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Abstract

Due to intensified use of fertilizers and inconsiderable organic matter return, the intensive cropping
system is evidently changing soil properties. Even though the changes are hardly predictable
spontaneously, it could appear with imbalanced soil mineral nitrogen transformation and decreased
biological nitrogen immobilization. To address this uncertainty, we investigated the linkage of soil
nitrogen transformation and soil microbial community distribution with the mineral nitrogen
fertilization in long-term intensive cropping system during 2019-2022. In this study a three-factor
(Factor A: rate of nitrogen (100, 150, 180 and 230 kg N ha™); Factor B: organic fertilizers (0 and 300 kg
ha); Factor C: liquid biological activator (0 and 0.1 L ha™)) experiment carried out on a loam soil
(Calcaric Luvisol) in intensive cropping system (in rotation: winter wheat, winter wheat, winter rape
and winter wheat). At the study site, soil organic carbon was significantly higher at higher rates of
nitrogen application combined jointly with application of organic matter and biological activator.
Although the rate of nitrogen fertilization was increasing, either in combination with organic matter
or biological activator, induced no significant changes in the accumulation of total nitrogen. Thus,
with higher rates of nitrogen fertilization, the content of biologically transformed nitrogen
significantly increased. As nitrogen is released from organic matter, it was evident that organic matter
inputs affected the biological nitrogen transformation. Organic matter inputs also affected the
increase soil fungal community, however, with higher nitrogen inputs soil fungal and bacteria ratio
was decreasing. This study highlights the significance of sustainably maintaining of nitrogen and
organic matter inputs in intensive cropping systems.

Keywords: intensive cropping system; nitrogen fertilization; biological activator; organic fertilizers;
total nitrogen; soil organic carbon; microbial community
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1. Introduction

The holistic approach of nitrogen (N) management is emphasizing on the balanced nutrient
input into the soil, stabilization of soil biological activity, and ecological feedback for the sustain of
long-term soil productivity [1]. Along these aspects, soil fertility is settled as not only a function of
nutrient supply but also as a complex of biological and biochemical processes that regulate nutrient
transformation and availability. However, by the integrating an organic and biological amendments
into intensive cropping systems, the natural N cycling can be improved by soil organic matter diverse
turnover, microbial diversity, enzymatic activity, and strengthened soil-plant-microbe interactions
[2-4]. Even though integrative management practices already are promoted, modern intensive
agriculture still relies heavily on mineral N fertilizers to maintain high yields of agricultural plants
[5-7]. Hence, assessing the interactions between N transformations and microbial community
responses under integrative amendment practices is crucial for balancing crop productivity with
long-term soil health.

The most evident that mineral N fertilization is still the most widely employed method to
maintain high crop yields in the intensive cropping systems [8]. The rate of mineral N application are
depending on crop, soil fertility, climatic conditions, and management practices. In intensive cereal
crop systems, mainly 100-300 kg N ha™ yr are applied, nevertheless, sustaining high yields
continued application of N can even exceed 500 kg N ha™! yr [9-11]. High mineral N inputs are
excessing of crop demand and leading to low nitrogen use efficiency, typically below 50 %, with the
remaining N lost through leaching, volatilization, or denitrification [12,13]. Imbalanced N
fertilization not only represents an economic inefficiency but also contributes to environmental
problems, including nitrate pollution of groundwater and emission of nitrous oxide, a potent
greenhouse gas [14-16]. Consequently, optimizing mineral N application rates according to site-
specific soil and crop conditions, while integrating organic and biological amendment, has become a
key focus for improving nutrient use efficiency and minimizing ecological risks in intensive
agricultural systems.

The application of mineral N fertilizers significantly influences soil chemical and physical
properties, hence, long-term N fertilization often leads to negative changes: nutrient solubility and
imbalance, soil acidification and soil structure deterioration [17-19]. High N application rates are
commonly associated with deficiencies in phosphorus, calcium and magnesium, as soil acidification
and nutrient competition reduce nutrient availability to plants [20-22]. Additionally, high N
application rates disturb the balance of stabilized organic matter, thereby negatively affecting soil
structure and cation exchange capacity [22,23]. These alterations reduce soil fertility and limit soil to
sustain productive cropping systems in the long-term perspective [24,25].

It is estimated that crops are responding positively (increasing in yield) to higher rates of mineral
N inputs [26]. However, not only the quantity of crop yield is an important factor on the optimizing
mineral N application. On the higher mineral N inputs, crop yield and grain protein content is
increasing [27]. Thus, higher mineral N inputs provided lower crop yield benefit but caused crop
grain quality imbalance [28]. Even though, increased mineral N inputs can enhance crop plant
defense activities and may lead to physiological stress and reduced overall productivity [29]. This
can indicate about the changes in symbiotic rhizobia or mycorrhizal fungi reduction, thus, in shift of
microbial community with decreasing in plant-microbial associative and beneficial diversity [30].

Higher mineral N inputs influence the structure and function of agricultural soil microbial
communities [31]. As high mineral N inputs suppress symbiotic and free-living N fixers (e.g.,
Rhizobium, Azotobacter spp.), also suppress an arbuscular mycorrhizal fungi and reduces nutrient
cycling and soil-plant symbiosis efficiency. Continuous high N application can alter soil enzyme
activities related to carbon and phosphorus cycling and accelerate soil acidification, both of which
negatively affect microbial balance and soil health [32-34]. Consequently, while high N rates may
initially enhance plant growth, they can lead to long-term declines in soil microbial diversity,
ecosystem stability, and nutrient-use efficiency. Thus, mineral N rate can decline the production of
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microbial biomass in the soil with implications for soil carbon storage and plant nutrient uptake
[35,36].

Nevertheless, few studies have been conducted to clarify the integrated impacts of N
application, organic and biological amendment on the correlation with the soil nitrogen
transformation and microbial community composition changes. Therefore, knowing the strategies on
integrated use of N fertilizers with organic and biological amendments may help in manage the
optimal balance between mineral and organic/biological inputs for soil nutrient efficiency, soil
biological activity and long-term soil productivity for sustainable management of intensive cropping
systems. In this context, the purposes of this research were (1) to investigate the impacts of integrated
use of N fertilizers, organic and biological amendments on the soil quality variables including
chemical and biological soil parameters and (2) to determine the optimum of mineral N input for
field conditions to encourage farmers to reduce mineral N fertilizer use in order to mitigate nutrient
use insufficiency. We hypothesized that with reducing mineral N inputs and integrating organic and
biological amendments, soil nutrient efficiency and biological stabilization will be improved.

2. Materials and Methods
2.1. Study Area

The experiment was conducted from 2019 to 2022 in an intensive cropping system experimental
site located in the south-central part of Lithuania (54°52' N lat., 23°49" E long.) with the mid-latitude,
transitional climate. The study area, with elevation varying between 68 and 72 m, is developed on
loam texture soil with chemically rich limnoglacial parent material. There, the intensive cropping
system with long-term winter wheat-winter rapeseed cultivation under conventional tillage
continues more than ten years before the start of experiment. At the beginning of the experiment, soil
texture and main chemical properties as well as climate indices were estimated (Table 1.).

Table 1. Site characteristics.

Indices Experimental site
Pedological indices

Soil type Calcaric Luvisol [37]
Soil texture loam
Sand, % 26.1
Silt, % 48.4
Clay, % 25.5
pHxa 7.42
Soil organic matter, g kg 13.8
Notal, g kg 1.13
Mobile P20s, mg kg 152
Mobile K20, mg kg 161

Climatic indices
Conducting experiment Long-term
average (SRC 2019-2022) average (SRC 1974-2020)
Total annual precipitation, mm 572.3 679.7
Annual mean temperature, -C 8.4 7.5
Grow1r'1g’ seéson’s total 343 45
precipitation, mm
Growing season’s mean air 145 143

temperature, °C

Note. SRC - standard rate of climate; growing seasons from 4 to 9 months.

Since 2012 in study area long-term soil productivity was conserved by adjusting crop residue
management practice. An average of 5.4-9.0 t ha™ of straw residues were retained into the site soil
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by shallow loosening (up to 10 cm depth) and, only prior winter rapeseed sowing, deep loosening
(up to 30 cm depth) was carried out. Intensive cropping system included summer field pea (Pisum
sativum L.; during 2016-2017 growing season), winter rapeseed (Brassica napus L.; during 2017-2018
and 2020-2021 growing seasons) and winter wheat (Triticum aestivum L.; during 2018-2019, 2018-
2019 and 2021-2022 growing seasons).

2.2. Experimental Design

The field trial comprised three treatments: (1) mineral N fertilizer application (100, 150, 180 and
230 kg N ha™) (N100, N150, N180 and N230); (2) application of organic fertilizers (OF; 0 and 300 kg
ha™) (O- and O+); (3) application of biological activator (BA; 0 and 0.1 L ha™) (B- and B+). Experiment
plots in size 900 m? (30 m x 30 m) were arranged in a randomized complete block design with three
replications. The experiment corresponding mineral N rates (1 ha™?) of urea and ammonium nitrate
solution (32% N, density 1.3 kg m=) was applied with first spring application when vegetation started
and 200 kg ha! of ammonium sulfate (21% N + 24% SOs) applied with second spring application.
Organic fertilizers in form of granulated poultry manure (pHm2o 7.2) contained about 32% organic
carbon, 3.6% nitrogen, 3.6% phosphorus, and 2.9% potassium and were applied (300 kg ha™ of
physical weight with 64% of organic matter) in summer on stubble after harvest. Biological activator
contained bacteria (Bacilllus megaterium L. and Bacilllus subtilis L. (21 x 10° colony forming unit’'s ml™)
and filamentous fungi (Trihoderma reesei L., Trihoderma longibrachiatum L. and Trihoderma asperellum L.
(21 x 107 colony forming unit’s ml) strains and was applied (0.1 1 ha?) in summer on stubble after
harvest.

2.3. Sampling and Analysis

In the spring of each experiment conducting year before the first mineral N fertilizers
application, three mineral soil samples (0-20 cm) were randomly collected using an auger at ten
random locations within each plot. A total of 48 soil samples per an experiment year were collected.
These samples were combined and sieved through a 5 mm mesh sieve to eliminate visible plant debris
and stones. A 0.2 mm sieve was used to separate the soil samples in order to analyze the soil organic
carbon content. One part of soil sample was air-dried for the pH, total nitrogen and soil organic
carbon content analysis, while the other was refrigerated at 4 °C for the analysis of biologically
transformed nitrogen (NH,~N+NOs-N) content estimation and soil microbial community counts
assessment.

Soil chemical investigations were performed in the Chemical Research Laboratory of the
Lithuanian Research Centre for Agriculture and Forestry. Using an IONLAB pH meter, the pHka of
the soil was measured in accordance with ISO 10390:2005 standard [38] (soil-solution ratio 1:2.5). The
Kjeldahl method was used to quantify the total nitrogen (TON) in the soil. The method applied for
determining the soil organic carbon content (SOC) was ISO 10694: 1995 [39]. Biologically transformed
nitrogen content and soil microbial community counts were estimated in the Agrobiology Laboratory
of Vytautas Magnus University Agriculture Academy. The colorimetric method was used to analyze
biologically transformed nitrogen (NBIO; NH,~N+NO3-N) content in accordance with ISO 14256-
2:2005 standard [40]. Soil microbial community (bacteria and microscopic fungi) cultivated using the
soil suspensions dilution and plate-count technique with selective media: meat-peptone agar and
starch-ammonia agar for bacteria using the mineral source of nitrogen [41], and potato dextrose for
filamentous fungi and yeasts/yeast-like fungi [42]. The total microbial abundance (TMA) in colony
forming units (CFU) was calculated per gram of dry soil. All cultivations were conducted under
aerobic condition at 30°C for a week without shaking. All media were autoclaved at 121°C for 15 min
before use.
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2.4. Statistical Analysis

Research data was statistically evaluated by applying the method of variance analysis of
quantitative characteristics using the statistical program SAS (version 9.4). Primary analysis of all
variables was performed using the principle components analysis procedure (PCA, XLSTAT
statistical program). The t-test procedure was applied to pairwise comparisons of experimental
treatments (SAS). Differences between mineral N application rate, organic fertilizer and biological
activator treatments were determined by Tukey's test at a significance level of p<0.05 (SAS). Results
of the study are presented as means + standard error. Partial Least Square (PLS) model method was
used to evaluate the dependence of soil properties on the year, fertilization rate, organic fertilizer and
biological activator treatments (XLSTAT). Variance analysis was performed with the SAS GLM
procedure.

3. Results
3.1. Soil Chemical Properties

The results of soil chemical properties in the surface soil (020 cm) are presented in Table 2. It
was estimated, that soil pH was changing along with experiment implementation. Even though in
the second year of experiment soil pH had the tendencies to be lower, it increased in the fourth year.
The pH was significantly increasing, applying N150 and N230, respectively, in addition with the OF
and BA. Thus, soil pHka values were stabilized for four years jointly applying the OF and BA with
N100 and N150 (from 7.2 to 7.3), but applying N180 and N230, soil pHxci significantly increased (from
6.8 to 7.5). The TON content ranged from 0.11 mg kg to 0.29 mg kg'. However, it was significantly
increasing with the increased mineral N rate, especially with N180 and N230, and jointly applying
the OF and BA. However, the lower mineral N rates (N100 and N150) even with addition of the OF
and BA, decreased the TON content over the fourth year of experiment implementation. The C:N
ratio in soil was changing to a similar extent from 5.6 to 13.0, however, significant differences in the
C:N ratio were estimated then lower mineral N rates (N100 and N150) jointly with the BA were
applied. In addition, even the C:N ratio increased with the increased mineral N rate in the fourth year
of experiment implementation, but the differences between the treatments were not significant.

Table 2. Soil chemical properties of the 0-20 cm soil layer as a function of the applied fertilization.

Mineral nitrogen content (mg
kg1)
Year 2 Year 4 Year 2 Year 4 Year 2 Year 4
B-_O- 6.8£0.00d 7.1+0.03¢  0.11+0.004d 0.13+0.018¢ 13.7+1.03a 12.1+0.62a
7.3+0.00a 7.4+0.09ab 0.19+0.009abc  0.18+0.039bc 10.1+1.33a 11.6+0.76a

Fertilizatio Treatment pHxa C:N ratio

n S

B-_O+
N100 be
B+ O-  7.0:0.00c 7.3£0.00bc 0.18£0.012abcd  0.1420.017c  7.5+0.68c 12.5:049a
B On 7260006 7.2:0.09c 0.17:0.011abcd  0.12¢0.005¢ 9.5:0.48ab 11.6:0.16a
- C
b . 680004 7.4:0.03ab 021:0015abc 02240.030abc 9.6:0.63ab 114:0.6%
- C
b O 73t000a 7.7:0.10a 0.20:0.03labc  0.290.022a 9.8+1.07ab 5.6:0.20b
N150 - ¢
B+ O- 7.0:0.00c 7.5£0.09ab 0.20:0.017abc 0.16£0.012bc 7.4#1.13c 12.9+1.19a
B On 7260006 7.3:0.03bc 0.18:0.007abed 0.1620.009c 9.9¢1.37ab 12.0:0.93a
- C
b . 72:000b 73:000bc 0.17:0.018abcd  0.16:0.04bc 8.8:0.75ab 10.9:0.18a
N180 — S
b O 70:000c 73:0.06bc 014:0.009cd  017:0021bc 10.8:0.22a 11.8:0.33a
- bc
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B+ O- 7.3#0.00a 7.5+0.03ab  0.24+0.020a  0.17+0.018bc 7.8+0.44bc 13.0+0.80a
6.820.00d 7.3+0.00bc 0.15+0.014abcd 0.21+0.011abc 12.7+1.48a 10.8+0.43a

B+_O+ b
B- O 7.240.00b 7.2+0.12bc 0.18+0.010abcd 0.14+0.020bc 9.1+0.31ab 11.3+0.19a
- C
B- O+ 7.0+0.00c 7.4+0.06ab 0.15+0.006bcd 0.15+0.018bc 10.2+0.80a 11.0+0.49a
N230 ~ be
B+ O 7.3+0.00a 7.6+0.03a 0.20+0.024abc 0.18+0.011bc 9.9+1.54ab 11.9+0.38a
- C
B+ O+ 6.8+0.00d 7.5+0.03ab 0.23+0.007abcd 0.24+0.023ab 8.7+0.93ab 11.0+0.11a
- C

Note: highest and lowest values are in bold. Different lowercase letters represent significant differences (P <
0.01). Values are Mean + SE (n = 3).

3.2. Soil Biological Properties

The mineral N fertilization, the OF and BA application significantly affected soil biological
properties in the surface soil (0-20 cm) (Table 3). It was estimated that the increase in the mineral N
rates (N180 and N230) decreased the total microbial abundance by 35%. However, increasing mineral
N rates and in addition applying the OF and BA, the significant increase in total microbial abundance
(TMA varied from 1.6x10° to 2.8x10° CFU) was estimated. The TMA also decreased along with
mineral N rate and additionally applied BA. The increase in mineral N rate (N180 and N230) was
negatively affected fungi:bacteria ratio, - it was decreasing in average by two times, if compared with
N100 rate impact. The significantly higher fungi:bacteria ratio was estimated since applying N180
with the OF and BA addition. However, the NBIO (NH4* + NOs') transformation was in lower extent
since applying only the mineral N fertilizers. The NBIO content was increasing by applying higher
mineral N rates along with the OF addition or combining the OF and BA addition. Thus, the NBIO
content was significantly higher applying N180 and combining with the OF and BA addition.

Table 3. Soil biological properties of the 0-20 cm soil layer as a function of the applied fertilization.

Fertilizati Treatmen Soil total microbial Fungi:bacteria Biological nitrogen
abundance, x10¢ CFU ratio (NH+* + NO3) (mg kg?)
on Year 2 Year 4 Year 2 Year 4 Year 2 Year 4
B- O- 2.0£0.04cd 2.0+0.13bc 0.018+0.0018ab 0.030+0.0015b 114+4.3efg  117+3.6ef
B d cd
B- O+ 2.0£0.01cd 2.4+0.08ab 0.020+0.0007ab 0.032+0.0009b 174+10.4ab 121+2.7def
100 - :
N B+ O- 2.0£0.03cd 1.320.12e 0.015+0.0009def 0.0201:10.0018c 161+4.6abcd 127+5.3cdef
e
B+ O+ 1.8+0.03de 2.6+0.08ab 0.015+0.0006de 0.029+0.0015b 122+16.5cdefg 120+4.3def
c

B-_O- 1.7+0.05ef 1.6+0.09de 0.010+0.0009fg 0.014+0.0009¢ 118+10.7defg 120+1.5def
1.940.02d 2.4+0.03ab 0.016+0.0006bc 0.025+0.0023b 117+6.7defg 133+5.1abc
N150 - d d cd de
B+ O-  1.620.06f 1.6+0.14de 0.011+0.0007ef 0.015+0.0019e 137+4.1bcdefg 121+4.1def
B+ O+ 2.4+0.06a 2.8+0.21a 0.014+0.0003def 0.032+0.0010b 166+6.7abc  145+0.6abc
1.7+0.02ef 1.320.08e 0.010£0.0003g 0.019+0.0012c  110+3.6fg 109+4.6f

B-_O-
de
N180 B- O+ 1.9+0.05d 2.7+0.24ab 0.0161(31.000%‘: 0.032+0.0019b 154+3.3abcdef 137izi.1abc
B+ O- 1.6+0.05ef 1.4+0.11de 0.016+0.0007cd 0.018+0.0018d  108+7.2g  121+0.0def
- e
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B+ O+ 2.3+0.04ab 2.8+0.12a 0.021+0.0009a 0.047+0.0026a 183+10.0a  151+4.9a
B-_O- 1.6+0.02ef 1.3x0.15e 0.010+0.0012fg 0.014+0.0017e 157+15.1abcde 147+5.2ab
2.1+0.06bc 1.8+0.04cd0.014:+0.0007def 0.017+0.0006d 134+9.4bcdefg 150+3.2a

B-_ O+ o o
N230 B+ O 1.7+0.03ef 1.5+0.05de 0.008+0.0003g 0.014+0.0015e 108+1.5g  132+1.0abc
- de
B+ O+ 1.7£0.03ef 2.7x0.12a 0.020+0.0009ab 0.028+0.0035b 124+4.6cdefg 128+1.5bcd
- C ef

Note: highest and lowest values are in bold. Different lowercase letters represent significant differences (P <
0.01). Values are Mean + SE (n = 3).

3.3. Relationship Between Applied Fertilization and Soil Properties

The principal component analysis (PCA) was conducted to analyze the effect of fertilization on
soil chemical and biological data dispersion (Figure 1). The results showed that data on soil properties
dispersion in the second year of experiment implementation (Figure 1 (a)) in the PC1 accounted for
40.1% and in the PC2 accounted for 21.2% of total variance. Due to the mineral N application and the
OF and BA combining, the higher data dispersion in the PC1 were indicating the dominance of soil
microbial indicators — the TMA (also separately bacteria (BA) and fungi (FA) abundance),
fungi:bacteria ratio and the NBIO content. However, in the PC2 data of soil chemical properties —
mainly, the TON and SOC were distributed. The distribution of indicators showed that
microbiological properties were the main ones affected and caused distinct shifts in soil properties.
In the fourth year of experiment implementation, soil chemical and biological data dispersion in the
PC1 accounted for 33.5% and in the PC2 accounted for 27.0% of total variance (Figure 1 (b)). Thus,
increase in variance by the PC2 could reflect the ongoing long-term fertilization, contributed more to
overall variability relative influence. However, the concentration of soil microbial variables in the
PC1 reflected the close relation of changing microbial community depending not only on fertilization,
but itself affecting nitrogen transformation and also reflecting on the soil C:N ratio changes. The
variables of the soil C:N ratio in the PCA components were dynamic (in 2020 and in 2025) and
possibly reflecting the changes in the SOC and TON.

1.0 1.0
SO
TON pHxcr
SOC TO
2 H 2
~ PHkcL )
— ~
2] o
< 00 = 00 CN BA
< < TMA
J O NBIO
= Ay
E:B
-1.0 -1.0
-1.0 0.0 1.0 -1.0 0.0 1.0
PCA 1 (40.1 %) PCA1 (33.5 %)

(a) (b)

Figure 1. Principal component analysis (PCA) scores and loading biplot showing clustering of soil chemical
and biological properties due to the applied fertilization to explain the variation in the response variables (after
fertilization in 2020 (a) and in 2022 (b)). Soil properties variables are indicated with red lines (abbreviations:

carbon and nitrogen ratio (C:N), pH value (pHkai), total mineral nitrogen (TON), soil organic carbon (SOC),
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biologically transformed nitrogen (NBIO), bacteria abundance (BA), fungi abundance (FA), total microbial
abundance (TMA), fungi and bacteria ratio (F:B)).

3.4. The PLS Regression for Soil Variables

As in this study, mineral N application and the OF and BA combining slower N releasing rate
and increase N use efficiency. However, mineral N application had the most pronounced impact on
soil chemical and biological properties. Consequently that, the PLS regression analysis indicated the
different variability pathways in soil properties due to the mineral N treatments (Figure 2). It could
be noticed that mineral N treatment influenced the variability of TON content (Figure 2a-b). Based
on regression coefficient (R?), the N150 contributed more positively to variability of TON content (R2
= 0.187) in soil in the second year of experiment implementation. Thus, even on the fourth year the
N150 application strengthened the positive variability of TON content (R2=0.265) in soil. In contrast,
lower mineral N application rate (N100) contributed negatively to TON content variability (R?=0.189
and R? = 0.254). However, the increasing rate of mineral N contributed negatively or with minor
impact on soil TON content variability.

Experimental data on soil C:N ratio indicated about the mineral N availability. However,
mineral N application could directly increase crop-derived biomass production but indirectly sustain
soil C:N ratio (Figure 2c-d). Based on R?, along the four years of experiment implementation, only the
mineral N100 contributed more positively to variability of soil C:N ratio (R? = 0.171). The increasing
rate of mineral N contributed negatively (when N150, R? = - 0.178) or with minor impact on soil C:N
ratio variability (R? < 0.052). In this case, it was evident that higher mineral N application enhanced
to alter N pool lability.

(a) (b)
TON

0.4
0.2

&0
-0.2

-0.4

-0.189
-0.6 - -06 -

(c) (d)
C:N

0.4
0.2

0
-0.2

-0.108

(e) f)
NBIO
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Figure 2. Partial Least Square Regression coefficients (R?) for the soil variables in response to mineral N
application. For total mineral nitrogen (TON), carbon and nitrogen ratio (C:N), biologically transformed nitrogen
(NBIO), fungi and bacteria ratio (F:B) after fertilization in 2020 (a, ¢, e, g) and in 2022 (b, d, {, h).

Soil biological N immobilization in our experiment was not corresponding to the mineral N
fertilization rate directly, however, mineral N application changed soil microbial community
composition. Taking this into account, it could be noticed that even second year of experiment
implementation soil NBIO transformation variability (R? < 0.091) was mostly with minor impact due
to the mineral N application (Figure 2e). However, the mineral N application along four years of
experiment considered to influence the variability of soil F:B ratio (Figure 2g-h). Higher mineral N
application rate (N230) contributed to lower soil F:B ratio (R? = -0.280), thus, in this case the
dominance of bacterial community could increase the ability to intensify immobilization of mineral
N (Figure 2f). In contrast, lower mineral N application rates, N100 and N180, contributed more
positively to variability of soil F:B ratio (R? = 0.220 and R? = 0.120) but negatively to variability of soil
NBIO transformation (R?=- 0.221 and R? = - 0.120; Figure 2f). In these cases, it is likely that microbial
community reduced intensity of mineral nitrogen immobilization. However, N150 application
contributed with minor impact on soil F:B ratio and NBIO transformation variability. In fact, N150
application did not strongly alter soil microbial community structure and soil biological N
immobilization.

4. Discussion

It is evident that mineral N application is changing soil chemical and biological properties
[19,24,30]. However, even the mineral N is applied, soil nutrient balance should be maintained and
soil biological functions should be preserved [43,44]. In this study, mineral N management was
selected as factor in the indication of soil stability through soil mineral N transformation (Table 2)
and microbial community structure shifting (Table 3). It was estimated that the TON content in soil
was significantly increasing with the increased mineral N rate and jointly applying the OF and BA.
However, the lower mineral N rate even with addition of the OF and BA, decreased the TON content
over the fourth year of experiment implementation. These findings explain the importance of soil
enrichment in organic matter along with increasing mineral N fertilization rate in intensive cropping
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system. Similar estimations were found in several long-term field experiments [45-47]. However,
there is evidence that even in addition of the OF, the mineral N application rates have the limits
[48,49]. Mineral N transformation with not intensified nitrate leaching from mineral fertilizers or
organic residues found to be with N input about 150-200 kg N ha™ [50-53]. In some soils with a
potential for mineral N mineralization, nitrate leaching increased exponentially with increasing
mineral N application rate even from 120 to 160 kg N ha™ [54,55]. Based on our results, mineral N
application should not exceed up to 150 kg N ha™! rate, as due to mineral N inputs excessing of crop
demand it is increasing probability to disturb soil microbial community and soil biological functions
(Table 3).

With increasing mineral N application, carbon availability and microbial activity is becoming
limited and leading in reduced efficiency of NBIO transformations [46,49,56]. As it was estimated in
our study, the NBIO transformation was decreasing since applying only the mineral N fertilizers
(Table 3). However, the NBIO content was significantly increasing by applying mineral N
(particularly applying N180) along with the OF addition. It is well known that mineral N application
is changing NBIO transformation through settlement of N immobilisation, mineralisation,
nitrification or denitrification in soil [57,58]. Thus, mineral N transformation used to be balanced in
soils between N immobilisation and mineralization [59]. With higher mineral N rate soil is reducing
mineral N transformation balance as N transformation could not be biologically regulated [60].
Higher mineral N application often found to change microbial structure and N transformation
functional genes, and sometimes even microbial diversity [59,61,62]. Based on our results, the
increase in mineral N application (especially applying N180 and N230) decreased the TMA and F:B
ratio (Table 3). According to Grzyb et al. [59] and Khmelevtsova et al. [63], higher mineral N rates
changing soil microbial community composition to fast mineral N assimilating bacteria but with less
in abundance of capable symbiotic microbial communities. Bacteria dominance in soil accelerates
mineral N turnover and increases N availability, however, only for short period as mineral N is held
shorter in bacteria biomass, in this way the long-term nitrogen retention becomes impossible [64,65].
These changes indicate that while mineral N increases short-term N availability, excessive inputs
interrupt the balance between microbial community structure and soil biological functioning [66,67].
Unlike mineral N fertilizers, BA is aiming to stimulate natural soil microbiological processes without
any of fertilization effect [68]. The BA that was used in our study activated soil bacteria communities,
however, the increase in TON content was not significantly stimulated (Table 2). According to Garcia-
Martinez et al. [69] and Hellequin et al. [70], BA also induced significant changes in the composition
of active bacterial and fungal communities without impacting mineral N transformation. However,
according to Li et al. [71] the BA combined with mineral N fertilizers increased mineral N
transformation. Consisted with our hypothesis, we found that increased mineral N application
changed soil microbial community, thus, in the response of soil bacteria dominance, NBIO
transformation led to more extent in mineral N availability (Figure 2a-b). As the use of BA only in
complex with OF increased mineral N availability on higher mineral N application rate (N230, Table
2). However, mineral N application with addition of the OF supplying additional carbon, promoting
soil biological N immobilization and stabilizing mineral N availability (Table 2).

5. Conclusions

It could be concluded that in intensive cropping system mineral N transformation occurred due
to stabilized soil microbial community composition and activity. Soil microbial composition
remained stabilized only when the TMA and F:B ratio was increasing and mineral N was
immobilized when the NBIO content was higher. Thus, NBIO increased with lower mineral N
application rates and when mineral N application was done in complex with OF. The mineral N
application in complex with OF and BA increased the NBIO content only with the higher rate of
mineral N, however, it was not increasing the TON content and N use efficiency either. Mineral N
application should not exceed up to 150 kg N ha! rate or 180 kg N ha™ rate if applied in complex
with OF, as it is increasing probability to disturb soil microbial community and soil biological
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functions. Moreover, further research is required to estimate the effectiveness of mineral N
application under certain conditions such as soil type and properties, intensive cropping system
definitions and the type of on-farm research-based experiment.
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