillage system and level of fertilization in the
two terms of the vegetation season. See the caption of Figure 2 for more details.

The level of HA-like substances obtained in the experiment is presented in Figure 14. The content
of HA-like substances was in the range of 2.37-13.66 gHA-like kg (mean 7.69+2.42 g gHA-like kg™)
and was significantly higher (p < 0.001) in the NT than PL system (8.79+2.11 and 6.58+.21 gHA-like
kg, respectively). The HA-like values ranged between 5.39 and 13.66 gHA-like-kg™ in the NT field
and between 2.37 and 11.68 gHA-like kg in the PL system. Our results suggest that, before maize
sowing in the NT, it is not necessary to apply the dose of N suggested by the manufacturer, as it
resulted in a lower level of HA-like substances, whilst it is more reasonable to reduce N fertilization
by 20 or even 40% at the beginning of the vegetation season, in contrast to the end of vegetation when
the maximal N dose resulted in the highest content of HA-like substances in the soil.
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Figure 14. Changes in the content of humic acid-like substances in each tillage system and level of
fertilization in the two terms of the vegetation season. See the caption of Figure 2 for more details.

The PL experimental field showed different HA-like values depending on the amount of
fertilization (p < 0.05), i.e. the highest level of humic substances was recorded at the dose of 115.0 kg
N ha™ (FR_1) (8.67 gHA-like kg) compared to the other doses (5.37-6.60 g gHA-like kg™). The
analysis of the full model showed significantly lower HA-like values in the PL field at 69 kg N ha!
(FR_3), while significantly higher values were recorded in the NT system with fertilization between
0.0 (FR_4) and 115.0 kg-ha™ (FR_1) (p < 0.001) by considering all the results obtained from the two
vegetation periods. The E4/E6 ratios of HA-like substances were between 0.396 and 4.880
(2.801+0.692). Significantly higher values (p <0.05) were recorded for HA-like materials isolated from
the PL soils (2.957+0.813, range: 0.396-4.880), while lower values were recorded for HA-like
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substances obtained from the NT soils (2.646+0.506, range: 1.727-4.000). Furthermore, significantly
different E4/E6 ratios of HA-like substances were obtained in the soils treated with the different
amounts of fertilization (p <0.001). In the case of the HA-like substances isolated from the PL system,
a significantly higher E4/E6 ratio was recorded when 69.0 kg N ha! (FR_3) was applied (3.699), while
the E4/E6 ratio for the HA-like materials obtained from the NT field variant was significantly higher
in the FR_4 control combination (2.961) and at 69.0 kg N ha!, FR_3 (3.091). The analysis of the full
model data evidenced statistically significant differences between the E4/E6 ratios obtained from the
NT at 92.0 (FR_2) and 69.0 kg N ha™ (FR_3) (3.699, p <0.001) (Figure 15).
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Figure 15. Changes in E4/E6 ratios in each tillage system and level of fertilization in the two terms of
the vegetation season. See the caption of Figure 2 for more details.

Before maize sowing (spring, Figure 16), positive correlations were found among pH and the
level of Ca, Mg, EDC, and absorbance coefficient E4/E6. In turn, negative relationships were shown
between soil pH, Olsen P, and the HA-like level. At the beginning of the vegetation season, WHC
correlated directly proportionally with HA-like levels, AR, and TC. The strongest positive
correlations in the spring season were determined between the abundance of Mg versus Ca and K,
whereas the strongest negative correlations were found between Olsen P versus Mg, K, and Ca.
Equally noteworthy is the correlation between EDC and TS. After maize harvesting (autumn, Figure
17), it was also possible to determine correlations with the maize crop obtained in 2022 (Table 1).

The knowledge of the yields was available owing to the principles of precision agriculture
applied on the farm of Potulicka Foundation, which made it possible to estimate that the average
maize yields amounted to 4095.75 kg ha™ in the PL system and 2162.05 kg ha in the NT system
(Table 2a and 2b, respectively), suggesting that the PL system is better for monoculture maize
cultivation. The yield was affected by the drought phenomenon that occurred in the kujawsko-
pomorskie voivodeship in 2022. Interestingly, according to the data, both fields (PL, NT) were
characterized by excellent yields without additional fertilization (Table 2a, 2b). However, when the
maximum fertilization rate suggested by the fertilizer supplier was assumed as 100% (FR_1), it was
shown that the 20% reduction in N fertilization (FR_2) in the PL system resulted in an approximately
18% decrease in the yield, while the 40% reduction rate (FR_3) decreased the yield by approximately
6.7%. The situation was different in the case of the NT system, where the reduction of fertilization by
20% (FR_2) contributed to an approx. 20.4% increase in the maize yield versus the manufacturer’s
recommended rate, while the 40% reduction of the fertilization dose (FR_3) resulted in a 21.3%
increase in the yield (Table 2b).
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Table 2. a. Average maize yield for 2022 (PL) at different nitrogen fertilization rates.

Soil raster Area N dose Plot yield in the PL Yield per ha Average yield for individual
number [ha] [kg/hal SySte;Bi(f] wet [kg] wet grain N rates [kg/ha] wet grain
1 0.5 0 1754 3508
2 0.5 0 1381 2762
3 0.5 0 3280 6560 4753.40
4 0.5 0 3081.5 6163
5 0.5 0 2387 4774
6 0.5 69 2502 5004
7 0.5 69 3196.5 6393
8 0.5 69 2702 5404 3962.20
9 0.5 69 729 1458
10 0.5 69 776 1552
11 0.5 92 762 1524
12 0.5 92 941.5 1883
13 0.5 92 1530 3060 3448.00
14 0.5 92 2911 5822
15 0.5 92 2475.5 4951
16 0.5 115 2559.5 5119
17 0.5 115 2907 5814
18 0.5 115 1799 3598 4207.40
19 0.5 115 1152.5 2305
20 0.5 115 2100.5 4201
AVERAGE 4092.75
Table 2. b. Average maize yield for 2022 (NT) at different nitrogen fertilization rates.
Soil raster Area N dose Plot yield in the Yield per ha .Av?r.age yield for
number [hal [kg/hal NT system. [kgl [kg] wet grain individual N rat.es
wet grain [kg/ha] wet grain
21 0.5 0 1629 3258
22 0.5 0 2116 4232
23 0.5 0 808.5 1617 2979.00
24 0.5 0 518 1036
25 0.5 0 1921 3842
26 0.5 69 2691 5382
27 0.5 69 708.5 1417
28 0.5 69 531 1062 2076.80
29 0.5 69 687.5 1375
30 0.5 69 574 1148
31 0.5 92 1090.5 2181
32 0.5 92 892 1784
33 0.5 92 696 1392 2062.20
34 0.5 92 926.5 1853
35 0.5 92 1550.5 3101
36 0.5 115 1463 2926
37 0.5 115 580 1160
38 0.5 115 500.5 1001 1712.20
39 0.5 115 689 1378
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40 0.5 115 1048 2096
AVERAGE 2162.05

The correlation analysis evidenced that the maize crop was mainly affected by the content of Mg
and Ca, followed by Olsen P and EDC. Other directly proportional statistically significant
relationships were found for the effects of K, TS, WHC, and TC on the maize yield (Figure 17). In
addition to the correlations related to the yield, after the maize harvest, the most significant
relationships were noted between pH and Ca and Olsen P content. Furthermore, a significant
correlation was determined between Ca and EDC and Olsen P levels. Mg was found to be
significantly correlated with EDC, while K was significantly correlated with the ammonium nitrogen
content (Figure 17).
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Figure 17. Correlogram between studied parameters for data collected after harvesting maize.

The compilation of the entire dataset showed numerous statistically significant correlations
between the variables under study, as presented in Figure 18. It was evidenced that all the studied
factors were important for maintaining good soil quality and interdependent, as confirmed by these
correlations. Therefore, the factors should be constantly monitored. In general, soil pH was highly
correlated with EDC, Ca, NHs-N, Mg, NOs-N, AR, WHC, and K and negatively correlated with the
content of HA-like substances. The WHC of the studied soils was strongly positively associated with
EDC, Mg, Ca, NH«+N, AR, K, Olsen P, TS, and TC and negatively correlated with NOs-N. The NO:s-
N levels seemed to be significantly negatively correlated with EDC, Olsen P, NHs+-N, and AR. The
NHs-N content was most strongly associated with EDC, Olsen P, and AR, followed by TS, HA-like
substances, and E4/E6. Olsen P was additionally correlated with EDC, AR, TS, HA-like content, and
E4/E6. The EDC form of carbon was strongly dependent on AR, TS, and HA-like materials and
weakly correlated with E4/E6. The total sulfur content was positively related to AR and negatively
correlated with the content of humic-like substances. Finally, AR was negatively correlated with HA-
like materials.
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Figure 18. Correlogram between the studied parameters for the whole dataset.

4. Discussion

In this study, we intended to verify whether a reduction in N fertilization by at least 20% (in
combination with the tillage system) affects the yield of maize and the chemical-physical and biological
parameters of soils that guarantee their fertility. Moreover, in planning the field experiment, we went
a step further from the EC recommendation (in respect to 20% fertilization reduction) and
simultaneously tested a 40% reduction in N fertilization. The undoubted advantage of this study are
the results achieved in a multi-area field experiment conducted by Potulicka Foundation (each field
is an area of 10 hectares) rather than from small experimental plots, which incomparably improves
the quality and precision of conclusions, since we worked on representative soil material, taking into
account many environmental variables.

There is no doubt that fertilization is an important agricultural aspect that cannot be completely
disregarded if farmers want to achieve satisfactory harvests. Optimal N management is critical for
efficient crop production and agricultural pollution control [33]. However, fertilizers are often
overused on smallholder farms, which not only results in lower crop yields but also causes damage
to the environment and human health [33,34]. Literature data emphasize that tillage is an important
management practice, with conventional tillage (CT) helping to manage weeds, prepare the soil for
sowing, and mix soil nutrients and crop residues [9,35]. However, CT can also decrease soil water
retention, accelerate soil erosion (given that there is minimal crop residue retained on the soil surface),
increase oxidation of organic matter, and deplete N and other nutrients in soils [9]. In contrast, NT
management can create a cooler microclimate in the topsoil with higher water content, i.e. more
favorable for microbial growth compared to CT [9,36]. These authors studied a 48-y wheat cropping
trial in semi-arid subtropical Australia with application of different tillage practices (NT and CT) and
N fertilization rates (0 and 90 kg N ha') in a Vertisol at a soil depth from 0 to 10 cm. They found that
TOC significantly increased only when the N fertilizer was applied under NT. Similarly, we also
noted that, in the case of maize monoculture, NT favors the presence of a higher TC pool (Figure 7).
Finally, the authors concluded that NT and N fertilization exerted an important impact on soil
properties and functioning over decades in Vertisol in the semi-arid subtropical region [9]. Su et al.
[35], who compared crop yield data from the NT and CT systems, noted that the adoption of NT
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practice overall led to a yield decrease. This is consistent with findings reported by other researchers
[36-38]. However, after one year of the experiment, we found that the differences in the maize
cultivation systems resulted in higher yields in the PL vs. NT system (Table 2a, 2b). In NT, there was
no plowing, which in the PL system allowed the soil to warm up faster to the depth of sowing and
ensured better aeration of the soil, better preparation and, as a result, more precise sowing, which
was reflected by better emergence, greater initial plant vigor, and ultimately higher yields.
Nonetheless, we expect that the advantages of NT described in the literature pointed above will allow
us in the long term to recommend just this system to achieve better results in maize cultivation. Yan
et al. [39] have carried out a random analysis of maize yields and showed that the maize varieties and
soil properties were the most important factors in the study. However, the fertilizer application rates,
cultivation regions, planting systems, and soil types had weaker effects. We obtained similar results
indicating differences in the yield in the maize system, which directly resulted from soil properties.

Our experiment evidenced that the combination of the three factors (time of soil sampling,
cultivation system, and N dose) had an impact on soil chemical-physical and biological features.
Indeed, the majority of the studied parameters (WHC, Ca, Mg, K, EDC, NH+N, Olsen P, TS, AR)
reached higher levels after maize harvesting (autumn) than at the beginning of the vegetation season
(spring) with the exception of content of NOs-N and HA-like substances that have higher values in
the spring before the maize harvest.

Our results may be supported by the findings reported by [40,41], who noted analogical
differences in pH, TOC, N forms, P, K, Mg, Ca, and AR when comparing spring and autumn soil
sampling. We also emphasized that, in the case of the PL cultivation system, the highest dose of N
fertilization (115.0 kg ha™!, FR_1) resulted in a lower pH value; therefore, when farming maize with
PL, it is worth reducing the fertilization rate to prevent soil acidification. This is because of the N-
fertilizer type used (urea). Furthermore, it has been shown that soil acidity drastically reduces maize
crop yields and that minimum tillage has a positive effect on soil acidity [9,42]. Interestingly, in the
NT system, the pH value at the highest fertilization rate was similar to that in the 20% fertilization
reduction variant, which suggests that the cultivation system has a crucial role in soil acidity. It is
worth mentioning here that soil acidity is accelerated by crop production practices, mainly by
application of nitrogenous fertilizers to enhance crop productivity [42]. Qiao et al. [43] reported that
N additions in tea plantations acidified soils (a significant decrease by 0.41 pH unit on average) and
produced soil nutrient imbalance [43]. Kou et al. [44] concluded that N fertilizer reduction directly
decreased the amount of NOs-N in the soil and then alleviated the soil acidification caused by
excessive use of N fertilizers. In contrast, no significant difference in TN was observed upon 25%
reduction of chemical N fertilizers in the study conducted by Liu et al. [45]. It was also assumed that
soil pH declined significantly when the fertilizer level exceeded 200 kg N ha! [23].

The analysis of the effect of 20% reduction of N fertilization (in accordance with the EC
recommendation) showed that this amount is better for maintaining Ca levels (likewise in the case of
the 40% reduction) as well as the Olsen P pool and AR levels. In recent years, studies have been
conducted to determine the effects of N enrichment on AR in soil ecosystems [46,47]. However, the
effect of N addition on AR remains still controversial and unclear. AR was sometimes found to
increase during the first year of N fertilization but decrease in subsequent years [46,48]; hence, we
decided to continue our experiment for the next vegetation season. Moreover, with respect to the TC
content in the field under the NT system, it was observed that the 20% N fertilization reduction (FR_2)
resulted in a lower carbon pool after the maize harvest. Due to the lack of similar studies (large-scale
experiment with 20% fertilizer reduction), it is currently difficult to compare our observations with
other data. However, our field experiment is being continued in the next maize vegetation season (in
the same fields), which will allow verification of the present results and observed trends.

Nevertheless, it was found that the reduction in the N fertilization did not affect the level of most
of the monitored parameters, e.g. WHC (no threat to the water-holding properties of soils), did not
deteriorate the quality of soils in terms of Mg abundance, and did not deplete the K pool. Our study
also showed that the fertilizer reduction did not have a statistically significant effect on the carbon
fraction of EDCs or the nitrate abundance in the soils. Our data are compatible with the study
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conducted by Zhang et al. [9], who indicated that tillage did not have a significant effect on carbon
pooling in the soil environment. The variable rates of reduced fertilization were not significantly
related to the TS levels. There was also no effect of the N dose on the humic substance levels in the
PL field, although a decrease in the HA-like substances was observed in the NT system after the 20
and 40% fertilization reductions, while the highest humic substance levels were recorded at the
standard fertilization rate.

While analyzing the values of the E4/E6 coefficient in the two tillage systems: PL and NT and at
the two terms of the vegetation season: before sowing and after harvesting the crop, it can be
concluded that the HA-like substances in the soils cultivated in the NT system were characterized by
a higher E4/E6 coefficient after harvesting the maize. It should be added that this correlation is not
homogeneous in this cropping system, as the relationship between the land use and the degree of
humic polymerization varied depending on the location of soil sampling in specific rasters. Humic
acids extracted from different soils are characterized by different E4/E6 ratios. The cause of this
phenomenon is the different structure of HA-like molecules and their sizes. It has been indicated that
components susceptible to oxidation significantly affect the activity of soil microorganisms and thus
soil fertility [29]. Moreover, E4/E6 values greater than 6 suggest the predominance of fulvic acid-type
compounds, while values less than 6 point to the predominance of humic acids in the humic
substance solution studied [29]. HA-like substances with higher values of this ratio characterize
fertile and biologically active soils. Many authors have suggested that the value of the E4/E6 ratio,
calculated for HA-like solutions, is a criterion that characterizes soil type and humus quality [29-31].
It is generally accepted that the value of this quotient is inversely proportional to the molecular
weight of these compounds. As demonstrated by Watanabe et al. [49], an increase in the degree of
humification with a decreasing amount of HA-like substances due to changes in land use suggests
selective decomposition of humic acid molecules or parts with a low degree of humification. The
higher values of the E4/E6 ratio of the HA-like substances analyzed in the soils after the maize harvest
may indicate the presence of non-humidified material due to the presence of proteins and
carbohydrates. Similar conclusions were made by Moran-Vieyra et al. [50], who indicated a higher
value of the E4/E6 ratio in soil material from agricultural soils. The data in Figure 15 show that the
E4/E6 parameter in all the studied soils had values below 6, indicating an advanced stage of
humification of organic matter, with a predominance of highly polymerized humic acid-like
compounds. As suggested by Licznar et al. [51], the low values of this parameter indicate the
occurrence of degradation processes that are not conducive to the humification of organic matter and
its transformation into high-molecular HA-like substances. Given the assumption made by Licznar
et al. [51] and the values of the E4/E6 coefficient below 3 determined in the studied soils with regard
to HA-like substances, it can be assumed that there are degradation processes in both fields (PL, NT),
which do not support the humification of organic matter and its transformation into high molecular
humus compounds. Hence, samples with a reduced E4/E6 ratio may require supplementation with
humus-enhancing preparations. Importantly, an increase in the E4/E6 ratio was observed in the NT
system, which may indicate the first signs of humus level restoration.

The above observations may be linked to the fact that Potulicka Foundation continuously
monitors fields (precision farming) and responds to decreases or increases in individual soil
parameters. The effectiveness of precision farming techniques used on the farm is also reflected in
the condition of soils treated as controls (without the fertilizer), which are rich in nutrient elements.
Consequently, as shown by our results, it seems reasonable to reduce N fertilization, especially since
literature data proved that higher rates of N fertilization cause soil secondary salinization and
acidification, and thus inhibit soil enzyme activities, functional diversity of microbial communities,
and nitrification capacity [52].

5. Conclusions

The studied fields were characterized by varying values of chemical-physical and biological
parameters. The time of soil sampling (before maize sowing, after maize harvesting) differentiated
the values of most variables in a statistically significant way. The vast majority of the determined
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parameters were higher in autumn (end of the vegetation season) than in spring (beginning of the
vegetation season). The following effects of reduced fertilization were evidenced:

a) in spring-a significant effect of the N dose on the increase in NOs-N (NT), EDC (NT) and
HA-like substances (PL). This was accompanied by a decrease in pH and the Mg pool (PL), a smaller
pool of NHs+-N (NT) and EDC (PL), and a decrease in the E4/E6 ratio,

b) in autumn-a decrease in pH (PL), loss of Ca (both systems), NOs-N (NT), and EDC (PL),
and accumulation of NH4+-N (PL), and Olsen P (NT) with the fertilizer dose. TS decreased in NT and
increased in the PL system. There was also accumulation of humic substances in the NT cultivation
system.

The 20% reduction in N fertilization applied in the studied fields since 2019 does not have an
adverse effect on the chemical-physical and biological characteristics of soils and the yield of maize.
The results achieved after one vegetation season revealed that a 20% reduction in fertilizer application
is appropriate, as it does not cause an imbalance in the most important soil parameters (reflecting
fertility) or yield losses in the maize. With regard to the tillage system and maize yield, the
preliminary results indicated a higher yield of maize grown as a monoculture in the PL than NT
system.

Author Contributions: Conceptualization, A.W. and A.B.; methodology, A.B., A. Kr., A.S,, W.G., A.St.,, A.G., and
AK,; software, A.B., and A. St; validation, A.B..; formal analysis, A.B.; investigation, A.B., AKr., A.S.,, A.G, A.
St. and A.K..; resources, A.St, J.P. and A.B.; data curation, A.B.,, A. Kr. and A.K.; writing—original draft
preparation, A.W. and A K.; writing—review and editing, A.W., A.B. and A K; visualization, A.B..; supervision,
AK, AW. and A.B,; project administration, A.W. and ].P.; funding acquisition, A.W. All authors have read and
agreed to the published version of the manuscript.

Funding: Scientific work supported by the state budget (Poland) under the program of the Ministry of Education
and Science named “Science for the Society”, project number NdS/531260/2021/2021, the amount of funding
100%, the total value of the project 625 910.50 PLN.

Data Availability Statement: Data available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Birkhofer, K; Baulechner, D.; Diekétter, T.; Zaitsev, A.; Wolters, V. Fertilization rapidly alters the feeding
activity of grassland soil mesofauna independent of management history. Front. Ecol. Evol., 2022, 10, 864470,
https://doi.org/10.3389/fevo.2022.864470.

2. Han, Y.;Wang, G.G.; Wu, T.; Chen, W.; Ji, Y.; Jin, S. Fertilization failed to make positive effects on Torreya
grandis in severe N-deposition subtropics. Sustainability, 2021, 13(7), 9736,
https://doi.org/10.3390/su13179736.

3.  Penuelas, J.; Coello, F.; Sardans, J. A better use of fertilizers is needed for global food security and
environmental sustainability. Agric. Food Secur., 2023, 12, 5, https://doi.org/10.1186/s40066-023-00409-5.

4. Puzniak, O.; Hrynchyshyn, N.; Datsko, T.; Andruszczak, S.; Hulko, B. Consequences of the long-term
fertilization system use on physical and microbiological soil status in the Western Polissia of Ukraine.
Agriculture, 2022, 12, 1955, https://doi.org/10.3390/agriculture12111955.

5. Zheng, S.; Yin, K; Yu, L. Factors influencing the farmer’s chemical fertilizer reduction behavior from the
perspective of farmer differentiation. Heliyon, 2022, 8, e11918, https://doi.org/10.1016/j.heliyon.2022.e11918.

6.  Blanco-Canqui, H.; Ruis, N.J. No-tillage and soil physical environment. Geoderma, 2018, 326(5), 164-200,
https://doi.org/10.1016/j.geoderma.2018.03.011.

7. Marandola, D.; Belliggiano, A.; Romagnoli, L.; Ievoli, C. The spread of no-till in conservation agriculture
systems in Italy: Indications for rural development policy-making. Agric. Econ., 2019, 7, 7,
https://doi.org/10.1186/s40100-019-0126-8.

8.  Zulu, S.G.; Magwaza, L.S.; Motsa, N.M.; Sithole, N.J.; Ncama, K. Long-term no-till conservation agriculture
and nitrogen fertilization on soil micronutrients in a semi-arid region of South Africa. Agronomy, 2022, 12,
1411, https://doi.org/10.3390/agronomy12061411.

9.  Zhang, Y.; Bhattacharyya, R.; Finn, D.; Birt, HW.G.; Dennis, P.G.; Dalal, R.C.; Jones, A.R.; Meyer, G.;
Dayananda, B.; Wang, P.; Menzies, N.W.; Kopittke, P.M. Soil carbon, nitrogen, and biotic properties after
long-term no-till and nitrogen fertilization in a subtropical Vertisol. Soil Till. Res., 2023, 227, 105614,
https://doi.org/10.1016/j.still.2022.105614.


https://doi.org/10.20944/preprints202311.0125.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 November 2023 doi:10.20944/preprints202311.0125.v1

22

10. Souza, J.L.B.; Antonangelo, J.A.; Zhang, H.; Reed, V.; Finch, B.; Arnall, B. Impact of long-term fertilization
in no-till on the stratification of soil acidity and related parameters. Soil Till. Res., 2023, 228, 105624,
https://doi.org/10.1016/j.still.2022.105624.

11. Houskova, B.; BuSo, R.; Makovnikov4, J. Contribution of good agricultural practices to soil biodiversity.
Open, J. Ecol., 2021, 11, 75-85, https://doi.org/10.4236/0je.2021.111007.

12. Wolinska, A.; Gérniak, D.; Zielenkiewicz, U.; Goryluk-Salmonowicz, A.; Kuzniar, A.; Stepniewska, Z.;
Btaszczyk, M. Microbial biodiversity in arable soils is affected by agricultural practices. Int. Agrophys.,
2017b, 31(2), 259-271, https://doi.org/10.1515/intag-2016-0040.

13. Wolinska, A.; Kuzniar, A.; Zielenkiewicz, U.; Izak, D.; Szafranek-Nakonieczna, A.; Banach, A.; Blaszczyk,
M. Bacteroidetes as a sensitive biological indicator of agricultural soil usage revealed by culture
independent approach. Appl. Soil Ecol., 2017¢, 119, 128-137, https://doi.org/10.1016/j.aps0il.2017.06.009.

14. Wolinska, A.; Kuzniar, A.; Zielenkiewicz, U.; Banach, A.; Blaszczyk, M. Indicators of arable soils fatigue—
Bacterial families and genera: A metagenomic approach. Ecol. Ind., 2018a, 93, 490-500,
https://doi.org/10.1016/j.ecolind.2018.05.033.

15. Wolinska, A.; Kuzniar, A, Zielenkiewicz, U.; Banach, A.; Izak, D.; Stepniewska, Z.; Btaszczyk, M.
Metagenomic analysis of some potential nitrogen-fixing bacteria in arable soils at different formation
processes. Microb. Ecol., 2017a, 73, 162-176, https://doi.org/10.1007/s00248-016-0837-2.

16. Jin, N, Jin, L.; Wang, S; Li, J.; Liu, F,; Liu, Z,; Luo, S.; Wu, Y.; Lyu, J; Yu, J. Reduced chemical fertilizer
combined with bio-organic fertilizer affects the soil microbial community and yield and quality of lettuce.
Front. Microbiol., 2022, 13, 863325, https://doi.org/10.3389/fmicb.2022.863325.

17.  Fachini, J.; de Figueiredo, C.C.; Vale, A.T. Assessing potassium release in natural silica sand from novel K-
enriched sewage sludge biochar fertilizers. ] Environ. Manag., 2022, 314, 115080,
https://doi.org/10.1016/j.jenvman.2022.115080.

18. Szafranek-Nakonieczna, A.; Stepniewska, Z. Aerobic and anaerobic respiration in profiles of Polesie
Lubelskie peatlands. Int. Agrophys., 2014, 28, 219-229, https://doi.org/10.2478/intag-2014-0011.

19. Wolinska, A.; Stepniewska, Z.; Szafranek-Nakonieczna, A. Effect of selected physical parameters on
respiration activities in common Polish mineral soils. Pol. ]. Environ. Stud., 2011, 20(4), 1075-1082.

20. Ampong, K,; Thilakaranthna, M.S.; Gorim, L.Y. Understanding the role of humic acids on crop performance
and soil health. Front. Agron., 2022, 4, 848621, https://doi.org/10.3389/fagro.2022.848621.

21. Ukalska-Jaruga, A.; Bejger, R.; Debaene, G.; Smreczak, B. Characterization of Soil Organic Matter
Individual Fractions (Fulvic Acids, Humic Acids, and Humins) by Spectroscopic and Electrochemical
Techniques in Agricultural Soils. Agronomy, 2021, 11, 1067, https://doi.org/10.3390/agronomy11061067.

22. Wolinska, A.; Banach, A.; Szafranek-Nakonieczna, A.; Stepniewska, Z.; Btaszczyk, M. Easily degradable
carbon-an indicator of microbial hotspots and soil degradation. Int. Agrophys., 2018b, 32(1), 123-131,
https://doi.org/10.1515/intag-2016-0098.

23. Tkaczyk, P.; Mocek-Ptociniak, A.; Skowroniska, M.; Bednarek, W.; Ku$mierz, S.; Zawierucha, E. The mineral
fertilizer-dependent chemical parameters of soil acidification under field conditions. Sustainability, 2020,
12(17), 7165, https://doi.org/10.3390/sul2177165.

24. Woliniska, A.; Podlewski, J.; Stomczewski, A.; Grzadziel, J.; Galazka, A.; Kuzniar, A. Fungal indicators of
sensitivity and resistance to long-term maize monoculture: A culture-independent approach. Front.
Microbiol., 2022, 12, 799378, https://doi.org/10.3389/fmicb.2021.799378.

25. Kruczynska, A.; Kuzniar, A.; Podlewski, J.; Sfomczewski, A.; Grzadziel, J.; Marzec-Grzadziel, A.; Galazka,
A.; Wolinska, A. Bacteroidota structure in the face of varying agricultural practices as an important
indicator of soil quality—a culture independent approach. Agric. Ecos. Environ., 2023, 342(3), 108252,
https://doi.org/10.1016/j.agee.2022.108252.

26. Weil, RR,; Islam, K.R.; Stine, M.A.; Gruver, J.B.; Samson-Liebig, S.E. Estimating active carbon for soil
quality assessment: A simplified method for laboratory and field use. Am. ]. Alter. Agric., 2003, 18, 3-17,
https://doi.org/10.1079/AJA A200228.

27. Wolinska, A.; Szafranek-Nakonieczna, A.; Banach, A.; Rekosz-Burlaga, H.; Goryluk-Salmonowicz, A.;
Btaszczyk, M.; Stepniewska, Z.; Gorski, A. Biological degradation of agricultural soils from Lublin region
(SE Poland). Int. |. Curr. Microbiol. App. Sci., 2014, 3(11), 558-571.

28. Kononova, M.M.; Belchikova, N.A. Study of the nature of soil humic substances by fractionation (in
Russian). Pochvovedenie, 1960, 11, 1-9.

29. Janowiak, J. Properties of humus substances of black earths and luvis soils (in Polish). Zesz. Probl. Post. Nauk
Rol., 1993, 411, 182-188.

30. Aranda, V.; Ayora-Cafiada, M.].; Dominguez-Vidal, A.; Martin-Garcia, ].M.; Calero, ].; Delgado, R.;
Verdejo, T.; Gonzalez-Vila, F.J. Effect of Soil Type and Management (Organic vs. Conventional) on Soil
Organic Matter Quality in Olive groves in a Semi-arid Environment in Sierra Magina Natural Park (S
Spain). Geoderma, 2011, 164(1), 54-63. https://doi.org/10.1016/j.geoderma.2011.05.010.

31. Senesi, N.; D’Orazio, V.; Ricca, G. Humic acids in the first generation of EUROSOILS. Geoderma, 2023, 116,
325-344. https://doi.org/10.1016/50016-7057061(03)00107-1.


https://doi.org/10.20944/preprints202311.0125.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 November 2023 doi:10.20944/preprints202311.0125.v1

23

32. R Core Team. 2018. R: A Language and Environment for Statistical Computing. R Foundation for Statistical
Computing. Vienna: Austria. Available from: https://www.R.-project.org/.

33. Ren, K; Xu, M,; Li, R.; Zheng, L.; Liu, S.; Reis, S.; Wang, H.; Lu, C.; Zhang, W.; Gao, H.; Duan, Y.; Gu, B.
Optimizing nitrogen fertilizer use for more grain and less pollution. J. Clean. Prod., 2022, 360, 132180,
https://doi.org/10.1016/j.jclepro.2022.132180.

34. Zhang, L.; Zhang, W.; Cui, Z.; Hy, Y.; Schmidhalter, U.; Chen, X. Environmental, human health, and
ecosystem economic performance of long-term optimizing nitrogen management for wheat production. J.
Clean. Prod., 2021a, 311, 127620, https://doi.org/10.1016/j.jclepro.2021.127620.

35. Su, Y.; Benoit, G.; Makowski, D. A global dataset for crop production under conventional tillage and no
tillage systems. Sci. Data, 2021, 8, 33, https://doi.org/10.1038/s41597-021-00817-x.

36. Steward, P.R; Dougill, A.J.; Thierfelder, C.; Pittelkow, C.M.; Stringer, L.C.; Kudzala, M.; Shackelfors, G.E.
The adaptive capacity of maize-based conservation agriculture systems to climate stress in tropical and
subtropical environments: A meta-regression of yields. Agric. Ecos. Environ., 2018, 251, 194-202,
https://doi.org/10.1016/j.agee.2017.09.019.

37. Laborde, J.P.; Wortmann, C.S.; Blanco-Canqui, H.; Baigorria, G.A.; Lindquist, J.L. Identifying the drivers
and predicting the outcome of conservation agriculture globally. Agric. Syst, 2020, 177, 102692,
https://doi.org/10.1016/j.agsy.2019.102692.

38. Lee, H.; Lautenbach, S.; Nieto, A.P.G.; Bondeau, A.; Cramer, W.; Geijzendorffer, LR. The impact of
conservation farming practices on Mediterranean agro-ecosystem services provisioning—a meta-analysis.
Reg. Environ. Change, 2019, 19, 2187-2202. https://doi.org/10.1007/s10113-018-1447-y.

39. Yan, X,; Chen, X,; Ma, C; Cai, Y.; Cui, Z.; Chen, X.; Wu, L.; Zhang, F. What are the key factors affecting
maize yield response to and agronomic efficiency of phosphorus fertilizer in China? Field Crops Res. 2021,
270, 108221, https://doi.org/10.1016/j.fcr.2021.108221.

40. Horakova, E.; Pospislova, L.; Vlcek, V.; Mensik, L. Changes in the soil’s biological and chemical properties
due to the land use. Soil Wat. Res., 2020, 15, 228-236, https://doi.org/10.17221/44/2019-SWR.

41. Luo, X;; Wang, M.K,; Hu, G.; Weng, B. Seasonal change in microbial diversity and its relationship with soil
chemical properties in an orchard. PLoS ONE, 2019, 14(12), 0215556,
https://doi.org/10.1371/journal.pone.0215556.

42. Wakwoya, M.B.; Woldeyohannis, W.H.; Yimamu, F.K. Effects of minimum tillage and liming on maize (Zea
mays L.) yield components and selected properties of acid soils in Assosa Zone, West Ethiopia. J. Agric. Food
Res., 2022, 8, 100301, https://doi.org/10.1016/j.jafr.2022.100301.

43. Qiao, C; Xu, B;; Han, Y.; Wang, Y.; Wang, X,; Liu, L.; Liu, W.; Wan, S.; Tan, H.; Liu, Y.; Zhao, X. Synthetic
nitrogen fertilizers alter the soil chemistry, production and quality of tea. A meta-analysis. Agron. Sustain.
Dev., 2018, 38, 10, https://doi.org/10.1007/s13593-017-0485-z.

44. Kou, X.; Zhang, X.; Bai, W.; Cai, Q.; Wu, Z.; Li, Q.; Liang, W. Exploring N fertilizer reduction and organic
material addition practices: An examination of their alleviating effect on the nematode food web in
cropland. Land Degrad. Develop., 2020, 31, 2952-2961, https://doi.org/10.1002/1dr.3685.

45. Liu, Z,; Sun, K,; Liu, W.; Gao, T.; Li, G.; Han, H.; Li, Z.; Ning, T. Responses of soil carbon, nitrogen, and
wheat and maize productivity to 10 years of decreased nitrogen fertilizer under contrasting tillage systems.
Soil Tillage Res., 2020, 196, 104444, https://doi.org/10.1016/.still.2019.104444.

46. Liu, L., Hu, C;Yang, P.;Ju, Z; Olesen, ].E.; Tang, J. Effects of experimental warming and nitrogen addition
on soil respiration and CH4 fluxes from crop rotations of winter wheat-soybean/fallow. Agric. Forest
Meteor., 2015, 207, 38—47, https://doi.org/10.1016/j.agrformet.2015.03.013.

47. Zhang, J; Li, Y.; Wang, J.; Chen, W.; Tian, D.; Nu, S. Different responses of soil respiration and its
components to nitrogen and phosphorus addition in a subtropical secondary forest. For. Ecosyst., 2021b, 8,
37, https://doi.org/10.1186/s40663-021-00313-z.

48. Yan, L.; Chen, S.; Huang, J.; Lin, G. Differential responses of auto- and heterotrophic soil respiration to
water and nitrogen addition in a semiarid temperate steppe. Glob. Change Biol., 2010, 16, 2345-2357,
https://doi.org/10.1111/j.1365-2486.2009.02091.x.

49. Watanabe, A.; Rumbanraja, J.; Tsutsuki, K.; Kimura, M. Humus composition of soils under forest, coffee
and arable cultivation in hilly areas of south Sumatra, Indonesia. Eur. |. Soil Sci., 2001, 52, 599-606,
https://doi.org/10.1046/j.1365-2389.2001.00410.x.

50. Moran-Vieyra, F.E.; Palazzi, V.I.; Sanchez de Pinto, M.I; Borsarelli, C.D. Combined UV-Vis absorbance and
fluorescence properties of extracted humic substances-like for characterization of composting evolution of
domestic solid wastes. Geoderma, 2009, 151, 61-67, https://doi.org/10.1016/j.geoderma.2009.03.006.

51. Licznar, S.E.; Labaz, B.; Licznar, M. Physicochemical properties and fractional composition of humus
compounds in variously degraded ecosystems of the mountain pine Pinus mugo (in Polish). Op. Corcont.
2000, 37, 486—491.

52.  Shen, W.; Lin, X,; Shi, W.; Min, J.; Gao, N.; Zhang, H.; Yin, R.; He, X. Higher rates of nitrogen fertilization
decrease soil enzyme activities, microbial functional diversity and nitrification capacity in a Chinese


https://doi.org/10.20944/preprints202311.0125.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 November 2023 doi:10.20944/preprints202311.0125.v1

24

polytunnel greenhouse vegetable land. Plant Soil, 2010, 337, 137-150, https://doi.org/10.1007/s11104-010-
0511-2.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred


https://doi.org/10.20944/preprints202311.0125.v1

