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Abstract

Soil microbial communities are crucial for ecosystem services, soil fertility, and the re-
silience of agroecosystems. This study investigated how long-term (31 years) agronomic
practices—tillage, NPK fertilization, and cropping system—along with measured envi-
ronmental variables influence the microbial biomass and its community composition in
Chernozem soil under corn cultivation. The polyfactorial field experiment included three
tillage treatments ((moldboard (MT), ripped (RT), strip (ST)), two fertilization regimes
(NPK (N: 160; P: 26; K: 74 kg/ha), and unfertilized control) and two cropping systems
(corn monoculture and corn-wheat biculture). The soil samples (0-30 cm) were collected in
June and September 2023. Microbial biomass and community structure were quantified
using phospholipid fatty acid (PLFA) analysis, which allowed the estimation of total mi-
crobial biomass and community composition (arbuscular mycorrhizal (AM) fungi, fungi,
Gram-negative (GN) and Gram-positive (GP) bacteria, actinomycetes). Our results showed
that microbial biomass increased from June to September, rising by 270% in unfertilized
plots and by 135% in NPK-fertilized plots, due to higher soil moisture. Reduced tillage,
especially ST, promoted significantly higher microbial biomass, with biomass reaching
290% and 182% of that in MT plots in June and September, respectively. MT had a higher
ratio of bacteria-to-fungi compared to RT and ST, indicating a greater sensitivity of fungi to
disturbance. NPK fertilization lowered soil pH by about one unit (to 4.1-4.8) and reduced
microbial biomass—by 2% in June and 48% in September—compared to the control, with
the particular suppression of AM fungi. The cropping system had a smaller overall effect
on microbial biomass.

Keywords: soil microbial biomass; phospholipid fatty acid (PLFA); NPK fertilization;
tillage; cropping system; seasonality
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1. Introduction

Soil health plays an essential role in promoting sustainable development, as it reflects
the ability of the soil to function as a living ecosystem that sustains plants, animals, and
humans while supporting ecosystem stability and resilience [1]. Maintaining soil health
is therefore essential to ensure long-term agricultural productivity and environmental
balance. The assessment of soil health requires a comprehensive approach that integrates
multiple indicators, including chemical, physical, and biological parameters. Chemical
indicators include pH, soil organic carbon (SOC), total nitrogen (TN), and available nu-
trients [2—4]; physical indicators comprise soil texture and porosity [5]; and biological
indicators include microbial activity, biomass, and community composition [4,6]. Among
these, soil microbiological parameters are considered key indicators of soil health, as soil
microbes are highly sensitive to environmental changes caused by both climate change and
anthropogenic activities [5,7,8]. Therefore, understanding the structure and dynamics of
the soil microbiome is particularly important, as microorganisms play an important role
in nutrient cycling and organic matter decomposition, which are essential for sustainable
agricultural production. Among the different approaches to characterize microbial com-
munities, phospholipid fatty acid analysis (PLFA) [9], a widely used method, was used
in this study to assess microbial community structure in this study. Although the PLFA
profiling of soil does not provide species-level resolution, it gives a reliable insight into the
composition of major microbial groups and is sensitive to environmental changes, making
it a useful method for monitoring soil health over time [10].

Corn (Zea mays L.) is the most widely cultivated cereal crop worldwide. In central
Europe, including Hungary, it is extensively grown for both human consumption and
animal feed [11]. Hungary consistently ranks among the top corn-producing countries
in the European Union, with more than 1 million hectares cultivated annually, yielding
between 6 and 9 million tons depending on weather conditions [12]. In Eastern Europe,
cereal crops such as corn and wheat are often cultivated on Chernozem and other fertile
soils. Chernozem soils are among the highest-quality soils globally and play a significant
role in agricultural production [13]. These soils have a favorable structure and are rich in
organic matter, which contributes to their natural fertility. Despite their high productivity,
however, they face several critical challenges. Intensive cultivation and inappropriate
nutrient management have led to various forms of degradation, especially acidification and
organic matter depletion. Soil acidification is particularly pressing problem, often caused
by inappropriate chemical fertilization practices [14]. At the same time, a significant decline
in soil organic matter can be observed, largely due to continuous intensive agricultural
practices and insufficient recycling of organic matter. This progressive degradation nega-
tively affects soil structure, reduces water-holding capacity, impairs microbial activity and
threatens long-term soil fertility [15,16].

While many studies have investigated the impacts of agricultural land use on the
physical and chemical properties of soils, considerably less attention has been given to the
impact of agricultural management on soil microbial activity and community composi-
tion [17,18]. This research gap highlights the need for further investigation on the effects
of different agrotechnical interventions on soil microbial communities—particularly in
the context of upcoming EU conservation policies that emphasize sustainable soil man-
agement [19]. Among the most influential management practices are tillage systems,
fertilization strategies, and crop rotation, all of which may significantly affect both the
chemical and biological properties of soil. In conventional agriculture, plowing or mold-
board tillage (MT) is traditionally used, where the topsoil is regularly turned over [20].
While this method is effective for weed control and seedbed preparation, it often has
negative effects on the soil microbial community [21]. By exposing the soil surface and
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removing the protective organic matter layer, plowing can lead to soil crusting, organic
matter depletion, and the deterioration of soil structure [22]. In recent years, however, there
has been an increasing shift towards regenerative agricultural practices such as stripped
tillage (ST), ripped tillage (RT), and no-till (NT) [23,24]. These practices help to preserve
soil structure, retain organic matter, and conserve soil moisture through mulching, which
protects the soil surface from evaporation and oxidation of organic matter [25]. A reduction
in tillage intensity is often recommended to maintain SOC [26-28]. Numerous studies com-
paring reduced tillage, no-till and plow-based tillage systems have shown that cultivation
methods significantly affect soil properties including bulk density, structure, and microbial
activity [29,30]. For example, no-till systems showed higher proportion of weed seed and
increased dehydrogenase activity in the topsoil. By contrast, conventional plowing often
results in a stratified bulk density, and the formation of compacted plow pans [31]. Tillage
practices not only impact physical soil parameters but also have a significant effect on soil
microbial communities and their ecological functions, particularly in relation to carbon
cycling and nutrient dynamics. Dadalto et al. [32] observed increased microbial carbon
biomass and soil respiration under no-till systems. Similarly, Vilkiene et al. [33] found
that reduced tillage increased microbial diversity and activity due to the accumulation of
organic matter and nutrients in upper soil layers. No-till systems are also known to favor
beneficial microbes involved in nutrient transformation and plant protection, whereas
conventional tillage often promotes fungal saprotrophs and plant pathogens [28].

In addition to tillage, crop rotation is another key management factor influencing
soil parameters. Crop rotation is a widespread agricultural practice that offers several
advantages over monoculture and appears to play a significant role in shaping the compo-
sition of the soil microbial community by altering nutrient availability, and root exudate
profiles [34]. Monocultures on the contrary cause the spread of pests and diseases that often
require the increased use of chemicals to control, while crop rotation can help reduce these
risks [35]. Several studies show that crop rotations, especially those that include legumes or
cover crops, significantly increase microbial biomass and enzyme activities [36,37]. Despite
its proven disadvantages, monoculture is still widely practiced in some countries [38,39],
and relatively few studies have examined the microbiological differences between corn
monoculture and corn-winter wheat biculture systems.

Chemical fertilization is another major factor affecting soil microbial life [40-42]. The
scientific literature reports mixed results: while some studies suggest that fertilization
increases the biomass and alters the community structure of soil microorganisms [43],
other studies report that the application of nitrogen fertilizer stimulates fungal growth [44].
In contrast, several findings indicate that nitrogen fertilization may reduce the abun-
dance and/or diversity of soil microbial communities, potentially due to acidification
effects [45,46]. These discrepancies suggest that the impact of NPK fertilization depends on
different factors such as initial soil fertility, soil pH and the types and application rates of
chemical fertilizers [47].

These findings highlight the need to further investigate how different agrotechnical
interventions influence soil microbial communities, particularly under long-term field
conditions in highly productive Chernozem soil. Considering the growing emphasis on
sustainable soil management within European Union agricultural policy, such investi-
gations are of both scientific and practical importance [19]. Based on this background,
we hypothesized that the soil microbiome of Chernozem soil under continental climate
conditions is sensitive to various agrotechnical practices, and that changes in microbial
community composition can be effectively monitored through the phospholipid fatty acid
(PLFA) profile analysis. The main objective of this study was to evaluate the long-term
(31-year) effects of intensive and reduced tillage systems (MT, ST, RT), fertilization regimes,
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and crop rotation patterns (corn monoculture vs. wheat—corn biculture) on the chemical
and microbiological parameters of Chernozem soil under corn cultivation. An additional
aim was to assess the seasonal dynamics of microbial communities and soil parameters.

2. Materials and Methods
2.1. Experimental Design

The long-term field experiment was established in 1991 at the experimental research
station of the University of Debrecen (47°33’ N, 21°26' E), Hungary. The region has a
continental climate with an average annual temperature of 11 °C and annual precipitation
of about 600 mm. The reference group of the soil is Endocalcic Chernozem (according to
TUSS WG WRB-2022 [48]), which can be characterized by a loamy texture. The polyfactorial
experiment was structured as follows: tillage method—moldboard tillage, ripped tillage,
strip tillage; fertilization—control (no fertilization), NPK (N: 160 kg/ha; P: 26 kg/ha; K:
74 kg/ha); crop rotation—monoculture (corn) and biculture (winter wheat—corn). The three
tillage methods differed primarily in the depth of tillage and the extent of soil disturbance.
Strip tillage (ST) involved shallow tillage (010 cm), which was limited to narrow seed rows
and only minimally disturbed the surrounding soil. In ripped tillage (RT), the soil was
loosened deeply (up to 45 cm) by breaking up compacted layers vertically without causing
soil inversion. Moldboard tillage (MT) caused the highest degree of soil disturbance as it
completely inverted the soil to a depth of 30 cm. Plant residues were not removed from
the experimental area, but were treated differently depending on the type of tillage: with
MT, residues were incorporated into the soil at the plowing depth (0-30 cm); with ST they
remained on the soil surface and with RT they were incorporated into the upper soil layer
(0-10 cm).

The biculture system refers to a crop rotation conducted across two years: one year
the crop was winter wheat, and the following year it was corn. In the monoculture system,
corn was grown every year, with one harvest per year.

All treatments were repeated three times (Figure 1). One third of the total nitro-
gen (N) was applied as base fertilizer, the remaining two thirds as top dressing. The total
amounts of phosphorus (P) and potassium (K) were applied as base fertilizer. The N, P, and
K nutrients were supplemented by the application of calcium-ammonium-nitrate (CAN),
monoammonium-phosphate (MAP), potassium chloride (KCl), and urea—ammonium-nitrate
(UAN) as top dressing.

Precipitation during the growing season (Apr-Sep) in 2023 was slightly higher
(393 mm) than the 30-year average (355 mm) (Figure 2). May was particularly dry, but
from June to August, there was more precipitation than the 30-year average. The mean
temperature in May was 5 °C lower, but from June to October it was almost 3-5 °C higher
than the 30-year average.

2.2. Sample Collection and Processing

Soil samples were collected from the corn rows at a depth of 0-30 cm, using a soil
auger, in close proximity to the plants. Sampling took place on 2nd June (shortly before
top dressing) and on 8 September 2023. At both sampling dates, corn plants were at
similar developmental stages in the mono- and biculture systems. In early June, the corn
plants had six to seven fully developed leaves, and by early September, they were in a late
reproductive stage, with kernels not yet fully mature.

The samples were analyzed for pHgcy, soil organic carbon (SOC), total nitrogen
(TN), and microbial biomass and community composition using phospholipid fatty
acid (PLFA) profiling.
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Five soil sub-samples were taken per plot and mixed to form a composite sample.
The roots were subsequently removed from the samples. One portion of the samples was
freeze-dried and ground into a fine, homogeneous powder to analyze the microbial biomass
and community, while the other portion was air-dried, ground and passed through a 2 mm

sieve to measure the soil chemical parameters.

Soil : ol

Tillage Experiment™/

S

/
A

N
50

100 km

Figure 1. The experimental design (Debrecen-Latokép, 2023) MT: moldboard tillage; RT: ripper tillage;
ST: strip tillage; C: control (no fertilization); F: NPK fertilization.
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Figure 2. Average temperature and monthly precipitation for the 2023 crop year and the values of the
30-year average (Debrecen-Latokép, 2023).

2.3. Measurement of Soil Physico-Chemical Parameters

Soil moisture content was determined by oven-drying at 105 °C. The pHgc; was
measured using a 1 M KCl solution at a soil-to-solution ratio of 1:2.5. Soil organic carbon



Agronomy 2025, 15, 1887

60f23

(SOC) and TN were analyzed by the dry combustion method using a Primacs SNC100
analyzer (Skalar Analytical B.V., Breda, The Netherlands) and presented as a percentage of
the dry weight of the soil.

2.4. Measurement of Soil Microbial Biomass and Composition

Soil microbial biomass was determined by PLFA analysis according to the method of
Ellis [49]. In brief, soil lipids were extracted from 2 g of freeze-dried soil with a mixture
of methanol, chloroform, and K;HPO; (1:0.5:0.4 v/v/v), subjected to alkaline methanol-
ysis and analyzed using a gas chromatograph (Agilent 8890, Agilent Technologies, Inc.,
Santa Clara, CA, USA) with a flame ionization detector (FID). Peaks were identified by
their retention time using a standard fatty acid mixture (Bacterial Acid Methyl Esters
Supelco #47080-U, plus MJS Biolynx #MT1208 for 16:1w5) and the Biolog PLFAD1 method
in Sherlock software 6.5 (Biolog, Microbial Identification Inc., Newark, DE, USA). Each
PLFA concentration was determined using an internal 19:0 standard and expressed as
nmol PLFA /g dry weight of soil. Soil microbial biomass was estimated from the total
amount of PLFAs detected. Community composition was determined by analyzing the
PLFA pattern and estimated from the specific PLFA classification by Sherlock 6.5 soft-
ware. Specific fatty acids that serve as biomarkers for different groups of microorganisms
were as follows: fungi as 18:2w6 PLFA [50]; arbuscular mycorrhizal (AM) fungi as 16:1w5
PLFA [51], Gram-positive bacteria (GP) as iso- and anteiso-saturated, branched PLFAs [52];
Gram-negative bacteria (GN) as monounsaturated and cyclopropyl PLFAs [52]; general
bacteria as unbranched, saturated PLFAs (14:0, 15:0, 16:0, 17:0, 18:0) [53,54]; actinomycetes
as 10-methyl fatty acids (10Me16:0, 10Me17:0, 10Me18:0) (Zelles, 1999) [52]; and eukaryote
as polyunsaturated PLFAs [53]; anaerobic bacteria as PLFAs of the dimethyl acetal (DMA).

The amount of total fungi (F) was calculated as the sum of fungi and AM fungi, while
total bacteria (B) was expressed as the sum of GP, GN, and general bacteria [55]. The
composition and shifts in the microbial community were assessed using the ratio of total
bacteria to total fungi (B/F), and the ratio of Gram-positive to Gram-negative bacteria
(GP/GN).

2.5. Statistical Analysis

Three-way ANOVA was used to assess the effect of interactions among NPK fertil-
ization, tillage methods, and crop rotation on the soil physico-chemical properties and
microbial characteristics. The homogeneity of variances and normality were tested using
Levene’s test and the Shapiro-Wilk test, respectively, prior to conducting the ANOVA. The
assumptions of ANOVA were met, as no significant deviations from normality or homo-
geneity were detected. When significant interaction effects were observed between the
independent variables, one-way ANOVA or independent sample T-tests were conducted
on the segmented datasets. Mean soil parameter values were compared using Tukey’s post
hoc test at a significance level of p < 0.05. The dataset was analyzed using SPSS version
27.0. The results in the tables and figures are given as mean =+ 2 SEM (standard error of
the mean). The effect of treatments on the overall microbial community structure was
tested using with a single-factorial PERMANOVA based on Bray—Curtis dissimilarity, while
principal component analysis (PCA) was used to visualize patterns in community compo-
sition between treatments. In addition, a multifactorial PERMANOVA was performed to
assess the combined influence of multiple factors on community structure. The influence of
environmental variables was analyzed using redundancy analysis (RDA) followed by a
permutation test to determine the percentage of variance explained by each explanatory
variable. The PCA, RDA, and PERMANOVA analyses, and their visualizations were per-
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formed in R version 4.5.1 (R Foundation for Statistical Computing, Vienna, Austria), mainly
using the packages ‘FactoMineR’, ‘factoextra’, ‘dplyr’, ‘vegan’, and ‘ggplot2’.

3. Results
3.1. The Physico-Chemical Parameters of Soil

In general, tillage, NPK fertilization, and cropping system significantly (p < 0.05)
influenced the soil physico-chemical parameters, with the exception of the soil moisture
content in June, where the treatments had no significant effect (Table 1). Since interactions
were identified for some parameters, the results are also shown using a split dataset
(Table 2).

Table 1. Effect of tillage, NPK fertilization, and crop rotation and their interactions on soil physico-
chemical parameters.

Soil Physico-Chemical Parameters

Treatment June September
Moisture H SOC TN Moisture H SOC TN
Content pPHka Content pPHka

Tillage 0.396 n.s 0.001 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 ***
NPK 0.151n.s 0.000 *** 0.255n.s 0.827 n.s 0.007 * 0.000 *** 0.000 *** 0.294 n.s
Crop rotation 0.304 n.s 0.07 n.s 0.000 *** 0.000 *** 0.032 * 0.028 * 0.000 *** 0.000 ***
NPK x till. 0.744n.s 0.539 n.s 0.001 *** 0.007 * 0.000 *** 0.433n.s 0.000 *** 0.302 n.s
Crop r.x till. 0.160 n.s 0.607 n.s 0.080 n.s 0.07 n.s 0.113n.s 0.572 n.s 0.037 n.s 0.017 n.s
Cropr. x NPK 0.192n.s 0.368 n.s 0.216 n.s 0.007 * 0.014 * 0.447 n.s 0.061n.s 0.524 n.s
Cropr.x NPK x Till  0.777 n.s 0.684 n.s 0.093n.s 0.084 n.s 0.592 n.s 0.488 n.s 0.138 n.s 0.126 n.s

*p <0.05 *** p < 0.001; n.s: non-significant; SOC: soil organic carbon; TN: total nitrogen; till. = tillage;
Crop r. = crop rotation (monoculture, biculture).

At the time of sampling, the soil moisture content was higher in early September
(15.1-18.9%) compared to early June (9.6-13.4%) (Table 2). The NPK fertilization had no
influence on the moisture values. In monoculture, the soil moisture content in June was
not influenced by different tillage methods. In the biculture system, the moisture value
in ST was significantly higher than in RT and MT in the control plots. In September, the
moisture content was higher in the RT plots than in the MT and ST plots, especially in the
unfertilized control plots of both monoculture and biculture systems.

The soil pHgc) was significantly lower in the NPK-treated plots (ranging between
4.1 and 4.8) than in the control plots (ranging between 4.7 and 5.5). In addition, lower pHy
values were measured in the RT plots than in the MT and ST plots. No significant differences
in pH values were observed between the soil samples obtained under monoculture corn
and those under the wheat—corn biculture system. The soil organic carbon (SOC) content
did not differ between June and September. In most cases, the SOC content did not change
as a result of NPK fertilization, except for the ST treatment in September, where significantly
higher SOC values were found in the fertilized plots (2.2%; 2.3%) compared to the control
(1.8%; 2.0%). The highest SOC values were measured in the fertilized plots with reduced
tillages (RT and ST), compared to those with intensive MT, with the greatest differences
observed in September. In some cases, higher SOC values were observed in the biculture
plots compared to the monoculture plots (Table S1).

Contrary to our expectations, the total nitrogen (TN) content measured in the fertilized
plots was not higher than in the control plots. This is probably due to the fact that nitrogen
fertilization in June only took place after soil sampling, and most of the applied nitrogen
had already been taken up by the plants in September, as they produced more biomass in
the NPK fertilized plots. In June, the TN content in the RT and ST plots was significantly
higher than in the MT plots, especially in the fertilized plots. By September, all RT and
ST plots exhibited higher TN levels than the MT plots, regardless of fertilization. In most
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cases, TN was also significantly greater in biculture plots compared to monoculture plots

(Table S1).
Table 2. The effect of NPK fertilization and tillage systems on soil moisture content, pHgc;, SOC,
and TN.
Monoculture Biculture
Control NPK Control NPK
Moisture content % (June)
MT 12.3 + 0.8 a® 114 +14a? 11.7 + 0.9 a# 103 + 2.4 a®
RT 9.6 +0.9a% 10.6 + 3.3 a® 11.7 £ 09 a® 10.1 + 3.3 a2
ST 10.6 + 3.1 a® 10.1 £ 2.3 a# 13.4 + 0.4 aB 113 +£2.2 a8
Moisture content % (September)
MT 15.5 + 0.4 a® 165+ 05a* 162+19a%B 163 +05a?
RT 185+ 1.8 aB 18.3 £ 0.7 a”B 18.0 £ 0.6 aB 16.6 + 0.5 a®
ST 15.1 + 0.8 a® 189 +1.2aB 152 +1.1a# 16.8 + 0.4 a®
pHikc1 (June)
MT 54+ 04bA 46+ 0.1a* 53+ 05bA 46+ 0.2 aP
RT 49 +0.1bA 44 +02a? 49 +0.5bA 41+02a?
ST 54 + 0.4b4 46+ 02a" 52 4+ 0.4bA 43+ 0.1aP
pHkcy (September)
MT 55+ 0.2bB 48+ 0.1aP 52+ 0.4bA 454+ 02a?
RT 49 +0.3bA 44 +03at 47 4+ 0.1bA 424+ 04a?
ST 54 + 0.3bB 4.6+ 0.2 a"B 51+05bA 47 +0.2a?
SOC % (June)
MT 1.8 4+02a% 1.7 +£01a% 20+02a" 1.8+0.1a%
RT 1.8 +0.1a% 20+0.1a% 22+02a% 21+02aP
ST 20+02a% 21+02aP 20+£0.1a" 22+02a°
SOC % (September)
MT 1.7+0.1a8 1.7 +0.1a8 1.7+ 0.1a8 1.8+ 0.1a8
RT 2.0+0.1aP 2.0+0.1aP 234 0.1ac 22 +0.1aP
ST 1.8 + 0.2 aAB 22+ 02bB 2.0+ 0.1aB 23+ 0.1b¢
TN % (June)
MT 021+£0.02a% 019+001a® 021+001a® 0.20+0.01a%
RT 020+£0.01a® 021+001a® 023+002a* 022+001a°
ST 021+£001a® 022+001a® 022+001a* 024+002a°
TN% (September)
MT 0.19+0.01a® 019+0.01a® 020+0.01a® 020+0.01a*
RT 021+0.01a®P 022+001a® 024+001a8 023+001aB
ST 0.20 + 0.02a*B 020+ 0.01a*B 023+0.01aP 023 +0.02a%B

Different lowercase letters denote significant differences between control and NPK treatments within a row,
separated into mono- and bicultures, and different uppercase letters denote significant differences between tillage
systems within a column. MT: moldboard tillage; RT: ripper tillage; ST: strip tillage.

3.2. Soil Microbial Biomass and Community Composition

In general, tillage, NPK fertilization, and cropping systems had significant influence
on almost all microbiological parameters both in June and September (Table 3). As the
three-way ANOVA analysis revealed significant interaction effects for some independent
variables on the microbiological soil parameters, the results are presented in the split dataset
(Figure 2).



Agronomy 2025, 15, 1887

9o0f23

Table 3. Results of three-way ANOVA analysis on the effects of tillage, NPK fertilization, and crop
rotation and their interactions on the soil microbial biomass and community (June, September 2023).

Independent Variables = Microbial Biomass Fungi Fﬁ::}gl GN Bacteria GP Bacteria Actinomycetes
June
Tillage 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 ***
NPK fertilization 0.042 * 0.131 n.s 0.000 *** 0.000 *** 0.001 *** 0.506 n.s
Crop rotation 0.038 * 0.085 n.s 0.000 *** 0.145n.s 0.129 n.s 0.000 ***
NPK x Tillage 0.028 * 0.004 ** 0.000 *** 0.021n.s 0.274n.s 0.008 *
Crop rotation x NPK 0.09n.s 0.051 n.s 0.000 *** 0.017 * 0.161n.s 0.000 ***
Crop rotation x Tillage 0.106 n.s 0.227 n.s 0.01* 0.149n.s 0.089 n.s 0.164 n.s
Crop rot. x NPK x Tillage 0.663 n.s 0.053 n.s 0.066 n.s 0.311n.s 0.469 n.s 0.006 *
September
Tillage 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 ***
NPK fertilization 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 ***
Crop rotation 0.011* 0.000 *** 0.000 *** 0.003 ** 0.238 n.s 0.359 n.s
NPK x Tillage 0.718 n.s 0.872n.s 0.007 * 0.191n.s 0.003 * 0.016 *
Crop rotation x NPK 0.027 * 0.030 * 0.058 n.s 0.415n.s 0.004 * 0.001 *
Crop rotation x Tillage 0.105n.s 0.452 n.s 0.000 *** 0.000 *** 0.005 * 0.024 *
Crop rot. x NPK x Tillage 0.022 * 0.383 n.s 0.190n.s 0.063 n.s 0.161n.s 0.547 n.s

*p <005 *p <001, * p < 0.001; AM: arbuscular mycorrhizal fungi; GN: Gram-negative bacteria;
GP: Gram-positive bacteria; n.s: non-significant.

3.2.1. Microbial Biomass

The comparison of seasonal soil microbiome dynamics revealed that microbial biomass
was significantly higher in September (128-453.6 nmol/g soil; Figure 3B) than in June
(64.4-233.6 nmol/g soil; Figure 3A). These values were strongly influenced by NPK fertil-
ization and soil tillage (Figure 3), whereas cropping system had a lesser effect (Table 3).

In June, microbial biomass did not differ significantly between fertilized
(76.4-217 nmol/ g soil) and unfertilized control plots (64.4-233.6 nmol/g soil). However,
by September, microbial biomass in the NPK-fertilized plots (128-278.8 nmol/g soil) was
significantly lower than in the control plots (242.5-453.6 nmol/g soil).

The comparison of the microbial biomass under different tillage systems revealed
a significantly lower biomass in the intensive tillage system (MT: 64-372 nmol/g soil),
compared to the two reduced tillage systems (ST: 180-454 nmol/g soil; RT: 154—421 nmol/g
soil) in both June and September. The lowest value was measured in MT in June
(61.9 nmol/g soil), while the highest was recorded in ST in September (454 nmol/g soil).
In the MT control plots in September, the microbial biomass was higher in the biculture
compared to the monoculture (Table S2). However, no significant differences in biomass
were found between the two cropping systems in other tillages (RT and ST).

3.2.2. Microbial Community Composition

The effects of NPK fertilization, tillage, and cropping systems varied considerably
among different microorganism groups, with each group showing distinct response pat-
terns depending on the treatment and timing (Figure 3).

Fungi: In June (Figure 3C), fungal biomass was generally less affected by fertilization
and cropping system but strongly influenced by tillage. The lowest values were measured
under the most intensive MT, both in monoculture and biculture cropping systems com-
pared to RT and ST. In September (Figure 3D), fungal biomass was slightly higher than in
June, and all three factors—fertilization, cropping system and tillage—had a major influ-
ence on the values. Both fertilization and intensive tillage (MT) had a significant reducing
effect on the fungal values. The highest fungal biomass (12.2 nmol/g) was measured in the
control of the monoculture system under ST.
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Figure 3. Effects of NPK fertilization, crop rotation and tillage systems on soil microbial biomass
and community composition (expressed in nmol/g dry soil). Different small letters indicate signif-
icant differences between control and NPK treatments; different capital letters indicate significant
differences between the tillage systems MT: moldboard tillage; RT: ripper tillage, ST: strip tillage;
(A) microbial biomass in June; (B) microbial biomass in Sept.; (C) fungi in June; (D) fungi in Sept.;
(E) AM fungi in June; (F) AM fungi in Sept.; (G) GN bacteria in June; (H) GN bacteria in Sept.; (I) GP
bacteria in June; (J) GP bacteria in Sept.; (K) actinomycetes in June; (L) actinomycetes in Sept.



Agronomy 2025, 15, 1887

11 of 23

Arbuscular mycorrhizal (AM) fungi: The biomass of AM fungi was much higher in
September (10.7-186.7 nmol/ g soil; Figure 3F) than in June (2.1-15.0 nmol/g soil; Figure 3E),
and NPK fertilization reduced its value, by an eighth to a tenth compared to the control.
Similarly to fungal biomass, AM fungi biomass was significantly lowest in MT followed by
RT and ST. While in June the biomass of AM fungi was slightly higher in the monoculture
control plots compared to the biculture plots, in September, it was significantly higher in the
biculture control plots (148.4 nmol/g soil) than in the monoculture plots (92.2 nmol/g soil)
(Table S2).

Bacteria (GN, GP): The bacterial biomass, especially the biomass of GN bacteria, dif-
fered in the NPK treated and control plots and in the different tillage systems (Figure 3G,H).
The changes were more pronounced in September, when the amount of GN bacteria in the
fertilized plots was reduced by about half compared to the control. The biomass of GP
bacteria was less variable in the fertilized plots compared to the control (Figure 3L]). The
abundance of GN and GP bacteria was significantly lower under the most intensive tillage
method (MT), compared to the less disruptive tillages (ST, RT).

Actinomycetes: The response of actinomycetes to NPK fertilization and seasonal
changes contrasted with that of the other main microbial groups. The biomass of acti-
nomycetes was higher in June (3.8-28.4 nmol/g soil; Figure 3K) than in September
(7.2-11.9 nmol/g soil; Figure 3L), and it was clearly observed that fertilization increased
their biomass. The intensive tillage (MT) also reduced the amount of actinomycetes com-
pared to RT and ST in both mono- and biculture cropping systems.

In summary, the population of most microbial groups in both monoculture and bi-
culture was higher in September than in June, with the exception of actinomycetes, which
were more abundant in June. In plots that had received long-term NPK fertilization, the
abundance of most microbial groups was lower compared to the control plots; however, the
actinomycetes showed an opposite trend. Among the tillage methods, RT and ST provided
more favorable conditions for microbial communities than MT. In most cases, there were no
significant differences in microbial biomass and community composition between mono-
and biculture systems. However, an exception was observed in the control treatment of MT
in September, where the microbial biomass was significantly higher in the biculture than in
the monoculture cropping system.

3.2.3. Ratios of Microbial Groups

Indicators for the structure of the microbial community, such as the bacteria-to-fungi
(B/F) ratio and Gram-positive to Gram-negative (GP/GN) bacteria ratio, showed remark-
able fluctuations depending on fertilization, tillage, and season (Figure 4).

Bacteria-to-fungi ratio (B/F) ratio: In June, the ratio of B/F ranged from 7.5 to 17.5
(Figure 4A), while in September the values decreased and ranged from 1.3 to 8.7 (Figure 4B).
In September, the B/F ratio in the plots fertilized with NPK was about three times as
high as in the control. Within the monoculture plots that received NPK fertilization,
the B/F values were lower with strip tillage (ST) than with moldboard tillage (MT) and
reduced tillage (RT).

Gram-positive-to-Gram-negative (GP/GN) bacteria ratio: In June (Figure 4C), the
GP/GN ratio was higher in the NPK fertilized plots (1.7-2.0) than in the control plots
(1.1-1.7). In September (Figure 4D), the GP/GN ratio in the NPK plots was between 1.3 and
2.1, while it was significantly lower in the control plot, ranging from 0.8 to 1.3. The most
pronounced effect of tillage was observed in September under NPK fertilization, where
the lowest GP/GN ratio occurred under ST compared to MT and RT tillages within the
biculture system.



Agronomy 2025, 15, 1887 12 of 23

20 B control BNPK vB 20
' control mNPK
15 L bB aA bA aA @A 15
B aA aA aA A B B bB
g 10 aA £ 10 bAB
3 RS bA bA bA
LI T N B R I
£ g m [} = - - -
© MT  RT ST MT  RT ST © MT  RT ST MT  RT ST
w monoculture JUNE biculture ® monoculture SEPT. biculture
4 4
m control m NPK M control = NPK
3 5 3 bB
) bA ab bB bA » bA . bA ap bA % 5 bA bA N bB e .
4 ahA aA = aA aA aA
S 1 t 1 2
5, 1 0 0 ol 00 &l W 1
0 0
MT  RT ST  MT  RT ST MT  RT ST MT  RT ST
© monoculture JUNE biculture ™) monoculture SEPT. biculture
Figure 4. Effect of NPK fertilization, crop rotation and tillage systems on the ratios of bacteria/fungi
and Gram-positive/Gram-negative bacteria (GP/GN). Different small letters indicate significant dif-
ferences between control and NPK treatments; different capital letters indicate significant differences
between the tillage systems. MT: moldboard tillage; RT: ripper tillage, ST: strip tillage; (A) B/F ratio
in June; (B) B/F ratio in Sept.; (C) GP/GN in June; (D) GP/GN in Sept.
3.2.4. Relative Abundance of Microbial Groups
The relative abundance of fungi was significantly higher in September than in June,
particularly in the control plots of the biculture system (Figure 5D). This is primarily at-
tributed to an increase in AM fungi. In the monoculture control plots (without NPK),
the relative abundance of AM fungi increased from 3 to 7% in June to 23-29% in Septem-
ber (Figure 5A,B), while in the biculture control, it increased from 4 to 6% to 30-42%
(Figure 5C,D). However, NPK fertilization significantly reduced the relative abundance of
AM fungi in both seasons. In September, the relative abundance of GN bacteria was lower
in the NPK fertilized plots than in the control plots both in monoculture and in biculture
cropping systems.
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Figure 5. Relative abundance of microbial groups in mono- and biculture systems in June and September:
(A) monoculture, June; (B) monoculture, September; (C) biculture, June; (D) biculture, September.
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The relative abundance of actinomycetes—slightly higher in the NPK-treated plots
than in the control, was lower in September than in June across both cropping systems.

3.2.5. The Results of PCA and RDA

June: The first principal component (PCA1) explains 73.9% of the total variance,
while the second principal component (PCA2) accounts for an additional 10.8%, together
explaining 84.7% of the total variability in the microbial community data. The vectors in
the biplot represent different microbial groups and their contributions to PCA1 and PCA2.
The vectors of GN, GP, general bacteria, fungi, eukaryotes, and anaerobes, which point in
the same direction as PCA1, indicate a positive correlation between these microbial groups
and PCAL. In contrast, actinomycetes and AM fungi point in different directions along the
PCA2 axis, suggesting that PCA2 indicates the abundance of AM fungi and the absence
of actinomycetes.

The PERMANOVA analysis revealed that tillage had a significant effect on the micro-
bial community composition (p = 0.001), as shown in the PCA plot (Figure 6a), where the
clear separation of the MT ellipse from the RT and ST ellipses indicates a distinct microbial
community structure under conventional tillage. In contrast, fertilization had no significant
effect on the microbial community composition (p = 0.402), which is consistent with the pat-
terns observed in the PCA plot (Figure 6¢). When the microbial communities were grouped
by crop rotation (Figure 6e), the ellipses showed considerable overlap, indicating that there
was no clear separation between the groups of major components. This observation was
confirmed by PERMANOVA tests (p = 0.616).

September: PCA1 captures 57.9% of the total variation in the data, while PCA2
contributes an additional 20.7%. Together, they explain 78.6% of the total diversity of
the microbial community structure. In the PCA of the September dataset, it can also be
observed that PCA1 is primarily determined by the abundance of GN, GP, general bacteria,
fungi, eukaryotes, and anaerobes. However, the vectors representing these microbial
groups are more scattered compared to the June data. PCA2 is largely driven by the values
associated with actinomycetes, followed by AM fungi. These two groups show opposite
trends along the second component, reflecting a negative correlation between them, similar
to that observed in June.

In September, the groups corresponding to the different tillage treatments no longer
clearly separate along the PCA1 axis alone, but rather on the basis of the combined influence
of PCA1 and PCA2. It can still be observed that the microbial community structure
in the MT treatment differs from that in the RT and ST treatments (Figure 6b). This
distinction is further supported by the PERMANOVA analysis, which revealed a significant
effect of tillage on microbial community composition (p = 0.001). When treatments were
grouped based on fertilization status, a clear separation emerged: microbial communities
in fertilized plots were distinct from those in unfertilized ones (Figure 6d; PERMANOVA,
p = 0.001). In contrast, no significant difference was observed between monoculture and
biculture systems (PERMANOVA, p = 0.437), indicating a similar community structure.
A multifactorial PERMANOVA conducted on the combined dataset (including samples
from both June and September) demonstrated that tillage (R% = 36.8%, p =0.001), season
(R? = 22.9%, p = 0.001), and fertilization (R? = 9.3%, p = 0.001) each had a significant
influence on microbial community composition. Crop rotation, however, did not exert a
statistically significant effect (R? = 0.4%, p = 0.392). Residual variation accounted for 30.6%
of the total variance. In conclusion, the multifactorial PERMANOVA analysis reveals that
tillage, followed by season and fertilization, significantly shapes microbial community
composition, while crop rotation has less effect.
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Figure 6. Principal component analysis (PCA) of microbial community structure grouped by tillage

system, NPK fertilization, and crop rotation.

The redundancy analysis (RDA) diagram (Figure 7) illustrates the relationships be-
tween the microbial community composition, sample points, and environmental variables
such as the soil moisture content, pHgc;, TN, and SOC. The first RDA axis (RDA1) ex-
plained 46.4% of the total variance in microbial community composition, while the second
axis (RDA2) contributed a further 2.6%, resulting in a cumulative explained variance of
49.0%. The variable moisture explains 29.1% of the total variance, followed by pH with
16.3%, TN with 2.5%, and SOC with 2.0%.
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Figure 7. Redundancy a\nalysis (RDA) of microbial community structure in relation to environ-
mental factors related to combined data from June and September. TN = total nitrogen; SOC = soil
organic carbon; GN = Gram-negative bacteria; GP = Gram-positive bacteria; AM fungi = arbuscular
myecorrhizal fungi; euk. = eukaryotes; act. = actinomycetes.

Sample point distributions were examined across different treatment groups, and the
configuration showing the clearest separation was selected for presentation in Figure 7. In
this RDA plot, the samples are primarily separated along the first axis (RDA1) according to
season: September samples cluster toward the left side of the diagram, aligning more closely
with the moisture vector, suggesting a strong seasonal influence on microbial community
composition potentially linked to higher soil moisture in September. June samples are
distributed toward the right, near the SOC vector, indicating a compositional association
with higher soil organic carbon.

The RDA indicates that soil moisture and pH are the most influential environmental
gradients shaping the AM fungal community, as evidenced by the strong alignment and
proximity of the AM fungi vector with these environmental variables. GN bacteria exhibit a
similar, though less pronounced, association, suggesting a moderate response to changes in
pH and moisture. In contrast, the vectors representing total nitrogen (TN) and soil organic
carbon (SOC) show little directional alignment with AM fungi, implying a weaker relation-
ship. Other microbial groups, including GP bacteria, fungi, actinomycetes, eukaryotes, and
general bacteria, cluster closer to the origin, suggesting a less differentiated response to the
measured environmental variables. Some of these groups appear weakly aligned with SOC
and TN, indicating a potential, albeit limited, positive influence.

Overall, the RDA suggests that soil moisture and pH are the primary environmental
drivers shaping the AM fungal and GN bacterial communities, while TN and SOC have a
smaller influence on the microbial composition in the analyzed samples.

4. Discussion
4.1. Changes in the Physico-Chemical Parameters of Soil

The higher soil moisture values in September compared to June can be explained by
the seasonal fluctuation in precipitation (Table S3). There was no precipitation during the
week preceding June sampling, and May was also relatively dry, with a total precipitation
of 52 mm. In contrast, a total of 78.1 mm of precipitation was received the week prior to
sampling in September.

The long-term acidifying effect observed under NPK fertilization over 31 years is
primarily due to the continuous application of MAP (monoammonium phosphate), UAN
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(urea ammonium nitrate), and KCl (potassium chloride), which are known to contribute to
soil acidification [56,57].

Moldboard tillage (MT) plots had significantly lower SOC and NT values than ST
and RT plots, as MT disturbs the soil more deeply, exposes organic material to oxygen,
and accelerates its decomposition. Thus, conventional tillage (MT) leads to greater losses
and a more unstable soil environment, while reduced tillage (RT, ST) contributes to the
accumulation of organic matter and nitrogen. The higher SOC values observed in the
wheat—corn biculture system compared to the corn monoculture are probably due to the
increased root biomass of wheat in the upper soil layer and the more diverse organic inputs,
which enhance the accumulation of carbon and nitrogen in the soil [58].

4.2. Changes in Soil Microbial Biomass and Community Composition

Seasonal changes: The total microbial biomass and its community structure were
strongly influenced by seasonal changes, with significantly higher biomass observed in
September than in June. One possible explanation for this pattern could be the higher soil
moisture content in September (Table 2), which probably created more favorable conditions
for fungal and bacterial growth. This is further supported by the RDA, which identified soil
moisture as the most influential environmental factor shaping the microbial community
(Figure 7). Similar results were observed by Fan et al. [59] who investigated the patterns
of soil microorganisms and enzymatic activities across various forest types in coastal
sandy regions in China. They also attributed the high abundance of bacteria and fungi in
September to favorable soil temperature and moisture conditions, which can directly affect
the population and number of microorganisms.

In addition to soil moisture, root exudation patterns also influence the microbial
community. During summer, corn roots become more extensively developed and release
large amounts of secondary metabolites—such as flavonoids, benzoxazinoids, sugars, and
phenols—that serve as nutrient sources for soil microbes, thereby promoting microbial
growth, nutrient uptake, and enhanced plant-microbe interactions [60].

In our study, the trend of increased microbial abundance in September was particularly
pronounced for AM fungi, likely due to their strong dependence on host plant root devel-
opment and activity, as AM fungi form symbiotic associations with plant roots. However,
in early summer (June), root systems are typically less developed, resulting in limited
colonization opportunities for AM fungi. By September, more extensive root networks
promoted greater AM fungal colonization and biomass accumulation.

In contrast to the fungi and bacteria, actinomycetes showed an opposite trend, with
higher abundance observed in June than in September. Similarly to our findings, Fan
et al. [59] also observed greater abundance of bacteria, fungi, and the total microbiome
in September, while the quantity of actinomycetes was higher in March. According to
the authors, this increased presence of actinomycetes in spring may be attributed to their
greater resilience to cooler temperatures and fluctuating nutrient availability, which could
provide a competitive advantage over other microbial groups during early summer.

Effect of fertilization: Long-term application of NPK fertilizers resulted in a reduction
in total microbial biomass compared to the control, with a more pronounced effect observed
in September (Figure 3). One possible explanation for this trend is that the 31 years of
continuous NPK fertilizer application (N160:P26:K74 kg /ha), combined with the 0% CaCOj3
content in the topsoil, have contributed to soil acidification, resulting in a decrease in soil
pH by nearly one unit (to 4.1-4.8) compared to the control (Table 2). According to Rousk
etal. [61], soil pH is a major influencing factor of the soil microbial community. Based on
their results, when pH was below pH:4.5, both plant yield and all microbial parameters
decreased. In addition to soil pH, long-term NPK fertilization may have effects on microbial
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biomass by altering nutrient ratios and introducing ionic imbalances, such as excessive
nitrate, ammonium, and chloride, which stress microbial communities. Similarly, elevated
soil electrical conductivity from accumulated salts further contributes to osmotic stress,
compounding the negative effects on microbial activity and diversity [43,62]. Although
NPK fertilizers supply essential nutrients to plants, they also introduce not only cations
but anions like chloride, which may accumulate in the soil over time. This accumulation
can lead to increased soil salinity and electrical conductivity, contributing to osmotic stress
and negatively affecting microbial activity and diversity. Zhang et al. [63] observed that
chloride ions (C17) had a markedly negative impact on soil microbial biomass and enzyme
activity, underscoring the particular sensitivity of the soil microbiome to Cl™-induced
salinity stress.

In addition to the decline in total microbial biomass, the composition of the microbial
community also changed in response to fertilization, with the most pronounced reduction
observed in AM fungi, followed by GN bacteria. The decline in AM fungi may be attributed
not only to the decrease in pH but also to the increased nutrient availability. The main
role of AM fungi is to supply phosphorus and other nutrients to plants. If phosphorus
is readily available in the soil (e.g., due to fertilization), the plant no longer requires the
association with the fungi, which leads to a decrease in colonization. Similarly to our
findings, Toledo et al. [64] also found similar trends in their study examining the effects of
mineral fertilization on microbial biomass in semiarid grasslands of Argentina, where AM
fungal root colonization was lower in NPK fertilized plots than in control. Moreover, NPK
fertilization led to a more pronounced decline in the abundance of GN bacteria compared
to GP bacteria. This may be due to the thicker peptidoglycan cell wall of GP bacteria, which
makes them more resistant to environmental stresses [65].

Effect of tillage practices: Higher soil microbial biomass was measured in the reduced
tillage plots (RT and ST) compared to the intensively managed MT plots (Figure 3), suggest-
ing that reduced tillage practices are more favorable to soil microbial communities. This
positive effect may also be attributed to the higher SOM content associated with reduced
tillage systems. Li et al. [66], Gu et al. [67], and de la Cruz-Ortiz et al. [68], have consis-
tently shown that conservation tillage practices are more beneficial to soil microbes than
conventional plow tillage. The benefits from conservation tillage practices are attributed to
reduced soil disturbance, which helps to preserve organic matter and soil structure [69].

It was observed that soil management systems with varying tillage intensities altered
not only the total microbial biomass but also the community composition (Figure 6a,b).
In the plots with MT, both fungal and bacterial abundances were significantly reduced
compared to RT and ST; however, the increase in the B/F ratio indicated that fungal
abundance declined more markedly than bacterial abundance (Figure 3). Our results are
consistent with the findings of Malik et al. [70], who reported that intensively managed soils
exhibit higher bacteria-to-fungi biomass ratios compared to more extensively managed
systems. According to the authors [70], this may be due to factors such as frequent tillage,
high fertilization rates, and a lower soil C/N ratio, all of which tend to favor bacterial
dominance over fungi.

Effect of crop rotation: The influence of crop rotation on microbial biomass was
generally less pronounced than other agrotechnical factors. An exception was observed in
the control plots under the MT system measured in September, where microbial biomass
was higher in the biculture than in the monoculture cropping system. This result suggests
that in these plots, biculture may have provided more favorable conditions for the soil
microbiome, likely due to increased plant diversity. Different plant species release a greater
variety of root exudates, which supports a more diverse and abundant soil microbial
community. Wheat has a higher root biomass in the upper soil layers, which contributes
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more organic substrates through root exudates and residue inputs that support greater
microbial growth and biomass in the bulk soil [71].

Moreover, the higher soil organic carbon (SOC) values measured in the biculture
system further indicate an accumulation of organic matter that can sustain a richer mi-
crobial community. Li et al. [72] also demonstrated that intercropping improves soil
fertility and microbial dynamics through complementary plant interactions and increased
biomass return.

However, this beneficial effect was not observed under the RT and ST systems. In these
reduced tillage systems, the less disturbed soil structure and greater microbial resilience
may have masked any potential response to cropping diversity. In terms of microbial
composition, the most pronounced difference between the two cropping systems was ob-
served in the relative abundance of AM fungi, particularly in the control plots in September
(Figure 4). The AM fungal biomass and its relative ratio was significantly higher in control
plots of biculture system compared to monoculture plots. This may be because in the
absence of NPK fertilization, beneficial plant-fungal interactions were not suppressed and
could respond more positively to increased plant diversity.

5. Conclusions

Our findings confirm the hypothesis that different agrotechnical practices (31 years
of NPK fertilization, intensive (MT) and reduced tillages (ST, RT) and crop rotation) in-
fluence the physico-chemical and microbiological properties of Chernozem soil under
corn cultivation.

Seasonal changes caused high differences in microbial biomass and community com-
position. One possible reason for the increase in total microbial biomass was the higher soil
moisture content in September (17 w/w%) compared to June (10.9 w/w%), which enhanced
microbial growth—up to 270% in the unfertilized control and 135% in the NPK-treated
plots. The largest seasonal increase was observed in AM fungi, whose biomass increased
approximately twentyfold in the control plots and fivefold in the NPK-treated plots from
June to September. In contrast, actinomycetes showed an opposite trend, with higher
abundance observed in June than in September.

Reduced tillage systems, particularly strip tillage (ST), which also showed higher
soil organic carbon (SOC) and total nitrogen (TN) content, supported significantly greater
microbial biomass and promoting AM fungi than intensive tillage (MT). In June, the
microbial biomass in the ST plots was 290% higher than in the MT plots, while in September
it remained elevated at 182% of the MT level. Additionally, intensive tillage (MT) exhibited
higher bacteria-to-fungi ratios than RT and ST, indicating greater fungal sensitivity to
soil disturbance.

The long-term application of NPK fertilizers (160 kg N/ha; 26 kg P /ha; 74 kg K/ha)
over 31 years lowered the pH of the chernozem soil by approximately one unit, reaching
values between 4.1 and 4.8. NPK fertilization reduced microbial biomass by an aver-
age of 2% in June and 48% in September compared to the control, with the most pro-
nounced decrease observed in arbuscular mycorrhizal (AM) fungi among all measured
microbial groups.

Cropping system (corn monoculture vs. wheat—corn biculture) had a generally smaller
impact on microbial biomass than other agrotechnical factors, but some benefit of biculture
was observed. In some cases, higher SOC and TN were observed in the biculture cropping
system compared to monoculture. Increased microbial biomass was measured in control
plots with MT, particularly measured in September; however, this effect was not observed
under reduced tillage systems (RT and ST), where better soil conditions may have buffered
the impact of crop rotation. The most notable difference in microbial composition between
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two cropping systems was seen in the biomass of AM fungi, which responded positively to
biculture in the absence of fertilization, especially in September.

These results underline the critical need for adopting sustainable soil management
practices that maintain microbial diversity and activity, mitigate acidification, and support
long-term fertility. Based on our results, we propose the following recommendations for
agronomic practice on Chernozem soil:

o Reduced tillage systems, particularly ST, should be adopted to enhance microbial
stability and promote beneficial fungal groups such as arbuscular mycorrhizal fungi,
thereby providing effective soil health conservation.

e  The long-term use of NPK (N: 160; P: 26; K: 74 kg /ha) fertilizers should be carefully
managed due to their acidifying effect and negative impact on microbial biomass.

e  Crop diversification is advisable to improve microbial balance and soil nutrient dynamics.

e  Seasonal variability must be taken into account when assessing soil health, as microbial
biomass and community structure showed pronounced seasonal variation.
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MT moldboard tillage

RT ripped tillage

ST strip tillage

50C soil organic carbon

TN total nitrogen

PLFA phospholipid fatty acid

AM arbuscular mycorrhizal

NPK nitrogen, phorphorus, potassium

DNA deoxyribonucleic acid

NT no-till

IUSS WG WRB International Union of Soil Sciences,
Working Group, World Reference Base for Soil Resources

CAN calcium—ammonium-nitrate

MAP monoammonium-phosphate

KCl1 potassium chloride
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UAN urea—ammonium-nitrate

FID flame ionization detector

KyHPO4 dipotassium phosphate

GP Gram-positive bacteria

GN Gram-negative bacteria

F fungi

B total bacteria

B/F the ratio of total bacteria to total fungi
GP/GN the ratio of Gram-positive to Gram-negative bacteria
SEM standard error of the mean

Till. tillage

Crop r. crop rotation

n.s. non-significant

PCA principal component analysis

RDA redundancy analysis

C/N ratio of carbon to nitrogen
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